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Abstract  

Joint Position Sense (JPS) of the shoulder as determined by repeated repositioning 

tasks has been performed under different constrained testing conditions. The 

variability in the testing protocols for JPS testing of the gleno-humeral joint may 

incorporate different movement patterns, numbers of trials used to derived a 

specific JPS variable and range of motion. All of these aspects may play an 

important role in the assessment of G-H JPS testing. When using a new 

instrument for assessing JPS all of these issues need to be examined to document 

the optimal testing protocols for subsequent clinical assessments. By undertaking 

these studies future clinical trials may be more optimally assessed to determine if 

there are differences between dominant and non-dominant arms as well as the 

presence of JPS changes in performance associated with pathology and 

rehabilitation.  

This study used a 3-dimensional tracking system to examined gleno-humeral JPS  

using 2 open kinetic chain movement patterns. The ‘conventional’ 90 degree 

abducted, externally rotated movement was compared to the hypothetically more 

functional D2 movement pattern used in proprioceptive neuromuscular facilitatory 

techniques. These two patterns were tested at different ranges (low and high). 

Two cohorts (n=12, n=16) of normal healthy athletic males aged 17-35 years, 

performed matching tasks of both left and right arms. The second cohort (n=16) 

were assessed with and without strapping the gleno-humeral joint with sports tape. 

Accuracy (overall bias) and precision (variability) scores were determined for 

progressively greater numbers of trials. 

The findings of the study show that estimates of JPS accuracy and precision 

become more stable from data derived from 5 to 6 matching trials. There were no 

statistical differences between sides [95%CI ≈ ± 1.5cm]. The accuracy but not 

precision improved as subjects approximated the ‘high’ end of range in the 

‘conventional’ or D2 pattern.  Furthermore, no systematic differences were 

detected at different ranges of movement or movement patterns with or without 

the application of sports tape.  

These findings provide a guide to the number of trials that optimise the testing of 

the gleno-humeral joint and also suggest that in normal controls the magnitude of 

differences between sides and movement patterns is similar. These findings also 
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indicate that sports tape applied to the shoulder may not significantly change the 

JPS performance in healthy, athletic males. 
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Chapter One 

Introduction 

1.1 Introduction 

Unilateral shoulder instability resulting from trauma is a common injury in athletes who 

present to sports physicians, physiotherapists, athletic trainers and exercise 

physiologists. The clinical pathway of rehabilitation is most commonly focussed on 

conservative management with extreme cases or repeated episodes of instability 

progressing to surgical intervention. These extreme cases usually return to the 

conservative management clinical pathway with some degree of post-surgical 

rehabilitation. In all cases, following the management of the acute symptoms the focus 

of the conservative rehabilitation often includes proprioceptive training of the shoulder 

girdle. These exercises, with or without the support of shoulder taping, can be justified 

by clinical arguments that can be grouped into three areas.  

• following injury there is a loss of proprioception acuity in the joint,  

• that there may have been a deficit in shoulder proprioception prior to the 

injury (suggesting this as a contributing factor); and  

• that proprioceptive training will reduce the risk of subsequent injury to 

the joint.  

The literature to date however is divided on wether it is possible to detect a 

proprioceptive deficit in this population. One aspect contributing to the differences in 

the literature is that the method of assessing shoulder proprioception varies between 

studies. Only a few studies have examined open kinetic chain (OKC) assessments and 

fewer have examined three dimensional performances in proprioceptive testing.  

The purpose of this study is to examine a series of fundamental questions that are 

required prior to documenting if a proprioceptive deficit is to be detected in the 

pathological population. These fundamental questions for asymptomatic shoulders are: 

How many trials of matching tasks are required to determine a representative Joint 

Position Sense (JPS) metric? Is there an effect of dominance on shoulder JPS? Does the 
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pattern of movement influence the performance of shoulder JPS testing? Finally, what 

is the magnitude of changes to shoulder JPS with simple taping?  

All of these questions need to be considered to enhance the possibility of providing an 

instrument that would contribute to the evidence base studies of the three areas of 

clinical investigation noted above.  

1.2 Statement of the problem 

Individuals can injure their shoulder during traumatic incidents resulting in unilateral 

shoulder instability. Studies investigating shoulder JPS often have methodological 

issues with the assessment protocol. For example, most studies have examined shoulder 

JPS by testing in the closed kinetic chain (CKC) isolating the Gleno-Humeral (G-H) 

joint and/or by testing in pure anatomical planes of rotation. The position commonly 

used is the “Stop sign” testing position. Neither of these testing protocols reflects the 

functional movement pattern of positioning the upper limb prior to any physical 

perturbation nor the plane of movement. It is unclear if the findings of these methods 

would generate the same results if OKC and diagonal pattern of movement were used in 

the testing protocol. There is a suggestion in the literature that shoulder JPS 

performance changes according to the range of testing. It is yet to be shown if this 

characteristic is also present when tested in more functional patterns of movement. 

Another factor that may impact on the JPS performance assessment is that the variables 

are in most cases derived from three matching trials. Research to date on other JPS 

protocols suggests better data can be generated from using a greater number of trials. 

Therefore the general problem that is addressed in this thesis is one of establishing the 

factors that impact on the testing method for shoulder JPS assessments.  

By documenting some of the major measurement issues in assessing shoulder JPS it 

may be possible to make recommendations for a more sensitive and valid form of 

assessment for future studies.  

1.3 Significance of the Study 

This thesis will address specific assessment methods for 3D shoulder JPS in order to 

establish a foundation for future research. This beginning may assist future research to 

contribute to clinically meaningful research questions in regard to the presence of a 
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proprioceptive deficit in individuals with unilateral shoulder instability and the clinical 

utility of specific interventions attempting to modify any impairment that may exist.  

The studies performed in this thesis are significant in the follow areas: 

1.3.1 Number of trials. 

This study will be the first study to document the estimated number of trials necessary 

to allow a balance between trials and subject numbers in order to optimise research 

methods. Allison and Fukushima (2003) demonstrated that if the matching trials for 

spinal position sense are increased from 3 to at least 6 then the power of any subsequent 

statistical test using these derived variables is significantly increased. This has the 

advantage of minimising any type II statistical error in being unable to detect a 

difference between groups when one exists. This has not been established in testing of 

the shoulder joint and the results will be of significance in future research studies by 

making testing more efficient (smaller sample size) or by improving the sensitivity of 

detecting smaller changes.  

1.3.2 Laterality. 

This study will document the magnitude of the differences between dominant and non-

dominant sides in healthy males performing shoulder JPS testing under these testing 

conditions. This magnitude will be used in future research to establish a threshold for 

abnormal differences in a pathological population.  

1.3.3 Open kinetic chain pure rotation and diagonal pattern testing. 

Functional movements around the shoulder are generally incorporated into an OKC 

with elements of simultaneous joint rotations during predominantly flexion and 

extension movements. The vast majority of studies examining shoulder JPS involve 

CKC (supported) movements in the pure rotation patterns with the G-H joint usually at 

a fixed angle of 90 degrees abduction. The significance of this element of this study is 

that the testing protocol used reflects a functional movement pattern and also reflects 

common patterns that are used during the functional rehabilitation of such injuries. 

Therefore it can be argued that these types of tests may be more sensitive to any deficit 

or changes during functional movements. Furthermore, previous research has shown an 

effect of range on shoulder JPS performance. This study will be the first to see if this 



 

 
22

characteristic is also present during open kinetic diagonal (functional) patterns of 

movement. A comparison of movement type therefore contributes to the investigation 

of the ability to generalise pure rotation findings to that of diagonal testing protocols. 

1.3.4 Taping.  

The final significant part of this study is a simple examination of the impact of taping 

on the performance of shoulder JPS testing and the impact on the different testing 

protocols. This is significant since prophylactic taping protocols are widely used and it 

is unclear if they have a measurable change in the shoulder JPS performance.  

 

1.4 Aims of the Study 

The aim of this study is four fold: 

1. To determine the minimum number of trials that result in a relatively stable 

estimate of JPS errors in ‘young’ fit asymptomatic males. 

2. To determine side to side differences in shoulder JPS performance. 

3. To compare shoulder JPS performance in two open kinetic chain movements 

(‘pure rotation’ versus a PNF movement pattern). 

4. To determine the effects of simple sports tape on shoulder JPS performance 

using the two movement patterns (‘pure rotation’ versus a PNF movement 

pattern).  
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Chapter Two 

Literature Review 

2 Introduction  

The shoulder joint is a complex joint that under normal functional status allows 

individuals to move the upper limb in three-dimensional space. The shoulder therefore 

requires great mobility to optimally address many functional tasks. Functionally, this 

increased mobility is at the expense of decreased stability thus, greater risk of episodes 

of instability (Davies & Coupland 1967). These instability episodes in the clinical 

setting can present as catching pain during low load activities or with high loading 

during overhead sporting activities (Castagna et al. 2007).  

In the clinical rehabilitation setting a specific group of clients who require rehabilitation 

of their shoulder are the active male sporting population (Hovelius 1982; Rowe 1956; 

Suprak et al. 2007) who present with episodes of shoulder instability associated with 

traumatic injury. In this population shoulder exercises to improve the control of the 

shoulder and the performance of the muscles associated with the shoulder girdle are 

commonly used in both prevention and rehabilitation (Brukner & Khan 2007; Cools et 

al. 2007; O'Brien, Warren & Schwartz 1987; Swanik et al. 2002) however, there is weak 

evidence to support common shoulder exercises (Gibson et al. 2004). 

Shoulder proprioception is considered to play an important element in the rehabilitation 

of individuals following an episode of anterior shoulder instability (Swanik et al. 2002). 

Many exercises, training programs and sports taping strategies are anecdotally 

associated with the correction of a proprioceptive impairment that is thought to be 

associated with the injury of the shoulder or an underlying sensory deficit. The use of 

strengthening programs (Cools et al. 2007; Swanik et al. 2002), proprioceptive exercise 

programs (Cools et al. 2007; Swanik et al. 2002) and theories associated with 

rehabilitation taping and bracing (Weise et al. 2004) of the shoulder remain unclear. 

Part of the reason for this uncertainty is that there are different research methods 

assessing shoulder proprioception. Therefore the purpose of this research study was to 

examine the proprioception of the shoulder in a specifically targeted population using a 
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functional testing method. Understanding the different measurement metrics will 

provide a foundation for future studies into pathological populations or rehabilitation.  

2.1 Overview 

This review of the related literature will encompass a brief account of the anatomy 

(from Gray’s anatomy) and mechanisms that contribute to the stability of the shoulder. 

The review will incorporate the common definitions of stability and examples of models 

used to define joint stability that incorporate both mechanical and neuromuscular 

control factors.  

The review of the literature will also examine if there is evidence of proprioceptive 

deficits of the shoulder (accessed via Pubmed website) and how these deficits are 

assessed using accuracy and precision estimates. The limited literature on the effects of 

laterality and the impact of taping will also be examined.   

2.2 Anatomy of shoulder girdle & Glenohumeral joint 

The anatomy of the shoulder is well described in standard anatomy texts. In keeping 

with the Panjabi model of instability (see stability model section 2.3.2) the anatomy is 

briefly described based on the passive and active structures.  

2.2.1 Passive skeletal structures  

The shoulder girdle is the proximal end of a kinetic chain which starts at the trunk and 

ends at the fingers (Zachazewski, Magee & Quillen 1992) The bones comprising the 

shoulder girdle include: the humerus, scapula, clavicle, sternum and the rib cage 

(thorax). 

These bones are linked to form the joints of the shoulder girdle which include the two 

joints of the clavicle; the sternoclavicular joint (figure 2.1) and the acromioclavicular 

joint (figure 2.2). Both of these joints may become unstable in circumstances of high 

velocity trauma. The sternoclavicular joint is more stable and may be dislocated in high 

velocity impact injuries as seen in motor vehicle trauma. Posterior location of the 

clavicle relative to the sternum may be a life threatening problem due to the occlusion 

of vital blood vessels or the airway. Fortunately this is relatively rare (Brukner & Khan 

2007; Zachazewski, Magee & Quillen 1992).  



The dislocation of the A-C joint is more common and is associated with direct trauma 

directed to the point of the shoulder (Zachazewski, Magee & Quillen 1992). There are a 

variety of surgical options available (Luis et al. 2007) for recurrent instability episodes 

however this is not part of the target cohort of this research project. 

The main joint of the Shoulder girdle relating to shoulder instability relates to the 

Glenohumeral (G-H) joint (figure 2.2).  

 

 

Figure 2.1 Joints of the Sterno-Clavicular joint region (Davies & Coupland 1967). 

 

 

Figure 2.2 The left anterior view of the Gleno-humeral region including the Acromio-
Clavicular (A-C) joint (Davies & Coupland 1967) 
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The G-H joint is the most mobile of these joints. In the simplest sense it can be 

considered as a simple ball and socket synovial joint. The ball and socket however 

infers that there is a large socket encapsulating the ball, the G-H joint in fact is better 

approximated by the way a golf ball sits on a tee. The bony architecture is augmented 

by the soft tissues that include the capsule, synovial membrane and synovial fluid.  

These structures form a hyaline cartilage joint between the head of the humerus and the 

glenoid fossa of the scapula. The glenoid labrum, a fibrocartilaginous rim, significantly 

extends from the perimeter of the glenoid cavity. The glenoid labrum rim helps to 

anchor ligaments and tendons of the G-H joint (Davies & Coupland 1967).  

The Glenoid labrum deepens the articular cavity, protects the edges of the bone (Davies 

& Coupland 1967) and contributes to G-H joint stability by approximately doubling the 

functional depth of the glenoid (Zachazewski, Magee & Quillen 1992). In the presence 

of the different stabilising mechanisms, the G-H joint is considered the most mobile 

joint in the body. In being the most mobile joint the elements that are used to combat 

episodes of instability have limited redundancies (and are occasionally deficient (Davies 

& Coupland 1967)). Therefore with traumatic perturbations the risk of an instability 

episode is high, making it one of most dislocated joints in the body (Brukner & Khan 

2007; Davies & Coupland 1967) and the most common type of shoulder dislocation 

(Handoll et al. 2006). 

The scapulothoracic joint, when compared to the G-H joint, is not widely investigated. 

In rehabilitation it is important to examine the scapulothoracic rhythm (Brukner & Khan 

2007; Cools et al. 2007) and in clinical settings the exercises of scapulothoracic control 

or positioning are often focal elements in assessment and exercises (Cools et al. 2007).  

In terms of proprioception however few studies have examined the role of the scapular 

movement in isolation. This may be due to the difficulty in assessing the spatial 

framework of scapular thoracic kinematics and an inability to correlate these movement 

patterns with dysfunction or impairments.  Most research therefore utilises the 

movement of the upper limb to reflect composite movement of all the joints of the 

shoulder girdle.  

2.3 The joint capsule 

The G-H joint capsule surrounds the G-H joint and provides passive control to the joint. 

Within the anterior aspect of the capsule there are three individual thickenings known as 
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the G-H ligaments. These capsulo-ligamentous structures are the superior, middle and 

inferior G-H ligaments. The middle and inferior components provide a passive restraint 

during anterior translation of the humeral head (Zhu & Huang 2007) which occurs when 

placing the G-H joint in 90 degrees abduction and external rotation. 

The inferior G-H ligament has been shown to consist of three (3) distinct parts: the 

anterior band, axillary pouch and posterior band. The inferior G-H ligament functions 

like a hammock. The hammock becomes taut with abduction and limits anterior 

translation during abduction and external rotation (Levine & Flatow 2000). All of these 

ligaments have a mechanical role in providing support and control of the humerus 

moving in the glenoid. These passive structures and associated laxity are often 

implicated in the presence of instability. Orthopaedic interventions are predominantly 

focussed on the tightening of these ligaments when there is an observed laxity / 

impairment resulting in a functional instability. One key feature of ligaments is that they 

also have an afferent role. Traumatic episodes that are shown to generate a mechanical 

impairment (laxity) are assumed to induce an afferent impairment as well (Levine & 

Flatow 2000).   

2.4 Active structures of the shoulder - muscles 

Consistent with the model of Panjabi (1992 a & b) the active structures are 

predominantly concerned with the control of the torques crossing the joint especially in 

the ranges where the passive structures are lax. As with the passive elements the active 

elements provide both afferent and efferent elements that contribute to the stability of 

the joint. The muscles that act closely to the G-H joint, providing local, active control 

thus enhancing G-H joint stability are generically called the ‘rotator cuff’ (figure 2.3). 

These include: Supraspinatus, Infraspinatus, Subscapularis and, Teres minor. The 

specific role of these muscles is often the focus of research and rehabilitation. However, 

many other muscles contribute to the overall feedback of complex movements (Huxel et 

al. 2008). Therefore although the literature review covers the basic description of the 

muscles it is not in the scope of the study to describe in depth the anatomical 

relationships when the focus of the testing protocol is examining the movements and 

not the specific muscles.  



 

A 

C 

B 

Figure 2.3 Posterior view of the left shoulder and arm muscles including (A) 
Supraspinatus, (B) Infraspinatus and (C) Teres minor. 

 

2.5 The interaction between the muscles and the capsule 

Cadaveric dissections demonstrate that G-H joint capsulo-ligamentous structures are 

adherent and merge with portions of the rotator cuff tendons (listed previously). The 

capsule, ligaments and tendons provide mechanoreceptors within their substance with 

information regarding stretch and tension. These mechanoreceptors provide nerves with 

proprioceptive information. For example, Golgi tendon organs at the musculotendinous 

junction provide information about tension of the muscle. Muscle spindles detect 

changes in muscle length. Interestingly, of the 17 muscles examined in the shoulder 

region; Subclavius, Coracobrachialis, Levator scapulae and Trapezius have the most  

muscle spindles, Von Voss (1971) as cited in Stillman (2000). Pacinian corpuscles are 

receptors in the coracoacromial ligament (Gohlke et al. 1998) and on the outer surface 

of the G-H joint capsule, which provide information regarding joint acceleration or 

deceleration. Joint receptors play a greater role near the end range of a joint (Macefield, 

Gandevia & Burke 1990; Ulkar et al. 2004). 

Together it is clear that with the full length of the musculotendinous unit the different 

receptors are acting in series and therefore provides a complex afferent system 

integrating various aspects of load, position, and rates of displacement. Gohlke et 
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al.(1998) in a histopathalogical study, found that the coracoacromial ligament (figure 

2.2) is rich in receptors and is purported to be important for G-H joint stability. Each of 

these single feedback systems are able to change and can be modulated by spinal, 

brainstem and cortical influences, therefore the performance of matching task is reliant 

on the perception and integration of all the forms of feedback (Ashton-Miller et al. 

2001; Gohlke et al. 1998; Myers, Wassinger & Lephart 2006). Still, the complex 

interactions between these structures which help to control and stabilise the G-H joint, 

remain unclear (Huxel et al. 2008). 

2.6 Stability of the shoulder joint 

Stability of the shoulder joint is derived from a number of different mechanisms 

involving articular geometry, dynamic (muscular) stabilisers, static capsuloligamentous 

structures and neuromuscular control (Lubiatowski et al. 2003). 

The definition of an unstable joint varies between the clinical professions. Some may 

focus on the extensibility of the tissues (predominantly passive structures such as 

ligaments) surrounding the joint and others may incorporate a clinical definition that is 

focussed on the functional capacity of the individual to maintain appropriate joint 

congruency.  

Factors which may contribute to a joint being unstable include hypermobility, 

inadequate muscle control secondary to weakness, muscle imbalance, poor endurance 

and altered kinaesthetic sense Reid (1996). The key feature of interpreting the literature 

in the context of this thesis is the understanding that stability can be considered to exist 

in two domains: Mechanical instability and Functional instability.  

2.7 Mechanical Instability  

The stability of a joint in terms of pure mechanics relies on the structural properties of 

the joint surface congruency, the passive structures that lie within or cross the joint and 

the forces acting across the joint applied by muscles or inertial loads of body segmental 

already moving. The mechanical stability of a joint in the clinical sense may correlate 

with laxity, hypermobility, and extensibility of the tissues providing a constraint to the 

joint (Huxel et al. 2008). Mechanical instability by some definitions is an increase in the 

accessory movements at a joint (Bottoni et al. 2002). Accessory movements are 
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arthrokinematic motions that the individual cannot voluntarily produce in isolation, 

such as glide and distraction of the G-H joint (Bottoni et al. 2002).  A recent cadaveric 

study demonstrated that scapular position has an effect on the mechanics of the G-H 

joint and G-H joint stability (Kikuchi et al. 2008). 

Increased accessory movement at a joint indicates an enlargement of the neutral zone 

(Panjabi 1992a). Panjabi describes the neutral zone as the area of joint accessory 

movement available without ligamentous tensioning. Residual mechanical instability 

usually results from a tear or lengthening of one or more of the ligamentous structures 

supporting the joint thus increasing the neutral zone (Bottoni et al. 2002). In the case of 

the G-H joint, the G-H ligaments are the key static stabilising structures (Zhu & Huang 

2007). The middle and more importantly inferior components are important in 

providing anterior stability (Zhu & Huang 2007). 

2.8 Functional Instability 

Individuals with a high degree of laxity or extensibility however may not have a 

functional loss. In fact some sporting activities require a high degree of mobility of the 

joint and if only the mechanical laxity was considered such individuals may be 

classified as unstable. Functional instability reflects more than the impairment focus of 

mechanical instability. Functional instability can be defined as the disabling loss of 

reliable static and dynamic support of a joint (Vaes et al. 1998). 

This suggests that in addition to deficits of support from the G-H ligaments, labrum and 

capsule there are other factors that contribute to the dynamic stability of the joint (figure 

2.4). Deficits in the muscle performance may contribute to the presentation of 

functional instability. Muscle performance relies on functional muscle strength being 

generated in the appropriate timing and patterns of activation. The latter characteristic is 

often referred to as neuromuscular control and infers both afferent and efferent factors 

of control. Mansell et al.(2005) found that strengthening muscles of the cervical spine 

did not improve head-neck segmental dynamic stability. Perhaps the neuromuscular 

control component is equally significant. There is however,  

“moderate evidence that neuromuscular training can prevent complaints of functional 

instability and re-injury” (Bleakley, McDonough & Macauley 2008) pg 17. 



“Functional” implies that the athlete is unable to maintain joint congruency during 

normal functional tasks for that individual.  

The differences between mechanical and functional instability of the shoulder can be 

partly explained in the description: 

“Mechanical instability is when the shoulder is able to be taken out of joint. A 

functionally unstable shoulder is when the athlete can not keep it in joint.”  
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Figure 2.4 Factors contributing to the ability to maintain the shoulder joint stable.  
(Allison 2004)  

There are different models that have been developed to best describe the concept of 

stability and therefore instability. Allison (2004) illustrates some of the contributing 

factors to joint stability (Figure 2.4). The internal passive structures that contribute to 

the joints stability include the amount of friction between the joint surfaces, the degree 

of joint congruency and the respective role of the ligaments and capsular passive 

structures.  

Muscles that cross the joint directly influence the ability of the joint to resist torques as 

well as shear forces relating to increased potential to cause instability.  

All of these factors relate to the ability to stabilise the joint, however the most common 

factor in defining both internal and external forces on the joint – particularly in the 
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weight bearing activities is the relative position of the joint and the respective reaction 

force on the joint. Interestingly, it has been shown that shoulder JPS improves with a 

40% external load applied to the agonist muscle/s (Suprak et al. 2007). This is 

supported by Huxel et al.(2008) who demonstrated that moderate levels of muscle 

contraction can significantly increase G-H stiffness and stability. This is predominantly 

important in stability for load bearing joints and recognises the importance of an 

individual’s behaviour and performance skills in responding to the exposure to high risk 

activities and/or positions. The importance of these external factors is unclear in joint 

instability in all forms and in particular in unilateral shoulder stability. Huxel et 

al.(2008) were unable to show a relationship between generalised joint laxity, G-H joint 

laxity and joint stiffness in healthy subjects. They, (Huxel et al. 2008) did however 

show that the active Subscapularis which is the primary stabiliser in the neutral 

shoulder, is less active at 90 deg abduction and external rotation. It is suggested that 

because the stiffness of the G-H joint is unchanged the control is shifted to other 

musculoskeletal structures (Huxel et al. 2008). This raises the potential that changes in 

strategy of motor planning may impact on the specific roles of muscles in providing 

stabilising forces. This therefore provides an argument supporting the importance of 

proprioception on maintaining stability.  Such intrinsic factors contributing to joint 

stability are of specific interest in this review. 

One of the more cited instability models in the Physiotherapy / Musculoskeletal 

literature is that of Panjabi (1992 a & b).  This model utilises the interaction of three 

intrinsic sub-systems that are considered to have contributing factors to providing joint 

stability. These three systems all dictate the relative balance between mobility and 

stability of the G-H joint. 

In summary the three elements include the passive sub-system, the active sub-system 

and the neurological sub-system (figure 2.5). 
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Figure 2.5 A schematic of the three subsystems and their interactions contributing 
to joint stability (Panjabi 1992). 

2.8.1 Passive Sub-system 

The humerus, glenoid fossa, glenoid labrum and G-H ligaments constitute the passive 

sub-system. These structures provide mechanical ‘blocks’ to passive movement 

preventing movement in specific directions. Individuals are unable to contract and relax 

these structures, hence the name Passive sub-system. 

2.8.2 Active Sub-system 

All muscles and tendons surrounding the G-H joint that can be activated to apply forces 

to the joint constitute the active sub-system. In the shoulder, the rotator cuff muscles 

particularly Subscapularis (Huxel et al. 2008) are an important part of the active sub-

system because they lie close to the axis of rotation. Other muscles may have a 

secondary role in contributing to stability of the shoulder by orientating the scapula for 

example, the anterior deltoid (Huxel et al. 2008). 

2.8.3 Neurological Sub-system 

As described by Panjabi (1992b) the nerves and central nervous system comprise the 

neural sub-system which determines the requirements for joint stability by monitoring 

the various transducer signals, and directs the active sub-system to provide the required 

stability. This includes the mechanoreceptors and nerve supply from the surrounding 

tendons and ligaments and the afferent and efferent roles of muscle tissue. Hence, the 

neural network within these Passive and Active structures contributes to the 

neurological sub-system and work in unison with the CNS. The neurological component 

Active 

Neural Passive 
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of the G-H joint is derived mainly from the Posterior Chord of the Brachial plexus (C5-

T1), Suprascapular (C5,6), Axillary (C5,6) and Lateral Pectoral (C5-7) nerves (Davies 

& Coupland 1967). Hilton’s Law (section 2.27) suggests that the local muscles are 

innervated by the same nerve root levels as the G-H joint and vice versa. This provides 

a strong neurological link to multiple inputs from both active and passive structures. 

Panjabi states that if one of the sub-systems is deficient then one or more of the 

following three outcomes are possible:  

(a) “an immediate response from other sub-systems to successfully 

compensate”,  

(b) “a long-term adaptation response of one or more sub-systems”, and  

(c) “an injury to one or more components of any sub-system.”  

It is conceptualised that the first response results in normal function, the second results 

in normal function but with an altered stabilizing pattern, and the third leads to overall 

system dysfunction producing for example, G-H joint instability and /or pain. 

Finally, in this multi-factorial model of instability the individual interacts with the 

environment which could also be considered as an element in the overall factors 

contributing to joint stability. Rehabilitation in the case of system dysfunction should 

include addressing each sub-system. However, in the process of rehabilitation during 

functional tasks it is unclear if stabilising exercises actually improve joint 

proprioception or actually attune the individual to pay more attention to the task thereby 

reducing the risk of an episode of instability. In the case of the shoulder and specifically 

anterior shoulder instability, the initial episodes of instability are likely to be associated 

with direct trauma and therefore it is unclear what role shared attention would play in 

such an injury and the potential for recurrence (Ashton-Miller et al. 2001).  

2.9 Classification of shoulder instability  

There is more than one method of classifying shoulder instability. For the purpose of 

this review the classification of shoulder stability is biased towards the orthopaedic 

literature and nomenclature because of the number of publications that focus 

specifically on the surgical intervention and clinical pathway. The unstable shoulder 

may have different specific impairments. The most common form of pathoanatomical 
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classification of shoulder instability is the AMBRI and TUBS classifications, described 

by Matsen (1994).   

2.9.1 AMBRI syndrome 

Although the onset of atraumatic instability may be provoked by a period of disuse or a 

minor injury, many of the underlying contributing factors may be developmental. A lax 

capsule, a shallow glenoid fossa or malpositioning of the humerus are just a few of the 

many possibilities. As a result, the tendency for atraumatic instability is likely to be 

bilateral and familial as well (www.orthop.washington.edu) accessed 9.4.07. Reid 

(1996) states that the population demonstrating these shoulder qualities is as few as 4%. 

It is apparent that atraumatic instability is not a simple diagnosis, but rather a syndrome 

that may arise from a multiplicity of factors. The various aspects of this syndrome can 

be described using the acronym AMBRI. The instability is Atraumatic, usually 

associated with Multidirectional laxity and with Bilateral findings. Treatment is 

predominantly by Rehabilitation, directed at restoring optimal strength, flexibility and 

neuromuscular control. The main reason for this is that there is no specific impairment 

that has resulted from a specific traumatic injury and therefore there is an inherently 

large component of a generalised laxity.  If surgery is necessary, it needs to include 

reconstruction of the capsule/ligament mechanism and tightening of the Inferior 

capsule. The diagnosis and management of this condition has been presented in detail 

(Cofield, Nessler & Weinstabl 1993; Lippitt & Matsen 1993; O'Driscoll & Evans 1993) 

and is not the targeted cohort of investigation in this study. 

2.9.2 TUBS 

The clinical cohort for the interest of this thesis may be described in the pathoanatomy 

classification as TUBS. 

Again the TUBS acronym describes both clinical presentation and the intervention 

associated with the traumatic shoulder instability. The instability arises from a 

significant episode of Trauma, characteristically from abduction and extension of the 

arm elevated in the coronal plane. The resulting instability is usually Unidirectional in 

the anteroinferior direction. The pathology is usually an avulsion of the labrum and 

capsuloligamentous complex from the anterior inferior lip of the Glenoid, commonly 

http://www.orthop.washington.edu/
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referred to as a Bankart lesion. With functionally significant recurrent traumatic 

instability (reports of up to 92% recurrence, (Handoll, Almaiyah & Rangan 2004)), a 

Surgical reconstruction of this labrum and ligament avulsion is frequently required to 

restore stability. Gibson (2004) states that 20-25% of patients managed conservatively 

report a good or excellent outcome, versus 80-89% of those patients managed 

surgically. Surgery is usually performed by “open” or “arthroscopic” means and a 

recent study has shown that muscle strength recovery is not significantly different 

between the two methods 12 months post-surgery (Rhee, Lim & Cho 2007). Surgical 

intervention seems to have a significantly better outcome by decreasing the chance of 

subsequent re-dislocation or subluxation (Handoll, Almaiyah & Rangan 2004). There is 

a consistent demonstration of this in the literature in patients 30 years of age or younger 

(Gibson et al. 2004). The role of rehabilitation or conservative management of an initial 

TUBS injury is often associated with allowing the tissue to heal by immobilizing the G-

H joint for 3-4 weeks (Kiviluoto et al. 1980). This has a significantly better outcome 

than immobilization for 1 week (Kiviluoto et al. 1980). Following immobilization the 

aim is to progressively attempt to enhance the muscle performance of the rotator cuff 

and scapulo-humeral muscles over the following 12 weeks (Gibson et al. 2004). The 

conservative management strategies after closed reduction of anterior shoulder 

dislocation lack evidence (Gibson et al. 2004; Handoll et al. 2006), however there is a 

weak positive trend in the literature that recurrence and symptoms decrease. 

Conservative management strategies usually focus on 3 major areas: strengthening, in 

particular, Plyometric training (Swanik et al. 2002), flexibility and proprioceptive 

exercises (Bleakley, McDonough & Macauley 2008; Brukner & Khan 2007; 

Lubiatowski et al. 2003) (www.orthop.washington.edu). A RCT suggests that after a 52 

week follow-up, an endurance program with Electromyographic Biofeedback is 

superior to an isokinetic resistance training program (Takwale, Calvert & Rattue 2000). 

EMGBF has also been shown to be more superior to isokinetic resistance rehabilitation 

for the unstable athletic shoulder by reducing pain and improving function Reid (1996) 

A generalised strengthening program alone has not shown to be of benefit (Gibson et al. 

2004). 
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2.10 Other classifications of shoulder instability 

2.10.1 Voluntary / involuntary 

There are other classifications of shoulder instability that are mentioned in the literature.  

For example, in individuals with AMBRI an important aspect of the subjective history 

is the willingness of the individual to voluntarily dislocate the shoulder. Individuals 

who repeatedly voluntarily dislocate their shoulder as a habit or as a “party trick” are 

more likely to have a poor prognosis in response to a generalised surgical repair.  

O. Gagey states,     

“We wish to emphasize that surgery is absolutely contra-

indicated in this (voluntary) subset of patients.”  

(Gagey 2008) accessed 3.3.08 

Individuals classified as involuntary (independent of the TUBS or AMBRI 

classification) are those who may respond to a) reducing the risk and or b) trying to 

rehabilitate the underlying impairments that contribute to the instability. In athletes who 

continue to play contact sports there are little options to reduce the risks related to the 

sport and therefore the fundamental approach for the conservative management is to 

rehabilitate any factors that may reduce the risk of dislocation.   

2.10.2 Acquired Instability Overstressed Syndrome 

Acquired Instability Overstressed Syndrome (AIOS) describes those who have 

participated in predominantly overhead activities (such as the overhead athlete) and 

have mechanically overstressed the capsuloligamentous structure and the ability to 

stabilise the Gleno-humeral joint (Debski et al. 2005; Wang & Flatow 2005). Common 

signs and symptoms include pain, dysfunction, Glenoid rim fraying and capsular 

attenuation (Castagna et al. 2007). 

2.10.3 Generic Classification 

Finally a more generic classification of shoulder instability is that of “Torn Loose, Born 

Loose and Worn Loose” (Allison 2004).   This classification helps to describe the 

mechanism of injury behind TUBS (torn loose), AMBRI (born loose) and AIOS (worn 

Loose) respectively (table 2.1). Importantly, in the clinical setting the inherent laxity of 

http://www.shoulder.com/instability_castagna.html#AIOS
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the capsular system (born loose) may be an underlying risk factor for the subsequent 

development of secondary pathologies (torn loose and worn loose).  

 

Table 2.1. Different groups of shoulder instability and how the generic terms 
correspond to the well known acronyms  

Torn Loose Born Loose Worn Loose 
T.U.B.S.  

Traumatic  

Unidirectional  

Bankart lesion  

Surgery 

A.M.B.R.I.  

Atraumatic  

Multidirectional  

Bilateral  

Rehabilitation  

Inferior capsular shift 

A.I.O.S.  

Acquired  

Instability  

Overstress  

Surgery 

     Modified from www.orthobiomech.info, accessed 29.10.07

2.11 Unilateral shoulder instability – target population  

The diversity of the definitions and causes of shoulder instability warrants a specific 

focus on one cohort. In sports physiotherapy and rehabilitation, a specific cohort of 

individuals with TUBS classification (or torn loose classification) is a large cluster of 

individuals, mostly males (Hovelius 1982; Rowe 1956) who participate in contact 

sports.  As a result the focus of this thesis relates to this specific cohort.  

2.12 TUBS history 

Hovelius (1982) studied 2092 randomly selected Swedish subjects aged between 18 and 

70 years. The study found that 1.7% of the population had a history of anterior shoulder 

dislocation and males were three times more likely to experience this pathology. 

However, the ratio varied depending on age. The ratio was 9:1 between the ages of 21 

and 30 but females were more likely (3:1) between 50 and 70 years. Rowe (1956) found 

that the frequency of the initial episode was similar before or after the age of 45 years. 

Yet this may reflect different underlying mechanisms and gender differences. The same 

researcher (Rowe 1956) also states that young adults were most likely to have recurrent 

dislocations; 66% aged 12-22 years and 24% aged 30-40 years. Tsai et al.(1991) 

http://www.shoulder.com/instability_castagna.html#TUBS
http://www.shoulder.com/instability_castagna.html#AMBRI
http://www.shoulder.com/instability_castagna.html#AIOS
http://www.orthobiomech.info/


reported that subjects who have experienced traumatic shoulder instability were on 

average aged 23 +/- 8 years (figure 2.7). 

The rate of recurrent dislocations is very sample specific and is likely to be related to 

the exposure to risk factors. Exposure to risk factors is not routinely controlled in 

research associated with recurrence of shoulder dislocation (Gibson et al. 2004).  

These patients characteristically have difficulty throwing overhead or loading the G-H 

joint in the most apprehensive position (abducted and externally rotated shoulder) 

(Castagna et al. 2007). When the instability becomes worse patients complain of 

impaired strength, decreased movement (Tsai et al. 1991) and pain referring to various 

regions of the shoulder (Castagna et al. 2008).The functional handicap can start to be 

present in activities of daily living including problems sleeping or even putting their 

hand behind their head (www.orthop.washington.edu) accessed 9.4.07. 
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Figure 2.6 Age of patients at presentation of Traumatic Instability. 
(www.orthop.washington.edu)  

In contact sports such as Rugby (League and Union) or Australian Rules Football the 

predominant form of shoulder instability injury is the TUBS classification.  

The history of the injury is often an overloading of the G-H joint while the shoulder is 

abducted and externally rotated. Although the mechanism of the perturbation is torque 

generated by the external perturbation (opposition player) and the relative inertial forces 

of the athlete’s body mass, no study other than (Huxel et al. 2008) has examined the 
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positioning of the shoulder just prior to the perturbation or during an episode of 

perturbation. This is a critical factor in the overall risk of injury. Clearly, the actual 

loading of the upper limb is similar to a CKC, however individuals often position the 

arm in this extreme position prior to an external perturbation and this is in the OKC or 

at least with limited distal loading prior to the point of contact. Therefore the 

predominant role of positioning the arm (i.e. JPS) is in the OKC prior to the contact that 

results in the structural overload.  

There is very little evidence regarding the impact of the pre-positioning of the upper 

extremity and the relative risk, yet the assumption of upper limb position sense seems to 

be a key factor in the conservative rehabilitation in the TUBS population (Lubiatowski 

et al. 2003). A recent study showed that highly trained athletes have enhanced 

proprioceptive acuity and muscle strength (Muaidi, Nicholson & Refshauge 2008), 

however it is unclear if this in turn decreases this population’s episodes of injury in the 

apprehensive position. 

Sports taping techniques, for example, are often used in an attempt to limit the risk of 

further injury. The mechanical effects of sports taping are to position the joint in such a 

way as to improve stability of the joint, provide a splint or alter length-tension 

relationships of the active sub-system (McConnell 2000; Moseley et al. 1992; Watson 

2000). Taping may also be considered to influence the feedback provided across the 

skin (L. A. Cohen 1958) and specifically providing additional information / feedback as 

the individual moves the limb towards the more risky ranges of motion (abducted and 

externally rotated shoulder) (Gerrand & Jarrett 1998; Morrissey et al. 2000). The use 

and subjective efficacy of sports tape is often an element in the treatment of TUBS 

injuries if one assumes that the value of the taping works along the reported 

mechanisms. Weise et al.(2004) has shown that only some braces have been shown to 

help protect the shoulder in the ‘apprehensive position’. 

2.12.1 Pathophysiology of the TUBS  

At extremes of range of movement the passive structures contribute to providing 

stability of the shoulder joint (Huxel et al. 2008). Normally however extremes ranges 

are avoided - especially at high loading- and therefore the muscles and neurological 

control must play an important role in limiting the risk of injury. Poor control of loading 

through the mid ranges of movement has also been related to developing repetitive 
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stresses associated with instability (www.orthop.washington.edu(b)).  Huxel et 

al.(2008) showed that Subscapularis is the primary muscle used at this range. Therefore, 

the muscles in their capacity to generate forces and the control of these muscles play an 

important role in minimising potential injury. 

When a shoulder becomes unstable the passive elements have a definitive deficit noted 

by laxity or hypermobility in at least one direction of loading. The anterior shoulder 

dislocation seen in many contact sports is the clinical manifestation of such instability. 

Individuals who sustain repeated anterior dislocations have essentially one clinical 

pathway to recover from this injury. Since the primary deficit of the individual is of the 

passive structures the initial management of the condition focuses on the compensatory 

capabilities of the muscles and the control system (see Panjabi’s model: figure 2.5). If 

this conservative treatment fails then individuals usually require surgery to repair the 

passive structures. Factors such as the history of the dislocation/s, occupation, activity 

level, health, joint laxity and reliability to complete a rehabilitation program are 

considered (Handoll, Almaiyah & Rangan 2004). Handoll (2004) states that, 17 of 33 

conservatively treated patients (52%) required surgical repair. A post-operative 

management program including physiotherapy usually follows ((Brukner & Khan 2007; 

O'Brien, Warren & Schwartz 1987) and personal communication with G.T. Allison). 

Conservative management should begin as early as possible following injury or surgery. 

Immobilisation is often suggested for the first 3-6 weeks before starting a physiotherapy 

program (O'Brien, Warren & Schwartz 1987). Although, management options still lack 

evidence (Handoll et al. 2006), it usually involves preferred exercises for the 

development of muscle capacity (endurance and strength) (Cools et al. 2007), flexibility 

and neuromuscular control of the associated muscles (Brukner & Khan 2007; Cools et 

al. 2007). 

In the context of musculoskeletal surgery and sports medicine, Jerosch and Prymka 
(1996b) stated: 

“In conservative therapy more focus should be put on exercising the 
proprioceptive capability. In surgical therapy we should identify 

procedures which not only restore the anatomy but also reconstruct the 
neurophysiological feedback mechanism. In preventive programmes, 

proprioceptive training should be included as well.” pg177 
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2.13 Proprioception 

Proprioception was initially described by Sherrington in 1906 (Sherrington 1906). 

Proprioception is a specialised variety of the sensory modality of touch and is described 

as a combination of JPS (the ability to identify the position of a limb in space) and 

kinaesthesia (the ability to detect the sensation of joint movement) (G. C. Dover et al. 

2003). Proprioceptive tests include JPS tests (see section 2.17) and also other haptic 

assessments including weight and force estimation and vibration sensation. Although 

there is an assumption these tests are assessing the same domain there seems to be poor 

correlation between performances on these various tests (Stillman 2000). The interest in 

JPS has increased in the last decade, perhaps due to the increasing incidence of joint 

related injury and the socioeconomic importance assigned to sports related injury 

(Stillman 2000). 

Proprioception sensations arise through simultaneous activity of various receptors found 

in skin, muscle and joint tissues. These receptors have different fidelity and gains 

according to the type of specific stimulus to which they respond. The resulting 

information is processed in the CNS using sensory spinocerebellar tracts, the pons and 

cerebellum (Tortora & Grabowski 1993).  It is important when reading the literature 

that many studies examine the role of the specific receptors in highly controlled 

situations (Bjorklund, Djupsjobacka & Crenshaw 2006). In the context of experimental 

testing of shoulder JPS in unilateral shoulder instability the researchers need to examine 

the performance of an individual and deduce if there are specific impairments 

attributable to a proprioceptive deficit. Myers and Lepart (1999) conclude that after 

capsuloligamentous injury to the shoulder joint, decreased proprioceptive input to the 

central nervous system results in decreased neuromuscular control. The compounding 

effects of mechanical instability and neuromuscular deficits create an unstable shoulder 

joint. Other studies support the finding that proprioceptive impairments are a common 

cause of repeated instability of the G-H joint (Forwell & Carnahan 1996). One element 

contributing to the complexity of assessing shoulder proprioception is the varying 

contribution of these receptors depending on load acting across the shoulder 

(Birmingham et al. 1998). The diversity of movement influencing load combined with 

the multitude of receptors from multiple joints is extremely complex.  Yet, many 

arguments of the underlying mechanism associated with proprioceptive training often 

rely on the targeting of specific receptors (ligaments or muscles) under specific 
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conditions (Myers & Lephart 2002). Nevertheless, there is widespread consensus that 

proprioception from the specific joints being moved, from whole body positioning and 

the interpretation and response to this information plays an important part in stabilising 

a joint, (Aydin et al. 2001; Tortora & Grabowski 1993).  

Myers and Lephart (2002) state that proprioceptors (mechanoreceptors) in 

capsuloligamentous structures are used subconsciously and   

“…used for joint stability mechanisms and development  and 

alteration motor programs.”  pg 770 

to assist joint stability. These incorporate spinal reflexes, the short, medium and long 

loop reflex responses and cognitive influences.  

Proprioception, particularly the ability to monitor joint position, has a significant role in 

avoiding extreme joint movements since the receptors producing the afferent signals to 

the CNS are stimulated by increased tension (Janwantanakul et al. 2001) at end of range  

movement. These complex interactions which take place to assist in G-H joint stability 

remain unclear (Huxel et al. 2008). 

Some would consider that JPS training provides injury prophylaxis for joints that are 

subjected to large range of motion and/or high stress. Proprioceptive training and 

particularly the use of plyometric training (Swanik et al. 2002) has been reported to be 

very important in any functional rehabilitation program (Lephart & Henry 1995). The 

same rationale is made for developing sensitive assessments of JPS performance since it 

is one method of assessing the afferent pathway of the neuromuscular loop (Aydin et al. 

2001). Significant proprioceptive deficits have been reported in patients who have 

chronic, traumatic shoulder instability (Barden et al. 2004). However, once again, the 

relationship between proprioception deficit and instability is still not clear (Huxel et al. 

2008). 
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2.14 The assessment of joint position sense 

Joint Position Sense is one of the characteristics that make up the proprioceptive 

mechanism (see above). JPS is the ability to recognise the position or movement of 

joints using information from receptors within the joint synovial capsule, surrounding 

ligaments and muscles/tendons as well as visual, auditory or cutaneous input. When 

testing JPS an effort is taken to minimise the influence of visual, auditory and cutaneous 

input in order to test the joints proprioceptive efficiency on its own. In order to do this, 

researchers often prefer headphones to be worn and/or eyes to be shut (Barden et al. 

2004; Bjorklund et al. 2000; G. C. Dover et al. 2003; Forwell & Carnahan 1996; 

Jerosch & Prymka 1996b; Lephart & Henry 1995; Myers & Lephart 2002; Stillman 

2000; Ulkar et al. 2004).  

These experimental methods are developed to reduce variance or additional cues for 

compensatory performances.  In recognising this there is an assumption that there are 

many redundant feedback systems that may contribute to JPS performance and it is 

assumed that people with possible proprioceptive deficits may attune themselves to 

extraneous cues in an attempt to improve their performance during testing. The 

evidence of the use of such strategies is not well described in the literature and 

assumptions that air-splints, head phones and other systems are effective in achieving 

these goals is rarely reported. It is highly likely that the variation in the results reported 

in the literature relate to the variations of testing protocols and the differences in the 

effectiveness of isolating many extraneous cues. Furthermore, it is unclear if these 

control methods induces a degree of cognitive distraction during the testing that may 

vary between control and symptomatic groups. Forwell and Carnahan (1996) have 

reported that the lack of visual control and use of vibration (external stimulation) show 

a performance decrement for subjects with shoulder instability, suggesting that subjects 

are using visual and tactile input to enhance shoulder JPS. Another interpretation of this 

finding is that individuals with shoulder instability are more distracted by the 

experimental methods than the normal control subjects.  

There are various types of testing protocols that have been used in JPS testing. Some 

studies used the minimal detectable movement pattern (Beynnon et al. 1999; Carpenter, 

Blasier & Pellizzon 1998; Zuckerman et al. 2003) or an estimator of threshold of 
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detecting a difference between position (Allegrucci et al. 1995). Other tests of 

peripheral joints include matching one side’s movements to the contralateral side/joint 

(Forwell & Carnahan 1996).  

The most common form of JPS testing is the replication method (Aydin et al. 2001; 

Hiltbrand 2003; Janwantanakul et al. 2001; Stillman 2000; Ulkar et al. 2004). This 

method involves the individual having the limb positioned (actively or passively) and 

the subject is asked to remember the position. Then the limb is return to a resting 

posture. The subject then tries to replicate the original position. The error between the 

target/original position and the replicated position is used to derive an estimate of JPS 

performance. Repeated sampling of this point estimate of repositioning error is used to 

make estimates of the overall error distribution of the performance.  To date, there does 

not seem to be any data suggesting the ‘normal’ performance of a control population’s 

(or any other) ability to perform open-kinetic chain movement patterns with 3 

dimensional analysis using repeated measures. An ideal testing method and ‘normal’ 

data would be useful in the rehabilitation setting. Stillman (2000) comments, 

“This standard (normal) may take the form of data obtained 
following assessment of large numbers of normal subjects 

matched to the patient in terms of joint, age, subjects' activity 
level, method of testing and test position. There appears to be no 

such database for joint position sense with respect to any 
movement at any normal joint of the human body.” pg 253 

 
These factors mentioned above vary in the literature and form a primary focus in this 

study and are addressed in the following sections. 

2.15 Active or passive positioning 

Tests that employ active and/or passive repositioning/matching tasks have been 

frequently used and are accepted tests of proprioception (Aydin et al. 2001). Aydin et 

al. (2001) note that JPS has been tested using reproduction of both passive and active 

positioning. Aydin et al. (2001), Gandevia et al.(1992) and Selfe et al. (2006) suggest 

that JPS testing actively may better represent joint function because active movement is 

more aligned with functional movement and incorporates the feedback of active muscle 

systems and also utilises internal cues of forces on tendons and inertial characteristics of 

the moving limb. It is believed that intramuscular receptors are important determinants 

of proprioceptive performance (Hall & McCloskey 1983). Similarly, Barden et 
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al.(2004) preferred active positioning over passive because passive tests are not 

functional and provide cutaneous feedback from the apparatus. However, the position of 

the arm needs to be assessed and in many active testing protocols the arm is attached to 

a sensor which would also provide cutaneous feedback similar to passive. Interestingly, 

it has been reported that although some interaction existed, input to peripheral joints in 

finger JPS testing did not facilitate movement detection (Refshauge, Collins & 

Gandevia 2003). 

When JPS performance, under active and passive testing conditions, is compared the 

results are mixed. Rogol et al. (1998) was not able to detect systematic differences 

between active and passive testing however other studies have found that active testing 

protocol produce smaller JPS errors than when compared to passive assessments (Lonn 

et al. 2000; Selfe et al. 2006). Although the detection threshold of movement is 

improved with activation of the muscle spindle when compared to pure passive 

movements (Gandevia, McCloskey & Burke 1992), it is unclear if this can be 

generalised to testing of the upper limb for position replication JPS studies. There is 

more recent evidence which suggest that shoulder JPS improves with an external load 

(Suprak et al. 2007). It could be rationalised that an active test (simply lifting the weight 

of the upper limb) would be more accurate and/or precise than passive testing. 

Obviously, undertaking any functional task with the upper limb with no muscle activity 

is virtually impossible. So the fact that threshold of detection improves between no 

activity and activity of the muscle does not answer the question what level of muscle 

activity impacts on the acuity of shoulder JPS performance.  

A recent study hypothesised that active movements are also more functional and better 

replicate true JPS (Selfe et al. 2006). This study also suggested that fewer trials are 

required to detect changes in JPS when active protocols are used compared to passive. 

This latter finding has implications as to the necessary numbers of trials used to derived 

the JPS value and are reviewed in section 2.26.  

2.16 Movement patterns 

The majority of joint proprioceptive testing has been done using planar movement 

patterns. This is particularly true for the knee, with extension and flexion the 

predominant focus. This is understandable since the gross functional movement pattern 

of the knee is essentially limited to the flexion and extension plane of movement. 
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Furthermore there are many experimental devices that have been designed to engage the 

knee extensors and flexors in testing paradigms, so JPS testing of the knee has some 

experimental expediency.  

The shoulder joint however, during functional movement has a greater diversity of 

potential movement patterns and in fact, few upper limb movements are purely set 

within a planar pattern and fewer are set to conform to the anatomical planes of motion.  

In spite of this observation the G-H joint proprioceptive testing is often investigated 

using pure internal or external rotation with the forearm moving in a sagittal plane 

(Aydin et al. 2001; G. C. Dover et al. 2003; Janwantanakul et al. 2001; Lee et al. 2003; 

Lephart et al. 2002; Ulkar et al. 2004). This pattern is often used because it isolates the 

G-H joint and the rotatory movement provides significant joint/capsular tension. 

Producing capsular tension is thought to trigger more proprioceptors thus helping 

researchers understand the importance of proprioceptive feedback and its relationship 

with JPS.  External rotation with the humerus in 90 degrees abduction (figure 2.7 and 

2.8) also allows examiners to test the shoulder in a position consistent with the common 

orthopaedic test known as the apprehension- relocation tests (Brukner & Khan 2007; 

Tzannes et al. 2004). This test is an assessment of anterior instability and has greater 

inter- and intra-observer reliability than all the other tests for shoulder instability 

(Tzannes et al. 2004). The apprehension component is the subjective experience of the 

patient who has a level of apprehension based on experience that this is a position 

where the control of the G-H joint is limited and has a greater risk of an episode of 

instability. Hiltbrand (2003) and Jerosch and Prymka (1996a) assessed JPS of the 

shoulder using an electromagnetic tracking system, however they too tested shoulder 

movements in the planar movements of flexion and abduction. Stillman (2000) writes, 

“A complete picture of a set of response errors cannot be 
obtained from any single measure, nor can the results be 

interpreted fully without considering the functional 
circumstances under which the proprioceptive capacity is to 

be used.” pg 253 
 

One major factor in the rehabilitation management is the concept of the joint 

proprioceptors providing information to the central nervous system for the management 

of muscular activities (Blasier, Carpenter & Huston 1994). This information is utilised 
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by the CNS to respond to perturbations and also anticipate optimally to pending 

perturbations.  

The literature often discusses the presence of a sensory impairment in individuals with 

shoulder instability. Various studies have examined the perception of joint movement 

and reposition performance in the upper limb of individuals with and without instability 

(Aydin et al. 2001; Barden et al. 2004; Blasier, Carpenter & Huston 1994; Lephart et al. 

2002; Smith & Brunolli 1989). Most of the studies however have examined CKC 

testing protocols. In contrast the unilateral anterior shoulder instability patient often 

uses the shoulder in an OKC or position the upper limb using an OKC movement just 

prior to the loading. To date there have been less than 8 studies that have examined the 

OKC assessment of JPS in the shoulder. More so, to the author’s knowledge (and 

Stillman (2000)) there have been no studies published comparing different movement 

patterns at the same joint; or using OKC functional movements in the standing posture. 

Barden et al (2004) performs OKC assessment in sitting, however we did not think this 

was functional with respect to overhead athletes. 

An accurate method of assessing OKC shoulder JPS in three dimensions may 

demonstrate similarities and/or differences between the unstable shoulder and 

asymptomatic shoulders. An accurate assessment protocol could also be used to 

compare intra-subject variations between sides (left vs. right). 

 

2.17 Range effect 

The range effect is the observation that there is a systematic change in JPS performance 

which is related to the range at which the position is tested. It is unclear if the range 

effect (moving towards the apprehensive position) of external rotation interacts with the 

performance of shoulder JPS testing in normal controls and individuals with a history of 

unilateral shoulder dislocation. For example, Janwantanakul et al.(2001) examined 34 

non-throwing subjects’ shoulder JPS and found a range effect. Shoulder JPS accuracy 

and consistency improved as the individuals were tested closer to the limits of external 

rotation. Similar range effect responses have also been reported by Blasier et al (1994), 

Allegrucci et al.(1995), (Jerosch & Prymka 1996b) and in baseball pitchers by Reinold 

et al. (2003). In comparisons, Hiltbrand (2003) did not report any range effect during 



shoulder abduction (60 deg vs 120 deg) however joint angle replication of flexion at 

120 degrees was more accurate than at 60 degrees. This finding therefore may suggest 

that the range effect could be dependent on the movement pattern selected during the 

JPS testing. This ‘opens up’ the question of the ability to generalise range changes 

documented in studies of pure rotation and their significance in more functional 

movement patterns. 

 

Figure 2.7 Supine lying, Active and Passive testing in a sagittal plane using a Con-Trex 
dynamometer as used by Lee et al. (2003). 

The majority of studies test proprioception of the upper limb by fixing the trunk and 

also attaching instrumentation to the distal segment. This partly reflects a CKC and 

differs in many functional tasks of the upper limb which are best represented by OKC 

activities. CKC movements are known to increase joint compression and muscle co-

contraction (Birmingham et al. 1998). CKC testing procedures using isokinetic 

dynamometers often provide additional afferent input from receptors in muscles, joints 

and skin of the arm, forearm and hand. All of these inputs may be integrated in assisting 

shoulder JPS (Birmingham et al. 1998). 

The majority of studies also use supine lying as the testing position. A number of 

studies, such as Bjorklund et al. (2000), Brindle et al.(2006), Hiltbrand (2003) and Van 

Beers et al. (1998) tested in the position of sitting.  
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To the author’s knowledge, Hiltbrand (2003), Barden et al (2004), Brindle et al (2006b), 

Tripp et al. (2006), Lephart and Henry (2002) and Forwell and Carnahan (1996) were 

some of the studies where subjects were examined using active movement (flexion, 

abduction or a throwing action) in an OKC movement using a functional position 

(sitting or single knee stance). No studies seem to have used a standing posture. 

Atkeson and Hollerbach (1985) suggests the use of natural, unrestricted movement 

patterns to gain insight into the planning and control processes of the CNS. Open 

kinetic chain movements could have less proprioceptive input as CKC movements. This 

is due to less joint compression, thus less contribution to sensory channels from the 

periphery (Birmingham et al. 1998).  

Janwantanakul et al.(2001) conclude their study by stating that set-up and testing 

positions must consider  

“ …each individuals’ joint mobility when evaluating 

proprioception of the shoulder complex” pg 843 

Thus, researchers and clinicians need to consider subjects' body orientation and 

available ROM when performing shoulder proprioceptive assessment or rehabilitation. 

Baseball players, particularly pitchers, have been reported to have greater ER and 

decreased IR on the dominant/throwing shoulder, compared to the non-dominant 

shoulder (Baltaci, Johnson & Kohl 2001). Thus, the individual’s available ROM should 

be considered when testing and rehabilitating patients. Meister et al.(2005) reported that 

the shoulder’s ROM seems to change depending on age. For example, the ROM of an 8 

year old is significantly greater than the ROM of a 16 year old and the most significant 

change seems to be between the ages of 13 and 14 years. 

To date it is unclear if performance of OKC JPS repositioning tasks using a 3-

dimensional ‘functional’ movement pattern is different from using the more widely 

reported 2-dimensional movement patterns of pure external and internal rotation in 90 

degrees of abduction. If there are fundamental variations then the tasks may be 

examining different domains of shoulder JPS. Furthermore it remains unclear if 

laterality or range effects are replicated independent of the type of movement pattern 

selected.  
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2.18 Laterality 

Researchers are often interested in comparing intra-subject and inter-subject differences 

in the same joint by testing left and right sides (or dominant versus non-dominant sides) 

(Jerosch & Prymka 1996a; Lertwanich, Lamsam & Kulthanan 2006; Smith & Brunolli 

1989; Stillman 2000; Voight et al. 1996). This allows comparisons of within subjects 

controlling for many factors that may impact on an individuals’ ability to perform 

shoulder position matching tasks.  

Clinically, therapists often investigate the contralateral side in assessing for the presence 

of unilateral impairments and when setting rehabilitation goals for many conditions 

(Smith & Brunolli 1989; Stillman 2000). Side to side comparisons of measurements 

such as muscle strength, joint range-of-movement, pain provocation, and proprioception 

are used to help therapists diagnose and plan rehabilitation strategies to return to pre-

injury status. Provided the contralateral/unaffected side is ‘normal’ for that individual, 

an intra-subject measure may be a more appropriate than normative from a sample 

population (if this data was available). 

The knee joint is the most researched joint with respect to JPS testing.  Jerosch and 

Prymka (1996b) reported no gender or dominant-specific differences in control groups 

when testing JPS of the knee joint. However significant deficits were reported in both 

knees for subjects with unilateral recurrent patella dislocations. Post-operative deficits 

of the uninvolved contralateral joint have also been published in ACL-deficient knees 

(Jerosch & Prymka 1996b).  

The explanation of this phenomenon is that the joint position sense is likely to be 

regulated on a central level, and the injury of one side may influence the proprioception 

capability of the uninvolved contralateral side as well. It is unclear if there is a specific 

mechanism underlying this central deficit. Keeping this in mind, it would be careless to 

think that testing the uninvolved shoulder could predict the “expected/desired” level of 

rehabilitation for the injured/involved side. We know through previous studies that 

ROM (Baltaci, Johnson & Kohl 2001) and muscle torque (Lertwanich, Lamsam & 

Kulthanan 2006) are not necessarily equal between shoulders.  Therefore, establishing a 

level of “normal” laterality differences may be necessary to document the magnitude of 

the expected differences between sides.  
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Research testing JPS and laterality in “normal” controls have not been able to detect 

systematic difference between sides (left and right) for the knee (Voight et al. 1996) or 

shoulder (Aydin et al. 2001; Barden et al. 2004; Safran et al. 2001; Smith & Brunolli 

1989; Zuckerman et al. 1999).  This may be a result of a common element in central 

processing. Quiet a few studies have found that in individuals who have had unilateral 

symptoms, injury or post-surgical repair there are less than clear differences in their JPS 

assessments between the affected and unaffected sides (Aydin et al. 2001; Barden et al. 

2004; G. C. Dover et al. 2003; Safran et al. 2001). However, Smith (1989) found 

differences between sides in subjects who had experienced unilateral anterior G-H joint 

dislocations and Reid (1996) reports of decreased muscle strength in unstable shoulders. 

Lephart et al.(2002), Potzl et al. (2004) and Aydin et al.(2001) report that as the 

injured/surgically operated shoulder improves through rehabilitative training the 

uninvolved shoulder’s proprioception also improved and in some cases they both return 

to ‘normal’ standards. This has been reported as taking over 18 months in shoulders 

repaired by arthroscopic methods (Machner et al. 1998). 

Dover and Powers (2003) reported that asymptomatic female softball athletes have 

decreased proprioception compared to non-throwing athletes and their left shoulder was 

equal to that of the right. Dover and Powers (2003) concluded that  

“...perhaps there is a congenital predisposition towards reduced 

proprioception and increased laxity. Such a predisposition may be an 

advantage in order to participate in high level overhead throwing 

sports.” pg 435 

Although the research shows inconsistent and/or insignificant differences between the 

throwing and non-throwing shoulder, Borsa et al.(2006) and Baltaci et al.(2001) found 

that the throwing shoulder had significantly more ER and significantly less IR. This 

may account for some of the differences between throwing and non-throwing 

populations because total ROM of the shoulder may vary between groups (and side of 

the body) and it has been reported that JPS performance may change through range. 

Allegrucci et al.(1995) reported that asymptomatic unilateral overhead athletes 

demonstrated decreased kinesthesia with the dominant shoulder and both shoulders 

kinesthesia improved closer to EOR for external rotation (0 degrees vs 75 degrees). 
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Overall however, the research literature to date seems to suggest that left and right 

(dominant and non-dominant) joint tests for proprioception are not significantly 

different. The studies that demonstrate differences are often presented in throwing 

populations where there are fundamental stress adaptations due to the type of unilateral 

sport played by the participants. Therefore, it is more likely that in athletes with TUBS 

instability (not a unilateral AIOS athlete) testing one side (either side) tells us to some 

degree how accurate the contralateral side is also. The same seems to apply for the 

injured or post-operative shoulder joint. A central effect via the CNS is suggested to 

result in both shoulders being affected by a unilateral injury. In such circumstances it is 

less applicable to use the contralateral joint as a ‘normal’ target when setting 

proprioceptive rehabilitation goals. 

At this stage it is yet to be reported whether or not the above findings regarding JPS and 

laterality would apply for “control” subjects tested using a ‘functional’ movement 

pattern or planar rotation pattern in a standing posture.  

It is yet to be clarified if OKC testing will also have side to side symmetry that these 

other studies have reported. This is particularly important in individuals who have a 

unilateral deficit / shoulder instability or rehabilitation JPS goals. 

2.19 Instrumentation 

A review of the literature demonstrates that most studies to date have used 

inclinometers (Carter et al. 1997; Dover & Powers 2004; Dover et al. 2003; Potzl et al. 

2004) and isokinetic dynamometers (see Figure 2.7 and 2.8) (Aydin et al. 2001; 

Birmingham et al. 1998; Carpenter, Blasier & Pellizzon 1998; Janwantanakul et al. 

2001; Ulkar et al. 2004) to measure accuracy and/or precision of JPS matching tasks in 

2-dimensional movement patterns. Fewer studies have used 3-dimensional motion 

analysis to measure JPS of the shoulder (Barden et al. 2004; Hiltbrand 2003; Lephart et 

al. 2002; Tripp et al. 2006) (see Figure 2.9). One of the reasons for this may be due to 

the expense and difficulty of assessing JPS in 3D. Stillman (2000) points out that newer 

machines are less expensive, simple to use and measure in 3 dimensions. One of the 

advantages of using a planar 2D assessment is that the calculations to define the 

magnitude of the errors are much easier to generate and easier to interpret.  The linear 

nature of the detected error measures can be defined as positive or negative. In 3D 



assessments all displacement error values are positive. This has implications as to what 

type of derive variables are used to define the JPS error.  

 

Figure 2.8 Using the KinCom 125: Isokinetic Dynamometer to test shoulder JPS. 
Janwantanakul et al.(2001) 

 

 

 

 

 

Figure 2.9 3-Dimensional tracking system used by Tripp et al.(2006)for open kinetic 
chain shoulder JPS tests. Note kneeling position.  
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2.20 Derivation of JPS performance – derived variables 

Although there have been various methods of assessing joint position sense using the 

replication methods, each single trial generates a measurement of a single trial 

performance error.  

Clearly, a one-off measure of the matching task may not necessarily represent the 

overall performance of the individual. As a result all experimental testing protocols do a 

series of trials. From this sample of error assessments the researchers determine specific 

variables that are used to reflect the performance of the individual. Stillman (2000) 

writes: 

“The measurement of relative, absolute and variable error provides 

examiners with the fullest possible information to make clinical 

judgements” pg 253 

The two main derived variables used in the literature reflect the distribution or spread 

and the average error or bias of the repeated attempts to replicate the target position. 

The common terminology of the bias and spread of the errors are known as accuracy 

and precision respectively (Allison & Fukushima 2003; Stillman 2000) 

2.20.1 Accuracy 

During a series of JPS matching trials a set of error values are recorded. The average 

error across the number of trials reflects the bias or accuracy of the performance 

(Allison & Fukushima 2003). 

“Accuracy is the degree of veracity” (adherence to the true value).  

(www.wikipedia.org 2007) accessed 11.9.07 

The classic, bull's eye illustration, showing the difference between precision and 

accuracy, is shown in figure 2.10. 



 

Figure 2.10 The concept of precision(spread) and accuracy (bias) using a hypothetical 
bull’s eye target. 

In 2 dimensional testing a subject may under shoot or over shoot a target and therefore 

the error is directional. When the average error is determined it is possible that if the 

negative and positive errors balance out the average error can be zero. In signal 

processing or in mathematics it is reasonable to have a zero score for “accuracy” 

because accuracy in this sense reflects bias. An additional metric that would further 

describe the data would be the degree of spread or the precision over repeated measures. 

However, some researchers examining repositioning errors use only one derived 

variable generically known as “error”. To avoid the potential score of zero (when 

repeated trials show balanced positive and negative errors) they calculate the average of 

the absolute errors.  This is neither a measure of accuracy nor precision and yet is used 

commonly in the literature. This is a hybrid statistic and the psychometrics of this value 

is difficult to interpret due to the fact that it incorporates both accuracy and precision 

estimates with variable weightings. 

In 3D testing the error is always positive and therefore the mean of the error (non-

directional specific) can be determined.  

2.20.2 Precision 

“Precision is the degree of reproducibility”  

(www.wikipedia.org 2007) accessed 11.9.07 

Precision is a measure of how consistently the result is determined by repeated 

measurements. This is made without reference to any "true" value. Repeated trial 
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samples are analysed in order to establish the precision of a measurement. The precision 

is usually reported as a standard deviation. 

Precision calculations are less often used as a measure of JPS performance. This is 

partly due to the fact that directional errors are often modified by determining the 

absolute error for each trial. Consequently, the data set can change distribution 

according to the level of accuracy and therefore the precision score may be influenced 

by the level of accuracy if the absolute error scores are used.  

Precision is important because it may suggest the overall randomness of the noise 

underlying the performance.  

The results of calculations or a measurement can be accurate but not precise; precise but 

not accurate; neither; or both.  

Some of the variables used to determine JPS error scores include the following: 

Absolute error or mean absolute Dover and Powers (2004), Bjorklund et al. (2000) 

and  Ulkar et al.(2004) have used this variable in their studies. This is an assessment of 

accuracy and is common in two dimensional assessments. It is calculated by deriving 

the mean error of the absolute values for every trial. The difficulty here is that an error 

of 2cm before the target and the error of 2 cm after the target when considered in an 

absolute sense are the same performance. By taking the absolute values of the specific 

error scores one avoids having an accuracy of zero unless every trial is zero. On face 

value this seems logical, however by taking the absolute error the authors are using one 

metric to reflect both the bias of the score (accuracy) and the variation (precision). This 

however is a hybrid mathematical formulation that has fundamental difficulties in the 

interpretation (Allison personal communication). For example, figure 2.13 shows three 

distributions with identical precision (variance) but different degrees of bias (accuracy). 

The use of the absolute mean scores has no impact on the first subject with a lot of bias, 

the second subject has their precision slightly reduced and the third has greater 

reduction in the precision of their performance. Therefore precision and accuracy when 

using the absolute value are not independent. This has implications of the clinical 

validity of this JPS measurement. For example, an individual with poor JPS may 

consistently over shoot or under shoot a mid range target and yet the precision is 

relatively good. This individual may respond well to feedback of performance for 

example, if they overshoot consistently by 7 degrees then the instruction could be to 

http://en.wikipedia.org/wiki/Measurement
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think about stopping earlier (7 degrees) in range. Conversely, someone with a large 

deficit in feedback may have a large degree of variance in their performance (poor 

precision) and randomly reposition the joint around the targeted position. The 

rehabilitation of this individual may be more difficult because there is loss of precision 

and not just a simple offset (bias).  The impact of motor learning stability rehabilitation 

programs on each of these independent domains of JPS is not able to be assessed with 

the absolute error derived variable.   

In summary, although the average absolute error is commonly used on assessments of 

JPS performance, the method does not translate to meaningful measures in the context 

of changes in performance in the accuracy or precision and applications to clinical 

research.  

 

Figure 2.11 A) Three schematic distributions of matching performance that have 
identical distributions (precision) but with different offset bias (accuracy). B) The same 
distributions where the absolute value is used. Note that depending on the accuracy 
(bias) the precision can be affected differently. Also, with the accuracy changes in A) 
the bias is in a continuum from subject 1 (overshoot), 2 (accurate) and 3 undershoot. In 
B all values are positive (order from worse to best =1, 3, 2) suggesting that 
undershooting and over shooting are the same type of error or dysfunction.  

Mean Error Dover and Powers (2004), Potzl et al. (2004), Barden et al. (2004), Aydin 

et al.(2001), Lephart et al.(2002) and Allison and Fukushima (2003) have used this 

derived variable. This is a measure of accuracy or bias. It determines the average error. 

In circumstances where there is a two dimensional assessment then it is possible that the 

A 
1 

2 

3 

0 

Error from target 

B 

unchanged 

0 

Absolute Error from target 
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accuracy (on average) can be zero. This conceptually states that on repeated trials the 

person shows no consistent form of bias to one direction. Of course the context of this 

then relies on the description of the precision or the variance. In trials where matching 

trials are performed in 3D then there is no directional error since all errors that are 

determined reflect the distance from the target.  This estimate of error provides the 

magnitude of the bias but does not state the direction of bias which may be important 

for higher levels of analysis. This is a limitation of such a measure. Dover called this 

constant error but on review of the mathematics the derived variable is the same as 

Mean error. 

Median Error Allison and Fukushima (2003) assessed the spinal JPS and examined the 

impact of determining the mean value from different numbers of trials. Since the mean 

is a central tendency score which can be influenced by single outliers they also 

examined the median. The median is a non-parametric central tendency score which is 

more appropriate for small sample size estimators or when data are not normally 

distributed. They found that with 6 matching trials although hypothetically the outliers 

may influence the mean, this tended not to occur and therefore the median and mean 

errors had similar JPS characteristics.   

Standard Deviation Allison and Fukushima (2003), Lephart et al. (2003), Lephart et 

al.(2002) and Dover and Powers (2004) used standard deviation. The standard deviation 

is a measure of the spread of the trial errors. This is a measure of precision and is 

determined by standard mathematical formulae. The difficulty of this metric, as outlined 

by Allison and Fukushima (2003), is that the validity of deriving the SD from three 

numbers is questionable due to the limited data points. They proposed that maybe some 

other metric of range could be equally appropriate or that if SD is used more trials 

would be more appropriate. Dover et al (2004) called this variable error but again the 

mathematics is the same as the SD. 

2.21 The numbers of trials  

Allison and Fukushima (2003) in assessing Spinal JPS suggests that the JPS derived 

variables are estimates made from multiple sampling of a performance. The most 

commonly used estimates are accuracy (Mean error of trials) and the precision (SD of 

the error of trials).  They state that the strength of the variable is a true estimate of the 

overall performance and the strength will improve with repeated sampling (Allison & 
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Fukushima 2003). Since ‘normal’ matching trials would not be consistent or perfect on 

each trial it is difficult to estimate normal, borderline or abnormal (Stillman 2000), 

hence the need for repeated measures to determine a statistically powerful result. 

Allison and Fukushima (2003) were able to show that the derived variables stabilised 

after 5-6 trials. By taking 6 replication trials when compared to 3 they were able to 

obtain much greater statistical power in subsequent statistical samples.  

Interestingly, Selfe et al.(2006) found that 5 trials were required when testing Active 

Angle Reproduction and 6 were necessary when testing passively. Stillman (2000) used 

5 trials when testing JPS of the knee and Brindle et al.(2006a) in a more recent 3-

dimentional shoulder JPS study tested each subject 8 trials per assessment. 

To date in the shoulder research the numbers of trials are generally 3 repetitions (Aydin 

et al. 2001; Brindle et al. 2006b; Dover & Powers 2004; Dover et al. 2003; Hiltbrand 

2003; Lephart et al. 2002; Ulkar et al. 2004). It is unclear how stable determining the 

standard deviation of three numbers may validly determine precision. Stillman (2000) 

writes, 

“It would be useful to clarify the optimal amount of practice and the optimal 
number of test repetitions per target position for those patients who are able to 

accommodate a more prolonged assessment without undue stress.” pg 250 
 

The key feature reported by Allison and Fukushima (2003), Selfe et al (2006) and 

(Stillman 2000) is that by increasing the numbers of trials (say) from 3 to 6 the 

statistical power of subsequent comparisons is significantly increased. Barden et 

al.(2004) found that inter-repetition error for subjects with multidirectional shoulder 

instability improved significantly during the first 3 trials in a series of 10 trials. Allison 

and Fukushima (2003) who also performed a large number of trials (10) did not find a 

systematic change in the early set of matching trials. Most matching JPS testing 

protocols provide the subject with familiarisation and also may test multiple ranges in a 

randomised presentation order (Allison and Fukushima, 2003). All of these strategies 

may reduce the initial trend for improved performance with repeated testing across 

variable ranges.   

It is unclear if the trial effects seen in Allison and Fukushima’s work on Spinal JPS 

testing or the results of Selfe et al. (2006) on knee JPS are similar to that in 3D OKC 

testing of the shoulder.  
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2.22 Effect of taping 

Taping has been widely used by therapists as an aid for prophylaxis and rehabilitation  

(Engstrom & Renstrom 1998; Kneeshaw 2002; Robbins, Waked & Rappel 1995). The 

basic rationale for taping a joint is to provide additional support and restrict movement 

thus providing some protection to the joint. Various bracing devices and taping 

techniques are used by athletic trainers prophylactically or when returning an athlete to 

play after injury. These methods may provide stability and aid in decreasing 

proprioceptive deficits that result from injury (Chu et al. 2002). Interestingly, there 

continues to be mixed opinions over the usefulness of taping joints (Callaghan 1997; 

Gerrard 1998). Gerrard (1998) reports on knee supports and taping and states that there 

is no evidence that prophylactic taping lasts greater than the first few minutes of 

activity. Furthermore, the effectiveness seems to be diminished by the amount of sweat 

and/or movement (Gerrard 1998). Other authors examining ankle mobility also suggest 

that the restricting effect is lost within a relatively short period of activity (Gross et al. 

1994; Lohrer, Alt & Gollhofer 1999).  

It is suggested widely that taping may have some proprioceptive influences (Cools et al. 

2002) and it is suggested that taping stimulates greater proprioceptive feedback and 

therefore helps to improve joint position sense (Gerrard 1998; Morrissey et al. 2000). 

Cohen et al. (1994) showed that kinaesthetic awareness in monkeys is significantly 

influenced by the receptive field of nerves associated with the skin. Perhaps Hilton’s 

Law has some place in explaining possible effects of tape on the skin.  

Hilton’s Law states, 

“…one often finds that a nerve that innervates a joint also tends to 

innervate the muscles that move the joint and the skin that covers the 

attachments of those muscles.” 

(www.wikipedia.org 2007) accessed 13.3.08 

Using the findings of Cohen et al. (1994) and Hilton’s Law, perhaps tape on the skin 

stimulates afferent nerves in the local joint, thus improving kinesthesia. 

This argument seems logical yet in many cases JPS is defined as performance during 

proprioceptive testing and therefore such theoretical arguments are often circular in 

http://en.wikipedia.org/wiki/Nerve
http://en.wikipedia.org/wiki/Innervate
http://en.wikipedia.org/wiki/Joint
http://en.wikipedia.org/wiki/Innervate
http://en.wikipedia.org/wiki/Muscle
http://en.wikipedia.org/wiki/Skin
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nature. The fact is that the actual mechanisms underlying these hypothesised 

improvements in joint stability are difficult to prove.  

Research in the area of joint proprioception has frequently tested joints using external 

supports such as taping, bandaging or neoprene sleeves. Tests have been performed to 

demonstrate whether or not the tape/bandage/sleeve improves joint proprioception.  

The knee and ankle for example have been tested and in many cases joint function has 

been shown to improve with the use of elastic bandages (Hassan, Mockett & Doherty 

2002; Jerosch & Prymka 1996b; Jerosch & Thorwesten 1998; Wu, Ng & Mak 2001). 

Improvements are also reported when using Sports tape (Callaghan et al. 2002; 

Callaghan et al. 2008; Hiltbrand 2003; Refshauge, Kilbreath & Raymond 2000) and 

Neoprene sleeves (Chu et al. 2002; Ulkar et al. 2004). Weise et al. (2004) found that 

some specific shoulder braces were able to protect the G-H joint in the 90 degree 

abducted-externally rotated position. Although many authors have shown that JPS 

and/or kinaesthesia can improve with the use of bandage, tape or sleeves there are other 

authors (Beynnon et al. 1999; Birmingham et al. 1998) and more recently Kernozek et 

al.(2008) who have not reported significant improvements. Callaghan (2002) and (2008) 

found that when taping the knee, JPS improved in subjects who already had poor JPS. 

There were no taping benefits in control subjects. Hiltbrand (2003) investigated the 

effect of McConnell’s style sports tape on JPS in a group of 30 female’s shoulders 

(Control vs Multidirectional instability (n=15)). They reported no change in JPS with or 

without tape in either group. Interestingly, this study only tested subjects for 3 

repositioning trials.  

According to Perlau et al.(1995) there are no definitive studies giving reason as to how 

and why the tape succeeds in improving proprioception. Birmingham et al.(1998) 

suggest that OKC movements have less proprioceptive feedback than CKC movements. 

They also demonstrates that neoprene sleeves on the knee improved OKC 

proprioceptive tasks significantly more than CKC matching tasks (Birmingham et al. 

1998). 

There continues to be contention in the literature as to whether taping makes a 

significant contribution to patient improvement and if the proposed mechanisms are 

valid (Callaghan 1997; Kneeshaw 2002). There are several authors including 

Birmingham et al.(1998), Jerosch and Prymka (1996b), McNair et al.(1995) and Perlau 



et al (1995) who suggest that cutaneous stimulation and extra feedback would assist 

proprioceptive ability using OKC movement patterns. Chu et al. (2002) found that while 

wearing a neoprene shoulder brace, individuals with an unstable shoulder demonstrated 

significant improvement in the accuracy of active joint repositioning at 10° from full 

external rotation in comparison with the stable group. Furthermore, those with unstable 

shoulders demonstrated significantly less external rotation than did those with stable 

shoulders and the brace reduced full external rotation only for those with stable 

shoulders.  

2.23 Types of taping for Anterior Instability  

There are various forms of shoulder taping used in the management of unilateral 

shoulder instability (TUBS). For example, Rigney’s strap (figure 2.12) uses an anchor 

around the distal-humerus and another at the mid-thoracic. The Thoracic anchor is then 

linked to the humeral anchor using superolateral taping across the anterior G-H joint 

with the shoulder positioned in 90 degrees abduction and internal rotation (Kneeshaw 

2002). 

 

Figure 2.12 Luke Rigney’s strap described in Kneeshaw(2002). (www.koonja.co.kr 
2007) accessed 17.3.08 

Wind-up technique (unknown source –commonly used in the clinical setting) is named 

since it places the tape on the skin in a position opposite to the “dangerous” position 

(e.g. hands on hips). This means that as the patient moves the shoulder into external 

rotation the effect of the tape is increased via a so-called “wind-up” process. The 

hypothesis of the mechanism is unknown but with recent findings the role of the 
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receptive fields of cutaneous tensioning may be a contributing factor to any changes in 

performance or perception of stability (D. A. Cohen, Prud'homme & Kalaska 1994).  

Other similar taping techniques have the patient’s shoulder taped in a ‘figure of 8’ 

technique starting over the anterior chest wall directed superolaterally to wind around 

the mid humerus and then continue posteromedially to end over the scapula. The patient 

is also taped in abduction and internal rotation so that external rotation causes the tape 

and skin to be pulled tighter. Anecdotally, this technique seems to be quicker and uses 

less tape. 

To the best of the author’s knowledge, there is no study which has looked at the effects 

of sports tape on the classic group at risk (males aged 17-35yrs), stable or unstable G-H 

joint using a functional, 3-dimensional, OKC testing method in a standing position. 

2.23.1 Mechanisms by which taping can improve JPS 

It is commonly proposed that the application of tape works by two possible 

mechanisms. These are (a) as a proprioceptive enhancer and (b) to provide mechanical 

stability/support (Ernst, Kawaguchi & Saliba 1999; Gerrard 1998; Kneeshaw 2002; 

Moseley et al. 1992) with an assumption that taping has a psychological effect, (Hume 

& Gerrard 1998). Since proprioception is the cognitive process of interpreting sensory 

input it is reasonable to assume that there is also a psychological impact.  

Janwantanakul et al.(2001) states that  

“…muscle, joint and skin mechanoreceptors are activated by tension.” pg3 

Tape is said to stimulate neuromuscular pathways via increased afferent feedback from 

cutaneous receptors (McNair et al. 1995; Perlau, Frank & Fick 1995) which with expert 

re-training can facilitate a more appropriate neuromuscular response. The mechanical 

effects are to relocate the joint in such a way as to stabilise the joint, provide a splint or 

alter length-tension relationships (McConnell 2000; Moseley et al. 1992; Watson 2000) 

to create the required musculoskeletal posture or motor pattern. As far as the 

psychological factor is concerned there is the obvious subjective feeling of protection 

and increased confidence from wearing tape but also the heightened consciousness from 

the feeling of applied tape.  
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If physiotherapists and similar health professionals had a good assessment technique for 

JPS then we may be able to identify deficits in athletes and use this assessment as a 

benchmark for diagnosis, treatment and recovery. 

2.24 Summary  

Unilateral shoulder instability in athletes often requires surgical intervention for 

complete recovery. Prior to the surgical intervention most receive rehabilitation 

programs that focus on the risk minimisation, improving muscle capacity of the rotator 

cuff and also the neurological control of the G-H joint.   

The therapy often involves taping the shoulder for return to sports participation and also 

proprioceptive exercises.  

To date, no studies have examined OKC 3D shoulder JPS tasks in standing. When using 

such a technique it is unclear: a) How many matching trials should be performed to 

obtain a stable assessment of accuracy and precision b) If the movement patterns 

influence the ability of the individual to replicate position c) If there is a significant 

difference between sides in “normal” control subjects d) does the range of movement 

used for testing have an influence on JPS performance and e) If tape on the shoulder 

alters JPS performance in normal control subjects. The next chapters in this thesis 

describe the studies undertaken to answer these questions. 
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Chapter Three 

Methods 

3 Background 

Testing accuracy and precision of joint repositioning tasks has been used to assess 

proprioception in many joints of the human body (finger, elbow, shoulder, lumbar 

spine, knee and ankle). Although some joints are well suited to being tested in strength 

testing machines, many research protocols using this equipment have used non-

functional movement patterns of the joint with the subjects in non-functional body 

postures. For example, testing shoulder rotation in supine lying or sitting and testing 

ankle proprioception in sitting with the hips and knees at right angles. This research 

project was inspired in various ways from a previous study, where functional movement 

patterns were used to assess JPS of the lumbar spine (Allison & Fukushima 2003). 

This study attempts to gather information regarding shoulder proprioception in a group 

of athletic, ‘young’ males comparing a functional PNF movement pattern in a 

functional (standing) posture with a non-functional movement pattern of pure rotation 

through a sagittal plane. To do this, JPS was measured and the variables, accuracy and 

precision, were derived from matching tasks. At the same time an analysis of the 

number of trials required to collect this data was performed and also the magnitude of 

the side to side difference in normal control population were examined. Finally, the 

application of sports tape to the shoulder area was then studied in order to assess the 

tape’s effect on a separate ‘control’ population.  

All of these research elements will provide valuable information for future studies of 

unilateral shoulder injuries. 

3.1 Research objectives 

After reviewing the related literature it is evident that a functional 3D OKC method of 

assessing shoulder position sense is possible and may provide valid or sensitive 

information for the clinician. However, if a new method of testing is used, it is 

necessary to determine a baseline of ‘normal’ proprioceptive performance in a 

specifically targeted population. The focus of this study is on the JPS of the shoulder in 
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athletes with unilateral instability due to trauma. Prior to further examination however 

the baseline details of major assessment aspects has to be documented. Therefore the 

goal of this research focus was to provide the fundamental background required for 

future research in a specific pathological population. To achieve this, the following 

objectives were addressed.  

Objective 1.  

The method proposed for this study uses 3D position error for consecutive trials for 

each testing condition. This provides information for a recommendation of the number 

of trials required for the derivations of accuracy and precision scores of shoulder JPS. 

This is used to determine more efficient use of resources by minimising the time taken 

for the number of trials and the number of subjects required.  

Therefore the first objective of this research is: 

To make a recommendation as to the number of trials that should be used to 

derive the variables that reflect the assessment of shoulder JPS. 

Objective 2.  

The research compares a novel D2 (PNF) pattern of movement with a more ‘traditional’ 

pure rotation in the coronal plane (abducted and externally rotated shoulder) method. 

This comparison is used to examine if there is sensitivity of the derived variables 

(accuracy and precision) for anatomical planes of movement versus functional patterns 

of movement. 

Therefore the second objective of this study is: 

To examine the differences in 2 OKC movement patterns – specifically 

pure rotation and the D2 PNF movement pattern. 

Objective 3. 

Since the clinically targeted population of future research may involve unilateral 

presentations then it is necessary to document the differences between sides in the 

normal population matched by age and gender of the target population. Therefore the 

third objective of this research project is: 

To assess the laterality (side to side differences) effect of shoulder JPS in 

normal active males between the ages of 17 and 35. 
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Objective 4. 

In unilateral shoulder instability the positioning of the shoulder into external rotation 

and abduction classically produces a level of apprehension. It is this position that is 

often of interest to researchers in this field of study. Therefore it would be of benefit to 

examine in normal controls if there are differences in the shoulder JPS derived variables 

at various ranges relative to this extreme range of testing. Therefore the fourth objective 

of this research project is: 

To determine if there is a range effect in shoulder JPS testing in normal 

controls. 

Objective 5. 

A wind-up taping technique for providing shoulder “support” is commonly used in 

contact sports where there is an element of over head arm movements (e.g. Australian 

Rules Football). Examining if any effects are noted in normal controls who receive such 

taping may assist in understanding the mechanisms underlying taping and whether or 

not prophylactic taping has significant benefits. Therefore the fifth objective of this 

research is: 

To examine if the simple “wind-up” taping has a systematic effect on 

normal controls during different shoulder JPS testing protocols. 

3.2 Study Design  

To achieve these research objectives the research was planned in two phases. Phase I 

would examine the number of trials required, the impact of movement pattern, range 

and laterality. Phase II was a study examining the impact of taping on shoulder JPS 

from a specified number of trials (phase I results), movement pattern and range (phase I 

results).  

The study design was a within subject repeated measure design with the order of 

presentation block randomised in the form of a Latin square design.  
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3.3 Hypotheses 

From the review of the literature two sets of hypotheses were developed. These are 

tested over 2 phases of the research, using 2 ‘control groups’ satisfying the same 

selection criteria. 

 

3.4 PHASE I  

i. That shoulder position sense (derived variables*) will be more stable and have 

reduced coefficient of variation when derived from more than 3 trials. 

ii. That shoulder position sense is better during D2 pattern (diagonal motion 

planes) when compared to pure rotation in the coronal plane. 

iii. That shoulder position sense is not statistically different between left and 

right sides. 

iv. That shoulder position sense will improve as the testing range moves toward 

full external rotation.  

*NB derived variables refer to accuracy and precision.  

 

3.5 PHASE II  

i. That shoulder position sense will demonstrate that D2 pattern is significantly 

more accurate than Pure Rotation (#). 

ii. That shoulder position sense will improve with increasing range for Pure 

Rotation and for a D2 PNF pattern (#). 

iii. That tape will not significantly change shoulder position sense for any 

movement pattern or range. 

# with pooled data from phase I 

3.6 Research Phases  

As stated previously the study design incorporated two phases.  The research design for 

each phase involved similar control group subjects.  
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3.6.1 Phase I  

A balanced randomised 3 factor (Movement pattern, Range, Laterality) within subject 

repeated measure experimental research design was selected. All subjects performed 10 

trials of matching tasks for 2 movement patterns (rotation, D2), for three ranges (lower 

mid and high) and for two sides (left and right).  

The balanced order of testing was made according to movement pattern and side where 

subjects were tested in a Latin square order1 where all four permutations (cells) were 

equally represented (i.e. balanced designed). These orders were assigned with a blocked 

randomisation2 in subject groups of 8 from a concealed envelop.  

Three ranges were tested under each of the 4 conditions. The order of the ranges was 

pseudo-randomly allocated so 30 trials were presented (10 each range) in one block of 

testing.  

3.6.2 Phase II 

This was similar to the phase I research design. In phase II there was a balanced 

randomised 3 factor (Movement pattern, Range, Tape) within subject repeated measure 

experimental research design. All subjects performed 7 matching trials of two 

movement patterns (rotation, D2) for two ranges (mid and high) under two conditions, 

‘control’ and ‘taped’. The order was similarly balanced for assessments. The balancing 

was performed for taping condition and movement pattern. These were allocated using 

a blind method of block randomisation.  

 

1 Latin square design is where all permutations of the possible orders are determined. In this case there 

were two sides and two movement patterns resulting in 4 unique permutations. This means that order is 

equally presented and therefore provides a method of balancing out sources of bias attributable to testing 

order.   

2 As explained above that there was a block of 4 permutation that were randomly assigned to subjects for 

testing. However since this was repeated every 4 subjects then the randomisation may have been 

potentially flawed on every fourth occasion (since the previous 3 subjects orders have been known by the 

examiner). Therefore the number of permutations in each concealed envelop consisted of 2 sets of orders 

(i.e. N=8) therefore this blocking of the order of testing reduced the potential of the breakdown of a true 

randomisation.  
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3.6.3 Pooled data from Phase I & II 

The two cohort analysis was planned to be able to pool specific comparisons. Since 

Phase I incorporated three ranges and 10 matching trials it was felt that a preliminary 

assessment of the initial cohort would be undertaken. The findings of this initial cohort 

would allow a reduced number of trials and ranges for examination. With less time 

dedicated to testing these constructs Phase II cohort was able to examine additional 

hypotheses such as the impact of tape. Therefore where applicable and common 

assessment variables were used the data from both Phase I and Phase II were pooled to 

increase sample size to test the applicable hypotheses. This decision was established a 

priori and therefore does not reflect post hoc data collection of repeated hypothesis 

testing.  
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3.7 Research Protocol 

The overall research protocol is shown in figure 3.1. 

 

Figure 3.1 Flow chart of the research process. *Steps 2 to 5 were done for each of 
the two groups 

 

3.8 Proposal and ethics 

A research proposal to the Graduate Research School and Human Research Ethics 

Committee was made at the University of Western Australia in June 2004. 

The assessment procedures applied in this study had the potential to cause mild muscle 

fatigue due to the repetitious nature of the tasks performed. Prospective subjects were 

informed of the possibility of ‘muscle fatigue’ symptoms. An information sheet was 

provided (appendix A) and an informed consent form was completed (appendix B) by 

STEP 1 
Proposal and Ethics 

STEP 2* 
Subject recruitment and screening 

Control 

STEP 3*: Testing 
• Informed consent 
• Shoulder JPS assessment 

STEP 4* 
• Data reduction and collation 
• Statistical analysis 

STEP 5* 
 Interpretation 
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each subject prior to testing. If a subject did experience undue pain during the testing 

period, the testing was ceased. 

During the course of the research the data and testing sheets (appendix D and E) were 

stored in a password protected computer and file respectively. These were both located 

in a security protected testing laboratory in the Park Avenue building, at the University 

of Western Australia. Once data had been collected, each subject’s data was coded to 

ensure confidentiality and anonymity. 

Only males were tested because the predominant pathological group associated with 

traumatic unilateral shoulder instability occur in males of this age group.  

3.9 Recruitment of subjects 

Subjects were recruited from a variety of sources. The researchers gathered subjects 

from the student population at The University of Western Australia, clients from private 

Physiotherapy Practice, friends and acquaintances. An effort was made to recruit 

subjects who have/did not study subjects related to the human science in case they 

developed atypical body awareness or had preconceived attitudes to shoulder position 

sense testing or the impact of tape. None of the subjects had ever participated in a study 

which looked at JPS testing or matching trial tasks. There were 2 subject groups. One 

for each phase (n=16 and n=12). 

Considering the majority of sport related shoulder injuries occur to males, an effort was 

made to gather asymptomatic subjects who would represent the typical symptomatic 

athlete’s shoulder population (figure 2.6 Literature Review). This was considered to 

improve the validity of the research in the context that future research will focus on 

symptomatic traumatic shoulder instability which is predominantly the domain of 

relatively young males. The study cohort however was a sample of convenience 

recruited by the researcher.  

3.9.1 Inclusion criteria 

Subjects were included in the study (Phase I and II) if they met all of the following 

criteria:  

i. Males aged between 17 and 35 
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ii. Physically active undertaking some form of physical activity (sport or training) 

for more than 3 hours per week 

iii. Able to attend a 3hr testing session and provide informed consent 

3.9.2 Exclusion criteria 

Subjects were excluded from the study (Phase I and II) if they met any of the following 

criteria:  

i. A history of shoulder instability or shoulder dislocation or a self reporting of 

increased hypermobility of the shoulder(s) 

ii. A history of shoulder injury or neck pain in the past 12 months that required 

medical examination or a reduction in activities of daily living 

iii. Allergy to adhesive tape 

iv. Performed specific proprioceptive exercises for their shoulders 

3.9.3 Withdrawal criteria 

Subjects were withdrawn from the study if any of the following criteria were met: 

i. Withdrawal of consent 

ii. Pain or discomfort during the test 

iii. Inability to understand or follow testing instructions 

iv. Subject unable to continue testing due to time restrictions 

3.10 Testing Procedures 

All testing occurred in the CMS research laboratory at the Park Avenue building, the 

University of Western Australia. Testing for phase I took place over three months 

(April-June, 2004) and Phase II testing was performed over three months (March-May, 

2005). Each test was carried out within a similar time frame in order to keep the effects 

of mental or physical fatigue constant between subjects. Also, all subjects had to 

complete the testing procedure during their allocated testing period. This was necessary 

because research has demonstrates diminished JPS abilities with fatigue (Carpenter, 

Blasier & Pellizzon 1998). 
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3.10.1 Phase I 

After receiving consent and explaining the testing procedure, each subject was asked to 

choose a slip of paper from an envelope. The slip of paper allocated the testing order, 

for example, Rotation with the right shoulder followed by D2 with the right shoulder, 

then D2 with the left shoulder followed by Rotation with the left shoulder. There were 8 

possible combinations (appendix D). After the 8th subject was tested, a new set of 8 

slips were used.  

Following allocation of testing order subjects were asked to perform the matching trials 

in a standing position; feet comfortably placed approximately shoulder width apart. 

Two electromagnetic sensors were positioned on the subject. A reference sensor placed 

on the skin at T1 spinous process. This eliminated the effects of postural sway in the 

standing position. The second sensor was placed on the upper limb to be tested. For D2 

the Target sensor was placed on the lateral epicondyle of the humerus (figure 3.2) and 

for the Rotation pattern the Ulnar styloid process was used (figure 3.3). This was done 

to keep the trajectory length as consistent as possible.  

At the beginning of testing each pattern and side (left and right) the subjects were asked 

to perform a ‘sample’ trajectory in order for the computer to set virtual targets at 20%, 

50% and 80% range of the subject’s trajectory (figure 3.6). Each of the two patterns 

were tested 10 times, in a set pseudo-random order. The testing sheet (appendix D) 

shows the pseudo-random testing order. In some cases, the subject performed up to 3 

sample trajectories and the smoothest trajectory was used to set the targets. A 

description of the two patterns used in the study is below: 

D2 PNF pattern: The D2 PNF pattern used in this study begins in Diagonal 2 Extension 

Upper Extremity (figure 3.2a, D2E UE ) and ends in Diagonal 2 Flexion Upper 

Extremity (figure 3.2b, D2F UE), (Sullivan, Markos & Minor 1982). With regards to 

the G-H joint, the shoulder begins in Adduction, Extension and Internal Rotation and 

ends in a Flexed, Abducted and Externally rotated position (appendix C). 

Pure Rotation: The rotation pattern begins with the shoulder at 90 degrees internal 

rotation and abducted to the point just before the shoulder visually elevates. The 

movement ends with the shoulder abducted to the same degree and externally rotated to 

the subject’s maximum active ability. The elbow remains in 90 degrees flexion 

throughout the movement pattern. 
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Figure 3.2a Picture of the start position of the D2 pattern. 
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Figure 3.2b Picture of the finish position of the D2 pattern 
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Figure 3.3a The start position of the pure rotation. Note that the testing protocol had a 
vertical beam placed beside the subject so that the subject was able to line-up their 
hand with a consistent starting point. 
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Figure 3.3b The rotation testing position. The elbow was kept relatively stationary as 
the subject externally rotated the humerus. This photo (below) shows the subject moving 
towards end of range.  
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The researcher sat in front of the computer and set the target according to the prepared 

testing sheet (appendix D and E). Once this was done the instructions for the testing 

procedure were as follows: 

 

“Find the target”  The subject would move their arm from the start position through 

the desired pattern with their eyes closed. This was done to prevent feed forward control 

mechanisms which could compensate for diminished JPS (Barden et al. 2004). The 

subject would then listen for an audio cue which confirmed their arm was in position 

and on target. The audio cue had a frequency tone that was regulated to the relative 

distance from the target position. 

 

“Memorise the target” The subject was instructed to remember this position.  

 

“Relax”   the subject returned the arm to the starting position, relaxed, opened their 

eyes and repositioned the hand to a fixed starting point. 

 

“Find the target” The subject closed their eyes and placed their arm in the position 

where they thought the target was. The subject indicated verbally by saying “Now”. 

 

The position was recorded and the computer automatically calculates the 3-dimensional 

distance. This distance was named the ‘repositioning error’. This process was repeated 

for each matching trial. 

 

3.10.2 Phase II 

Testing for phase II followed the same process as for phase I however, new allocation 

orders were used to minimise the taping procedure and a different testing sheet was 

used for target setting and recording (appendix E). Each pattern with and without tape 

was only tested seven times and the ranges/targets used were at 50% (mid) and 80% 

(high) range of trajectory length. These changes were based on the findings of Phase I.  
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Figure 3.4 shows the application of the wind-up taping technique for limiting external 

rotation. The subject started with the hand on the hip and the scapular in a normal set 

position. The tape was placed in line with the humeral head working over the deltoid 

insertion, heading posterior around the arm then winding anterior, tracking along the 

line of the spine of the scapular.  

As the athlete moved the arm into external rotation the tension was increased on the 

tape on the anterior of the arm and the chest wall.  Many therapists suggest using elastic 

tape as opposed to rigid sports tape. It was felt that attempting to standardise the degree 

of elastic loading applied to the shoulder and then comparing that with what is used 

clinically would have been logistically too difficult. Rigid taping was used in this case 

to make the resistance to movement more consistent and less variable between 

applications and is easily replicated. The results are acknowledged to be only 

generalised to the use of this specific technique and therefore could contribute to limit 

the external validity of this aspect of the research.  
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Figure 3.4 The application of the wind-up taping technique. 



 

3.11 Instrumentation 

Joint position sense was assessed using an electromagnetic tracking device (MotionStar 

Ascension Ltd, VT, USA) and data were collected by the use of a custom software 

(Labview National  Instruments Version 5.0) in the Centre of Musculoskeletal Studies  

Research Lab on campus at the University of Western Australia. 

The experimental setup is shown in figure 3.5.  Each subject stood within the known 

calibration field of the MotionStar sensor system.  Data was streamed via Ethernet to 

custom built Labview acquisition system as approximately 87Hz.  The 3D coordinates 

of the sensor on the arm were referenced to the sensor on the 1st thoracic spinous 

process. This ensured that the arm movement was assessed relative to the spine and 

independent of postural sway or other global movements of the body or head.  
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Figure 3.5 Experimental equipment and setup for testing.   

A) Radio sensor 

B) Standard feet position markers 

C) Backpack and Motionstar transmitter box. 

D) Operator computing system.  

E) Motionstar CPU 

F) Examples of sensors.  
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3.12 Demographic data 

Demographic data were collected using a subject data form (see appendix D and E).  

The details recorded included; name, age (years), mass (weight kg) and height (cm) 

(appendix F).  

3.13 Data reduction of JPS error scores 

The 3D position of the sensor on the arm was related to the position of the sensor at T1. 

Therefore the frame of reference for the movement was related to the position of the T1 

vertebral segment. This controlled for body sway and body movement relative to the 

transmitter (figure 3.3a).  

There were three positions recorded during each matching trial. The first was the 

position of the virtual target. This was modelled from the trajectory data and was 

consistent for each subject for each matching test occasion. This virtual target was used 

to direct the subject to a target position that reflected a specific part of the range.  

The next position was the “find” position which was the position the subject selected 

while attempting to find the virtual target. The find position was a close approximation 

to the virtual target but did differ according to the ability of the subject to move the arm 

to the loci of the virtual target. The difference between the target and the actual find 

position was not assessed, yet the audio cue ensured that the position was within 3cm 

(3D distance) of the predicted virtual target.  The position held by the subject was the 

position they were asked to remember and therefore the replication error was defined 

from this position.  

The third position was recorded as the position when the subject attempted to replicate 

the “find” position and they indicated verbally that they had found the position to the 

researcher.  

The 3D distance error for each trial was determined as the distance between the position 

of the attempt “find” and the attempt to replicate this position. Data was stored in a data 

sheet with 3D error for each factor and trial and determined to the nearest 0.1cm. 

Details of the computer screen assessment are shown in figures 3.6 and 3.7. 
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See below for details of I to VIII. 

I. A percentage of arrays of the virtual targets (cm). 
II. X, Y, Z coordinates of each virtual target. 
III. The filter parameters to remove noise. 4th order Butterworth filter is 

used in the display. 
IV. Low-pass filter at 6Hz 
V. Sampling rate at 86.1 Hz 
VI. The order of the polynomial curve fitting equation to fit the curve. 
VII. Primary and secondary axis for a display of a trajectory. The axes of 

interest can be changed according to the plane of movement. 
VIII. Circles and crosses represent the virtual target and data, respectively. 

The line was described by the fitted polynomial. 
 

Figure 3.6 The computer screen of a 2D projection of the 3D trajectory (red dots). After 
filtering the data using a 6Hz LP filter (Butterworth 2nd order) a line of best fit was 
generated. This was achieved used a high order polynomial fit function where the visual 
matching was used for each trial. The figure shows an 4th order fit polynomial. From 
this fit, virtual targets (x, y, z) were created at set % length increments for the whole 
trajectory. These are shown as circles. The virtual targets for the specific ranges (20%, 
50% and 80%) were saved and used in the next phase of testing. 

VIII 

VII 
VI I 

II III IV V 



  

VII 

VI 

V 

I

II

II 

I 

I. Distance in cm from a virtual target is shown in the indicator. 

II. A virtual target (20, 50, or 80 % of the full range) is chosen with this section. 

III. X, Y, Z coordinates of a virtual target is displayed. 

IV. The maximal time delay between the sensor position and the audio feedback 
(ms). 

V. This represents number of consecutive samples to be regarded within a 
target. 

VI. The range represents the 3D distance in cm from a virtual target. Within the 
range, the subjects receive audio feedback to know they are within the range 
from the exact position (virtual target) during presentation of a target 
position. Note that the range at 2.00 (2 cm) is displayed in this figure, but in 
the real experiment 2.50 (2.5 cm) was used. 

VII. Lighting indicates that a virtual target is within the range. This is linked to 
the audio cue for the subject’s feedback. 

Figure 3.7. The computer screen of the phase of testing where the subject tries to find 
the virtual target. The researcher has a visual feedback of the position relative to the 
virtual target. The distance from the virtual target also moduates the frequency of a 
continuous sound for the subject. When the subject gets within the specific accuracy 
limits the ‘On Target’ signal sounds and the light goes red and the researcher says hold 
and memorise this position.  
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The following equations were used to define the two domains of assessment: 

Eq. 1. Mean 3D error was defined as Accuracy. 
Where t = position of the target, x = distance from the target and n is the number of 

trials used.  

 

x =
1
n

t−xi( )
i

n

∑ 

 

Eq .2. Standard Deviation of the error measurements was defined as precision.  
Precision was only calculated for 3 or more trials and where x is the distance from the 

mean position for each trial.  

 

SDx=
1

n−1
x− x ( )2

i

n

∑ 

 

3.14 JPS error amplitude normalisation  

In an attempt to compare the different movement patterns the amplitude of possible 

range of motion was used to normalise the data. Therefore the raw data in centimetres 

was divided by the distance of the trajectory between the 20% and 80% virtual targets. 

This process however resulted in some technical errors and therefore not all data sets 

were able to be amplitude normalised. This resulted in missing data cells for between 

movement pattern comparisons where amplitude normalisation is required. This did not 

affect other statistical comparisons where the between movement patterns were not a 

factor.  Results where missing data cells are noted in the results section where 

applicable.  

3.15 Cumulative trial effects  

Accuracy (mean error) and precision (SD) are derived from a set of multiple trials and 

few studies have recognised how the numbers of trials may influence the statistical 

power of any comparisons being made.  To examine the effect of trials derived variables 

scores were determined for the first 3 trials, then the first 4 trials, 5 trials etc.  
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Coefficient of Variation (SD / Mean) was determined for the cumulative derived 

variables (accuracy and precision) based on increasing trials as outlined in Allison 

(2003). The rationale of the use of the Coefficient of Variation to reflect improved 

statistical power is based on the assumption that the reduction reflects a loss of random 

variation. This random variation is related to the repeated sampling of the same domain 

of interest. At some point additional sampling would not reduce the estimated variance 

in the population.  Since the number of subjects is unchanged and the actual 

measurement is a process of sampling the same domain of performance, then a dramatic 

decrease in variation would reflect that the increased sampling is predominantly the 

contributing factor to this change.   

3.16 Data quality and missing data  

Of the initial subject population recruited data sets were lost due to various technical 

reasons. Two subjects were affected, one in each phase of the study. One because the 

audio feedback system failed part way through the testing and the other due to the 

computer memory corrupting sections of the raw data during the process of transferring 

digital data from the computer hard disc. For each subject partial data was included 

where applicable and empty cell substitution was used (see below) for repeated 

measures ANOVAs. In data that reported confidence interval or magnitude of changes 

the subject was removed from the data set.  

On a few occasions additional trials were performed (11 or 12 versus the 10 planned 

trials) when the subject made an error in following the instructions. For example, the 

subject lowered their arm to resting position as they were indicating that they had 

replicated the position. For such trials the subject was reminded to hold the position 

when they indicated verbally that they had replicated the target position. Where possible 

an extra matching trial for that range was performed at the end of the standard sequence. 

A note was made to identify the ‘error trial’ which was to be ignored when processing 

the raw data.  

On approximately six occasions (<1% of total trials), outliers were identified when 

processing the raw data. In these cases, the error estimate was over 5 SD above the 

average of the error suggesting that the data was acquired at an incorrect time during the 

specific trial. This may have been due to the researcher collecting data inadvertently by 
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pressing a collect button with the arm in a resting position. In such cases the single 

missing value was substituted by using the subject’s average score from the other trials.  

In the case where there was missing value for a single block of trials the error values for 

the opposite limb and/or movement pattern were used to complete the data matrix. The 

block selected for the substitution was the main factor in the ANOVA. For example in 

the comparison for sides x movement pattern if left side data for mid range during the 

PNF movement strategy was missing, the ANOVA was completed using the data for the 

right for the same midrange PNF combination. This resulted in a more conservative 

comparison without the deletion of the whole data set due to missing data. In phase II 

the data were substituted for the main factor of investigation, i.e. missing taped data was 

substituted with tape data of the same range and movement. This was necessary to 

maintain all subjects in a repeated measures assessment and statistically conservative 

and underestimated any observable difference for the main factors where the 

substitution occurred. This is noted in the discussion and interpretation of the effects.  

3.17 Statistical analysis 

The statistical analysis was performed for phase I and phase II data and where 

applicable, the data were pooled from both phases if the testing protocols were 

identical. The data were assessed using a within subject design with the 

difference/variance being the primary focus. The data was not different from a normal 

distribution and therefore parametric analysis was used. The fact that the data were 

generating a 3D displacement error may explain why the data were more likely to be 

normally distributed when compared to single dimension testing. In fact, the use of 

absolute errors scores (discussed in methods) generally transforms the random error 

performances into skewed data. 

3.17.1  Descriptive analysis  

The age, height and weight of the subjects recruited in both phases of the study were 

described using means and standard deviations. The groups were compared for these 

factors using an unpaired student t test. 
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3.17.2  Trial effect  

The trial effect was examined for all combinations of sides, ranges, movement patterns 

for both accuracy and precision derived variables.  This was achieved by determining 

the % coefficient of variation (CV = SD / Mean) for the group data. The CV was 

calculated for the derived variables determined from progressively larger series of trials. 

Systematic changes in these derived variables were also examined using a repeated 

measure ANOVA. This was used to determine if there is evidence of a graduated 

improvement in the performance of the group with increasing numbers of trials. If this 

is present then the use of CV changes to reflect statistical power is not valid.  

3.17.3  Phase I data analysis 

Phase I incorporated a repeated measures ANOVA. The factors for consideration were 

all within factors – Movement pattern (2 levels: D2 and rotation), Range (3 levels: high, 

mid and low) and side (left vs right). In the case where a higher order interaction was 

observed the data set were split by a major factor and two 2 factor repeated measures 

ANOVA was performed.  

To illustrate the laterality effect (differences between left and right sides) mean change 

scores with 95% Confidence Interval (CI) of the ranges were used in figures. 

3.17.4  Phase II data analysis 

After processing phase I data the second stage of data collection was changed to 

optimise the number of trials. This means that the number of trials was reduced. Seven 

trials were selected to be conservative and allow for deletion of outliers due to computer 

or human errors that may occur.  Only the right arm and the mid to high ranges were 

examined. This allowed an additional set of comparisons to be made in the same 

timeframe of testing.  

Since both phases utilised right arm, two movement patterns and mid and high ranges 

the data sets from both phases were pooled when analysis was performed for these 

common elements.  

The comparison of taping was assessed using a 2 factor (range: mid and high and 

movement patterns: D2 and rotation) repeated measures ANOVA . 
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The change scores of tape and no-tape conditions were reported with 95% CI and a 

residual analysis was performed to examine the distribution of the differences in 

performance between tape conditions.  

All statistical comparisons were determined as statistically significant if the differences 

exceeded the level of 95% confidence (p<.05). No alpha level adjustments were 

performed for repeated comparisons as all comparisons were stated a priori and 95% CI 

of magnitude of changes were reported.  

Chapter Four 

Results 

4 Introduction 

The results are presented in four parts.   

The first part provides the demographic data for the subjects in both phases of the study. 

The second part provides the results of the impact of the number of trials required to 

derive the respective joint position sense variables of accuracy and precision. In this 

section data is presented from both phases of research.  

The third section reports specifically the results of Phase I where range and side to side 

comparisons are the key features.  

The fourth part of the results looks at the results of Phase II of the research project. This 

looks specifically at the impact of taping and also pools the right shoulder data of Phase 

I and II data sets.   

4.1 Phase I Subject population 

A group of 16 ‘control’ subjects were chosen for Phase I of the research. All subjects 

were fit healthy males without a history of shoulder problems who provided informed 

consent and satisfied the inclusion criteria. The table 4.1 shows age, weight, height and 

dominance (right handed or left) of the subjects as well as the group averages. 
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Table 4.1 Phase I subject demographics showing age, height, body mass handedness.  

Subject 
(N=16) 

Age 

(yrs) 
Body mass 

(kg) 

Height 

(cm) 
Upper limb 
Dominance 

1 25 86 178 Right 
2 26 89 180 Left 
3 25 81 179 Left 
4 33 60 169 Right 
5 29 93 181 Right 
6 25 90 180 Right 
7 28 81 181 Right 
8 29 84 171 Right 
9 34 92 178 Right 
10 23 87 189 Right 
11 24 69 178 Right 
12 24 78 178 Right 
13 29 70 175 Right 
14 33 85 180 Right 
15 30 103 182 Right 
16 21 94 180 Left 
     

Mean  (SD) 27.4 (3.9) 83.9 (10.7) 178.7 (4.5) 3/13 

Range 21 - 34 60 - 103 169 - 189  

 

4.2 Phase II Subject population 

A group of 12 ‘control’ subjects were chosen for Phase II of the research. All subjects 

were fit healthy males without a history of shoulder problems who provided informed 

consent and satisfied the inclusion criteria. The table 4.2 shows age, weight, height and 

dominance (right handed or left) of the subjects as well as the group averages. 
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Table 4.2. Phase 2 subject demographics showing age, height, body mass handedness.  

Subject 
(N=12) 

Age 

(yrs) 
Body mass 

(kg) 

Height 

(cm) 
Upper limb 
Dominance 

1 31 82 183 Right 
2 31 105 184 Right 
3 25 80 185 Right 
4 27 85 175 Right 
5 18 62 169 Right 
6 18 77 182 Right 
7 32 60 169 Right 
8 18 64 173 Right 
9 17 68 172 Right 
10 20 78 170 Right 
11 27 79 173 Right 
12 25 85 183 Left 
  

Mean  (SD) 24.1 (5.7) 77.1 (12.5) 176.5 (6.4) 1/11 

Range 17 - 32 60 - 105 169 - 185  

4.3 Pooled data  

Subject recruited for both phases of the research project were similar in nature and parts 

of the testing protocol consisted of identical activities. For example all subjects from 

both phases performed JPS replication testing for at least 8 trials on their right arm for 

two ranges (50% and 80%) for 2 movement patterns (D2 and pure rotation). Therefore 

where there is pooled data for these analyses the sample population reflects the data 

from both study groups. See table 4.3. 

 

Table 4.3 Pooled demographic data from both groups of subjects.  

Subject  

Group 1 

(n=16) 

Group 2 

(n=12) 

Pooled 

(N=28) P – value* 

Age (yrs) 27.4 (3.9) 24.1 (5.7) 26.0 (4.9) 0.1105 

Body Mass (kg) 83.9 (10.7) 77.1 (12.5) 81.0 (11.8) 0.1453 

Height (cm) 179 (4.5) 176.5 (6.4) 178.8 (5.4) 0.3225 

* 2 sample unequal variance unpaired t-test non significant at p < .05.  
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4.4 Trial effect on derived variables 

A repeated measures ANOVA for the trials effect for all testing derived variables 

(accuracy and precision) for movement patterns and was not significant at the level of 

p<.05. This means that following familiarisation there no systematic change in 

performance for the group was detected with repeated trials when presented in a latin 

square design for multiple ranges.   

4.5 The impact of amplitude normalisation 

Figure 4.1 shows the grand (4 sets of different data side x pattern) coefficient of 

variation for the two different forms of normalisation. The coefficients of variations 

were highly concordant as the numbers of trials were increased to derive the accuracy 

score. The coefficient of variation for the raw data was consistently lower than the data 

expressed as the % error (expressed as the change range of motion) for the individual 

subjects. This suggests that the method of sensor positioning between different 

movement patterns normalised the data better than the consequent attempts to amplitude 

normalise the data using 3D trajectory length.  

The process of normalising the error scores by the trajectory length increased the group 

variance. This may actually decrease the ability to detect differences due to the potential 

of increasing the variance by including the potential of noise form the normalisation 

process. These results were not expected and are not able to be generalized to other 

testing conditions unless the trajectory length is similar between different movement 

patterns as was the case in this particular set-up.  
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Figure 4.1  The changes in CV for accuracy values (Absolute error and percentage 
change for the grand coefficient of variation). Note that the error expressed as a 
percentage of the trajectory length always has a greater CV than the raw displacement 
data. The impact of trials used to derive these variables is highly concordant.  

 

4.5.1 Trial effect for Accuracy (raw and percentage error) for two movement 
patterns and two sides  

Accuracy is the most commonly derived variable for the assessment of position sense 

testing when matching protocols are used. Figure 4.2 and 4.3 illustrate the mean 

coefficient of variation for the accuracy score absolute error (cm) and percentage error 

(relative to range moved) derived from cumulative information of additional trials. The 

mean values exhibit a stabilisation of performance for the population over additional 

trials. Early convergence of the data is seen for accuracy derived from more than 4 trials 

particularly for raw error data (Figure 4.2).  
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For both forms of accuracy scores (raw data Figure 4.2 and percentage error Figure 4.3) 

the coefficient of variation becomes more stable after 4 or 5 trials which are used to 

derive the accuracy estimate.  
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Figure 4.2.  The changes in % CV for accuracy values (raw displacement data) derived 
from cumulative trials for shoulder repositioning trials for left and right sides for 2 
movement patterns.(R = Right; L = Left; Rot = Rotation, D2 = D2 PNF pattern) 
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Figure 4.3  The changes in % CV for accuracy values (expressed as a percentage of 
range) derived from cumulative trials for shoulder repositioning trials for left and right 
sides for 2 movement patterns.(R = Right; L = Left; Rot = Rotation, D2 = D2 PNF 
pattern) 
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4.5.2 Trial effect for Precision and Accuracy for two ranges under normal 
conditions and taped conditions 

The error in centimeters was derived for each matching trial and then these data were 

collated to derive both accuracy and precision for sequential performance across 

multiple trials. Since no systematic change (normally attributed to learning or fatigue 

effects) with trials was observed within the group then the derivation of the accuracy 

and precision scores from progressively increasing numbers of trials was used to 

estimate how many trials are required for shoulder JPS testing under these conditions.  

Figure 4.4 and figure 4.5 show the impact of deriving the precision estimates from 

progressively larger numbers of trials. The data are derived from testing the right arm 

under normal and taped conditions for replications at mid and high range positions. By 

testing under different conditions (tape and no tape) it was considered to test the 

robustness of the decision to use a specific number of trials in this experimental set up.  

The precision derived variable demonstrated much greater %CV compared to the 

accuracy data. It was also clear that the convergence of the precision derived variable 

was greater than the accuracy data and this was observed at trials 5 & 6.  
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Figure 4.4 The coefficient of variation for precision assessments derived from 
cumulative larger numbers of trials. The data reflect dominant shoulder tested at the 
high limits of range with and without taping under two movement patterns.  

 

Figure 4.5 The coefficient of variation for precision assessments derived from 
cumulative larger numbers of trials. The data reflect dominant shoulder tested at the 
mid- range with and without taping under two movement patterns.  

2 3 4 5 6 7

50% Range 

0 

25 

50 

75 

100 

125 

150 

% 

Cumulative Trials 

No Tape Rotation No Tape D2

Tape Tape  

2 3 4 5 6 7

Cumulative Trials 

80% Range

0 

25 

50 

75 

100 

125 

150 

%

No Tape Rotation No Tape D2

Tape Tape  



 

 
101

Figure 4 .6 illustrate the %CV of the accuracy derived variables under two different 

movement patterns for taped and untapped right shoulder for the higher range of 

movement. Figure 4.7 shows the same %CV data derived for the mid-range.  

 

 

Figure 4.6 The coefficient of variation for accuracy assessments derived from 
cumulative larger numbers of trials. The data reflect dominant shoulder tested at the 
high- range with and without taping under two movement patterns.  
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Figure 4.7 The coefficient of variation for accuracy assessments derived from 
cumulative larger numbers of trials. The data reflect dominant shoulder tested at the 
mid- range with and without taping under two movement patterns.  

 

Phase I  

4.6 Introduction – Phase I results 

The analysis of the phase I results used a two factor repeated measures ANOVA. The 

within subject factors were Range (3 levels: approx 20, 50 and 80% of range) and Side 

(2 levels: Left and Right). 

Movement comparisons were compared using % error normalised to the available 

range. It is noted that the sample size for the between movement comparisons were 

different to other comparisons due to missing data on the available range for 2 subjects.  

For task which do not compare between different movements raw error data was used to 

test the hypothesis since initial findings suggest that the normalisation process increase 

group variance.  

Where statistically significant interactions were observed in the ANOVA data were split 

to address specific questions as to the impact of main factors on the group differences.  
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4.6.1 Laterality and Range – For the different movement patterns 

The predominant information provided by phase I of the study relies on the impact of 

laterality and range. For accuracy tested in the rotation task there were no significant 

interactions between sides and range nor were there any main effects for sides 

(F(14,1)=0.020, p=0.8908) or range (F(28,2)=2.345, p=0.1144). The mean (SD) of the data 

are shown in Figure 4.8  Similarly, for accuracy tested in the D2 movement task there 

were no significant interactions between sides and range nor were there any main 

effects for side (F(14,1)=0.468, p=0.5052) or range (F(28,2)=0.935, p=0.4045). The means 

(SD) of the data are shown in figure 4.8.  

 

Figure 4.8 The mean (SD) of the accuracy data for Left and Right shoulders for 
rotation and the D2 movement pattern for three ranges of assessment. 

 

For precision tested in the rotation task there were no significant interactions between 

sides and range nor were there any main effects for side (F(14,1) =1.126, p=0.3066) or 

range (F(28,2) =1.466, p=0.2481). The means (SD) of the data are shown in Figure 4.9 

Similarly, for accuracy tested in the D2 movement task there were no significant 

interactions between sides and range nor were there any main effects for sides (F(14,1) 

=0.069, p=0.7969) or range (F(28,2) =0.940, p=0.4026). The means (SD) of the data are 

shown in figure 4.9. 
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Figure 4.9 The mean (SD) of the precision data for Left and Right shoulders for 
rotation and the D2 movement pattern for three ranges of assessment. 

4.6.2 Laterality difference expressed as change scores 

Figure 4.10 shows the change scores between left and right sides for both movement 

patterns for the three ranges tested for the accuracy estimate of shoulder joint position 

sense. All differences lie within approximately 1.5 cm of average error for all 

movements and all directions.  
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Figure 4.10 Mean and 95% confidence limits of the differences between left and right 
sides for the assessment of accuracy for two movement patterns assessed at three 
ranges.  

Figure 4.11 similarly illustrates the mean and 95% CI difference between the left and 

right sides for precision. For both movement patterns and three ranges we see that no 

statistically significant differences are detected at the 95% level of confidence. The mid 

range rotation tended to favour the right side, however with so many multiple 

comparisons this is likely to reflect a possibility of a statistical chance type I error. Note 

that the magnitude of the advantages (if there was one) would be similar to other ranges 

for a proportion of the subjects studied.  
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1.5

 

Figure 4.11 Mean and 95% confidence limits of the differences between left and right 
sides for the assessment of precision for two movement patterns assessed at three 
ranges.  

 

PHASE II 

4.7 The effect of range and pattern of movement - pooled data 

The common elements of testing for the population examined the right arm for 2 

movement patterns for high and mid ranges. Figure 4.12 shows the mean (SD) of the 

pooled data (n=26) for accuracy. There were no significant interactions (F (25,1) = 0.098, 

p = .7563). There was a significant effect for range where the subjects demonstrated a 

systematic effect of improved accuracy for assessments near the end of range when 

compared to the middle range (F(25,1)=5.685, p=0.0250). This change in accuracy was 

consistent for both movement patterns and no statistical difference between movement 

patterns was detected (F (25,1) = 0.006, p = .9403) 
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Figure 4.12 The mean (SD) of pooled data (n=28) of right sided accuracy for two 
movement patterns for high (80%) and mid (50% ) range of movement.  

 

For precision assessment it was found that there were no significant interactions (F(25, 1) 

=1.102, p=0.3039), nor main effects for range (F(25,1)=0.045, p=0.8339) or movement 

pattern (F(25,1)=2.160, p=0.1541) (Figure 4.13).  

 

Figure 4.13 The mean (SD) of pooled data (n=28) of right sided precision for two 
movement patterns for high (80%) and mid (50% ) range of movement.  
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4.8 The impact of tape on shoulder JPS 

4.8.1 Taping, movement pattern and range 

Figure 4.14 shows the mean (SD) of both accuracy and precision estimates. Note that 

the accuracy error is generally higher than the precision error as would be expected by 

the definition of the variables (mean error and variance). Following repeated measures 

ANOVAs (range and tape condition) no significant interactions were observed (p > 

.3022) for either movement pattern. For the rotation task there were no significant 

differences for the range (accuracy F (11,1)  = 2.652, p = .1345, precision F (11,1) = 1.468, 

p =.2536) or with the application of tape (accuracy F (11,1) =1.866 p = .2019, precision F 

(11,1)  =.022, p = .8843).  

 

1

2

3

4

5

JP
S 

R
ot

at
io

n 
cm

No Tape With Tape

Mid High  Mid High  

Accuracy 
Precision 

 

Figure 4.14 The mean (SD) of the joint position sense (accuracy and precision) for 
right shoulder rotation under taped and no taped conditions for mid and high testing 
ranges (n=12).  

A similar statistical pattern was noted for the assessments during the D2 movement 

task. Figure 4.15 shows the mean (SD) of both accuracy and precision estimates. There 

were no significant differences for the range (accuracy F (11,1)= .175, p = .6844, 

 

 
108



 

 
109

precision F(11,1) = .620, p = .4493) or if there was tape being used (accuracy – F(11,1) = 

603, p= .4552, precision F (11,1) =.099, p = .7591). 

 

 

Figure 4.15 The mean (SD) of the joint position sense (accuracy and precision) for 
right shoulder D2 movement pattern under taped and no taped conditions for mid and 
high testing ranges.  

Figure 4.16 shows the mean effect (95% CI) of the impact of tape on the subjects’ 

accuracy of repositioning task for both movement tasks. It would seem that there are 

some trends in the observations that taping is more likely to be of benefit during the 

pure rotation task and possibly hinder performance for the D2 task. This however does 

not reach statistical significance for between movement comparisons.  
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Figure 4.16 The mean and 95% CI for the difference between accuracy scores of the 
right shoulder under tape and no tape conditions for rotation and D2 movement 
patterns for two ranges.  

This trend of identifying different JPS performance is not seen in the precision data. In 

this case (see Figure 4.17) there are no trends in the precision performance being 

affected by the use of tape.  
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Figure 4.17 The means and 95% CI of the difference between precision error of the 
right shoulder during the D2 movement pattern for tape and no tape conditions for 2 
ranges.  
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4.8.2 Analysis of residuals 

Figures 4.18 and figure 4.19 plot the accuracy and precision performances of individual 

subjects to examine the distribution of the sample response. One subject’s data is not 

reported due to missing cell values for taping data (computer failure during testing 

protocol).  Each of these figures shows no clear indication that accuracy or precision 

was preferentially affected. One individual had a dual outlier response for both accuracy 

and precision in the mid range for the D2 pattern (see Sx 4 Figure 4.18).  But this was 

not replicated in the high range response. Interestingly however a paradoxical response 

was observed for taping during the rotation movement for the same subject. This subject 

had a negative response (tape decreased JPS accuracy) for the D2 assessment and yet 

had an improvement for rotation (figure 4.19). It is unclear how or why this occurred.  

 

Observations-5 

-4 

-3 

-2 

-1 

0 

1 

2 

3 

cm 

+2 SD (D2 50)

-2 SD (D2 50) 

+2 SD (D2 80) 

-2 SD (D2 80) 

Mid range 

High range Precision 

Mid range Precision Mid range Accuracy 
High range Accuracy 

High range

 

Figure 4.18 Individual subject changes (tape vs no tape) in JPS performance (accuracy 
and precision) for D2 movement pattern for 2 ranges.  
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Figure 4.19 Individual subject change scores (tape vs no tape) in JPS performance 
(accuracy and precision) for Rotation movement pattern for 2 ranges.  
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Chapter Five 

Discussion 

5 Introduction 

The role of rehabilitation and management of anterior shoulder instability in young 

athletic males is an area of interest to Sports Physiotherapists and similar rehabilitation 

professionals. The underlying factors that need to be considered in the rehabilitation of 

individuals who have had an episode of traumatic anterior instability of the shoulder are 

many. The role of joint position sense has been widely implicated as an important 

element in rehabilitation.(Aydin et al. 2001, Hall & McCloskey 1983, Janwantanakul et 

al. 2001, Lephart & Henry 1995, Machner et al. 1998, Myers & Lephart 2002, Smith & 

Brunolli 1989, Stillman 2000). Yet, there is a large variation in methods and results 

within the related literature that attempt to quantify repositioning sense of the shoulder.  

In the athletic population with, or with the potential risk of unilateral traumatic anterior 

dislocation, the positioning of the upper limb just prior to loading may be important in 

modifying risk of injury (Huxel et al. 2008). Therefore this study examined the OKC of 

repositioning sense and also chose to focus on utilising functional movement patterns.  

A limitation of this discussion also reflects the limited comparable studies assessing 

shoulder JPS. It is acknowledged that commentary on other shoulder JPS studies is 

difficult due to fundamental differences in the research methods. 

The purpose of this research project was to examine JPS of the shoulder in a specific 

cohort of control subjects and determine if there are an optimal number of trials to 

generate a testing paradigm, and to document the impact of range, movement pattern 

and laterality on these derived variables. Stillman (2000) emphasises the importance of 

determining and testing some of these characteristics. Each of these aspects will be 

discussed relative to the related literature.  

The significance of these findings are likely to be generalised to other testing protocols 

and therefore may make a contribution to the understanding of JPS testing for the 

shoulder and potentially other joints.  
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5.1 Study population - threats to external validity 

Instability of the shoulder may be a manifestation of intrinsic and extrinsic factors. With 

increased mobility and an inability to compensate for the joint loading profiles an 

individual may report that their shoulder is unstable. The presentation of a functional 

instability relates to the choice of activities that the individual chooses to perform. 

Therefore individuals with atraumatic instability often have multidirectional laxity; 

which is frequently bilateral; with rehabilitation proscribed as a first consideration for 

management, hence the acronym: AMBRI. Such subjects often present in the sports 

physiotherapy setting when they perform sports like swimming or dance where 

inherently flexibility is a predominant factor in those sports. 

Although such a population is of interest to rehabilitation specialists as much as the 

traumatic population; this research thesis focused on the population with atraumatic 

etiology. Early research suggests that when reporting to a medical doctor with a 

shoulder dislocation the vast majority of patients (96%) are traumatic (Rowe 1956). 

These people usually have unidirectional instability; often have obvious pathology, such 

as a Bankart lesion; and often require surgery when instability is recurrent, thus the 

acronym: TUBS. When the factor of sports is included by the nature of social context 

young males are over represented in this population.  

The specific focus on relatively young physically active males in this thesis was 

intentional to reflect the most likely targeted population who may suffer from this 

pathology. It is acknowledged therefore that the selection of this population may reduce 

the external validity of the results of this study. This is particularly true for females and 

individuals who may not meet the classical TUBS classification.  

Furthermore, no attempt was made to examine the degree of underlying laxity within 

the individuals. This may reflect a direction in future clinical research since it is 

plausible that the underlying levels of laxity may influence the clinical presentation of 

individuals initially classified as TUBS. In saying this, Huxel et al.(2008) did not 

demonstrate a relationship between generalized joint laxity, glenohumeral laxity, and 

joint stiffness in healthy subjects. 
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5.2 Subjects  

5.3 Age 

The painful shoulder due to a traumatic injury is seen in the professional and social 

“weekend” athlete in contact sports such as rugby and Australian Rules Football. The 

individuals presenting with unilateral shoulder instability may have other factors 

contributing to the problem. For example, episodic stresses to soft-tissue restraints and 

musculotendinous units around the shoulder lead to a variety of overuse pathologic 

entities (AIOS). Tearing of the rotator cuff and/or instability (often anteriorly) are two 

of the most common pathologies (Craig & Hsu 1992).  The most important prognostic 

factor in relation to recurrence of anterior shoulder dislocation is the age of the patient 

at the time of the primary dislocation. The highest recurrence rate was found to be 

greater than 80% in patients of 17-22 years (Gibson et al. 2004). Simonet and Cofield 

(1984) reported that 33% of their patients who suffered their first anterior G-H joint 

dislocation, re-dislocated by their follow up study. All of these subjects were younger 

than 40 years old. The literature clearly identifies that the “at risk” athletes are 

predominantly males (74%) aged 29±11 years who participate in contact sports. In 

addition to this, Simonet and Cofield (1984) reported that 82% of their subjects who 

were athletes re-dislocated compared to only 30% of non-athletes. The sample 

population of this thesis was selected based on the criteria to match the demographics of 

the unilateral shoulder instability and those most likely to require rehabilitation 

programs. Therefore the participants selected were “active” males aged 17 – 34 years of 

age.  

5.4 Gender 

The results of this study like other all male study groups for example, Janwantanakul et 

al.(2001) can not be generalised across genders. The reason for selecting only males is 

based on creating a homogenous population. Future research is necessary to 

demonstrate if the findings in this study are able to be generalised across genders. 

Although males are over represented in the TUBS injury classification it is likely that 

this reflects the exposure of males to the contact sports that cause the traumatic injuries 

rather than true gender differences.  Jerosch and Prymka (1996b) in a study of 30 
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“control” subjects aged 22-36, did not demonstrate G-H joint proprioceptive differences 

between dominant and non-dominant extremity nor between male and female.  

That being stated, Rozzi et al.(1999) when reflecting on the knee, comment that there 

appears to be a greater joint laxity in women, however this may be compensated for by 

increased muscle activity.  

In summary, the sample population of this study are matched to the likely target 

population of males who are likely to have a first episode or recurrence of anterior 

should instability. There is no clear evidence that there are gender differences in 

shoulder JPS testing but there are gender differences in sports participation and possibly 

levels of general laxity.   

5.5 The effects of trials on derived variables 

This study demonstrated that when the ranges of testing are randomly presented then 

there is no evidence that there is a systematic change in repositioning sense with 

repeated trials. If a gradual improvement was to occur then one may consider that 

learning or improved performance is evident. If a gradual decline occurs then one may 

attribute this to central or peripheral fatigue. The fact that no systematic differences 

were detected with repeated testing then a specific number of trials may be used to 

determine a specific JPS derived variable.  

The fact that this study only examined up to 10 trials it cannot be suggested that there 

are no systematic differences in trials if the number of trials was significantly increased. 

At some point increasing the number of trials may have a greater potential to cause 

fatigue (peripheral muscle fatigue or central cortical fatigue). Therefore for clinical and 

logistical purposes up to 10 trials seems like a maximum but fatigue mechanisms can 

not be ruled out with higher and prolonged testing conditions.   

The impact of trials in this study may be partly nullified by the fact that multiple ranges 

were being tested. There is potential that the changing of target ranges in a randomised 

order may have limited any learning effect when compared to a series of repetitive 

testing targeting one position.  

Also, there was no feedback given to the subject to establish any form of knowledge of 

results. If knowledge of results was provided this would establish a whole new testing 
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paradigm of the integration of this information. This may be an area of future research 

and the findings of this current study may not be generalised to a feedback testing 

paradigm.  

This study is the first to examine the impact of trials on the derivation of shoulder 

accuracy and precision JPS variables using a standing OKC, 3-dimensional analysis 

testing procedure. Although this study found that there was a trend for the CV to 

decrease as the number of trials used to generate the derived variables the findings were 

not as clear as demonstrated in previous studies. The general finding that the CV was 

lower at 4-5 trials when compared to three trials is consistent with Selfe et al.(2006), 

Stillman (2000) and Allison and Fukushima (2003) who had greater than 3 trials in their 

JPS research of the knee and spine respectively. 

The increase in the number of trials makes a clear methodological advantage in 

reducing variance. Since there is no systematic changes detected with repeated trials 

(within the numbers tested here) it is reasonable that any difference between the group 

means for any particular set of trials from different conditions would remain relatively 

constant.  Furthermore, since the sample size remains the same then a reduction in the 

group variance translates to improved statistical power (Allison and Fukushima 2003).  

This has implications for subsequent comparative studies. The data in this study 

suggests that at least 5 trials should be used for testing JPS of the shoulder using our 

protocol. The reason why the recommendation for increased number of trials from the 

standard 3 is made in this study is based on the logistics of testing rather than a 

definitive statistical outcome. The logistics of undertaking an additional 2 or 3 matching 

trials (i.e. 5 or 6 compared to 3) for each subject is relatively minor compared to 

recruiting more subjects and then undertaking the whole process of setting up the 

experimental protocol just to perform 3 matching trials.  

That said the findings of this study also suggest that increasing the trials up to 10 is 

probably a waste of time and effort since the majority of CV across various testing 

protocols are stabilised by trial 6.  

The effect of trials seems to be much more significant for precision estimates when 

compared to accuracy estimates. If researchers are interested in both accuracy and 

precision then they would be best served by undertaking 6 trials to derive JPS data.  If 

the research design, however is only assessing accuracy (not precision) then the number 
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of trials could be further reduced to 4 or 5.  To date the shoulder JPS research has 

focussed on accuracy and have generally used 3 repetitions to derive these scores 

(Aydin et al. 2001; Brindle et al. 2004; G.  Dover & Powers 2004; G. C. Dover et al. 

2003; Hiltbrand 2003; Lephart et al. 2002; Ulkar et al. 2004).  We would assume that 

there is potential that studies using three trials, particularly if precision is assessed, 

would need to substantially increase their sample size to obtain the same statistical 

sensitivity if they were to double the testing trial number (Allison & Fukushima 2003). 

A simple example highlights the clinical significance of this finding. If two groups are 

being compared (with equal pooled variance sigma = 1.0) and there is a difference 

between the means of 0.7, then with a statistical power of 0.80 a sample size of 68 (34 

in each group) would mean that the difference would be detected within a 95% level of 

confidence.  If the variance is decreased by 15% (which is a conservative approximate 

difference of between 3 and 6 trials) then the sample size can be reduced to 48 (24 in 

each group) while maintaining the same level of power. 

(www.stat.uiowa.edu/~rlenth/Power/index.html  accessed 1.12.07).  

Therefore the finding of this study suggest that the metrics of shoulder JPS of accuracy 

and precision have different testing properties. Assessments of precision require more 

matching trials to become stable and show improvements in group CV data.  

Although there are few studies that have examined this trial effect on the stability of 

derived variables (Allison & Fukushima 2003; Selfe et al. 2006) it is unclear if the 

findings between different joints and testing protocols can be compared.  For example, 

the changes in the group CV were not as profound as those findings for the spine 

(Allison & Fukushima 2003). 

There are probably three main factors that could explain these findings.  

• Degrees of freedom. There are much greater biomechanical limitations to the 

available movement strategies of the lumbar spine when compared to the mobile 

G-H joint. This is accentuated when spinal flexion is compared to the diagonal 

pattern of movement tested during the D2 motor pattern. This may suggest that 

with the increased mobility of the upper limb tested in 3D this study may have had 

additional sources of variation in behaviours during the G-H JPS testing. Future 

research may examine the impact of biomechanical degrees of freedom on the 

http://www.stat.uiowa.edu/%7Erlenth/Power/index.html
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number of trials required for a stable derived variable and examine the interactions 

between the different body segments contributing to the OKC movement patterns.  

• Sample size. This phase of the thesis tested 16 subjects Allison and Fukushima 

utilised 23. The estimates of the CV may have been affected by the smaller sample 

size since the variance estimates (SD) are more conservative (i.e. larger) when the 

sample sizes are smaller. 

• Plane of movement. When testing rotation and D2 patterns we have the potential 

that the errors in 3D will incorporate more than one plane. This means that the 

variance in the data is more likely to be greater.  This was seen in our data where 

the D2 pattern had greater CV when compared to the rotation data (particularly for 

D2 with Tape and end range). Although Allison and Fukushima (2003) also tested 

using a 3-dimensional tracking system the lumbar movements were in a single 

sagittal plane.  

In summary, this study is the first to examine the impact of trials on the derivation of 

shoulder accuracy and precision derived variables using a standing open-kinetic chain, 

3-dimentional analysis testing procedure. In terms of research resources, it is much 

easier to increase the number of trials from 3 to (say) 5 or 6 than to increase the sample 

size to gain equivalent statistical power advantages. However, although statistical power 

is increased by increasing the number of trials from which the derived variables are 

determined, it is unclear what magnitude of difference would reflect a clinically 

important change. The use of multiple trials however is likely to increase the sensitivity 

of these derived variables for future research (Allison & Fukushima 2003; Stillman 

2000). 

 

5.6 What metric should one use to assess shoulder JPS? 

5.6.1 Derived variables 

This study examined the 3D responses of matching trials and used the trial error data to 

derive accuracy and precision information. Few studies, if any have examined the 

precision (SD) of the shoulder JPS performance. Most have generated derived variables 

that are a mix of both accuracy and precision for example, representing JPS 
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performance with the mean of the absolute errors. In cases where all the matching 

targets are overshooting then the precision score is unchanged by taking the absolute 

value, if on the other hand there is a mix of positive and negative matching scores then 

taking the absolute error reduces the variance. Therefore, two subjects with different 

accuracy performance but identical precision will have different shoulder JPS scores if 

the mean of the absolute scores are used to reflect shoulder JPS.  Furthermore, by taking 

the absolute error value the distribution of the individuals scores are changed. It is yet to 

be determined if by taking the absolute value and changing the distribution of the data 

significantly impacts on the assumption of normal distribution made when using 

parametric estimates such as the mean and SD. Allison and Fukushima (2003) 

examined the role of the median error in their 3D spinal data. They did not find any 

substantial difference between the mean and the median central tendency scores 

however future studies may examine the role of non-parametric derived variables if the 

absolute errors are routinely used in matching tasks.  

Hybrid JPS measurements (such as Absolute error) are used widely in the JPS literature 

and in combination with the common use of 3 trials to derive the variables may explain 

the variability in research findings due to data manipulation techniques and not actual 

group variation. 

One element of this study was the use of 3D error assessments. This means that there 

were no negative performance scores. This could be considered a weakness or limitation 

in the derived variables used in this study since the direction of the error is lost in the 

determination of the JPS metric. Future research may use the trajectory of the 3D 

pathway as the frame of reference to judge if the individual over or under shoots the 

target in an attempt to quantify the bias direction.  

Care has to be taken in this process since the natural instinct is to use the frame of 

reference of the motion sensor to define the direction of error; however in curvilinear 

movement patterns this data processing can induce bias in the data.  For example, 

during shoulder flexion the pathway of the error is tangential to the axis of rotation of 

the G-H joint. This means that initially the error is predominantly horizontal (arm is 

vertical) and when the arm is horizontal (90 degrees flexion) the error is predominantly 

vertical. It could be argued that angles and polar co-ordinates may be a better 

assessment of error (Carpenter, Blasier & Pellizzon 1998; G. Dover & Powers 2003; 

Lephart et al. 2002; Ulkar et al. 2004). This warrants further inspection, however in 
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more complex patterns of movement such as the D2 movement pattern in this study the 

use of angles or polar co-ordinates may be at the expense of clarity of what the derived 

variables actually represent.  

The use of the 3D testing system in this research protocol however makes comparisons 

of results with other studies impossible.  

5.6.2 Clinical implications – motor learning and rehabilitation 

On examination of the current motor control/motor learning literature it would seem 

that not only accuracy in performance is important but also the issue of consistency or 

precision.  

If an individual misses a target consistently (i.e. poor accuracy with regular over 

shooting or undershooting) but maintains precision during this performance then in 

terms of motor control there is a bias in the system. With feedback and appropriate 

motor learning approaches one should be able to correct this bias in position sense.  

In an individual with good accuracy (i.e. randomly varies around the target position) 

combined with large ranges of variability (poor precision) the rehabilitation of this will 

be fundamentally more difficult. The inter-trial variance will include random errors and 

conceptually the individual has a poor ability to be confident where they are in space. 

This lack of confidence may alter fundamental patterns of movement and alter feed 

forward responses because these are dependent on the accuracy and precision of the 

feedback system (Allison 2007 personal communication).  Therefore, with these 

arguments the assessment of both metrics of JPS accuracy and precision we may be able 

to examine specific control deficits that may define elements of clinical efficacy in 

proprioceptive training (i.e. prognosis and diagnosis). This is an assertion yet to be 

demonstrated in the clinical research. 

5.7 Assessment of movement pattern  

The current study uses two OKC ‘active’ movement patterns of the upper limb in a 

standing position to assess JPS of the shoulder in a ‘control’ population using 3-

dimentional motion tracking equipment. The OKC positions in standing were selected 

since it was considered to reflect more functional patterns of testing compared to 
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previous studies, for example, Lee et al.(2003) and Ulkar et al. (2004) used supine lying 

while Barden et al.(2004) and Hiltbrand (2003) used sitting.   

This may be important during active testing since the orientation of gravity influences 

the load and motor pattern on the muscles. In standing the activation patterns of the 

upper limb and trunk muscles would be more closely associated with functional motor 

patterns in athletes than the same movement when performed in supine lying. For 

example, with the arm in the “stop sign” position (90 degrees abduction and external 

rotation with the elbow at 90 degrees) in standing the internal rotators would have a 

much lower activation level compared to testing in the same anatomical position in 

supine lying. Many aspects of shoulder rehabilitation suggest that external load (Suprak 

et al. 2007) in particular, low level of activation should be used in re-education, for 

example 10-40% effort (Bitter et al. 2007). It also follows that when testing for 

proprioceptive deficits the method should not dramatically change the “normal” motor 

patterns.  

Future research may look at levels of activation of specific muscles groups, such as 

Subscapularis (Huxel et al. 2008) on the impact of repositioning performance since  

levels of muscle activity may be different between genders during JPS testing (Rozzi et 

al. 1999) and that active testing performances have greater sensitivity than truly passive 

muscle tests (Gandevia, Refshauge & Collins 2002).  

In additional to testing in an upright posture this study varied from the majority of the 

literature by not having specific constraints to the testing methods. For example, many 

studies examining shoulder JPS utilise test set-ups that require the movement pattern of 

the individual to be constrained in two ways. Firstly, some studies (Aydin et al. 2001; 

Bjorklund et al. 2000; Ulkar et al. 2004) fix the arm into a machine that assesses 

movement (e.g. a dynamometer). Such a set up is required if passive movement testing 

is part of the JPS test protocol. This thesis did not examine passive testing. Yet, it is 

unclear when the limb is moved by an external force if the muscles are completely 

passive through the range of testing for all trials. This study was examining more 

functional testing protocols and therefore chose to test active JPS protocols thus 

avoiding such a constraint.   

Even when active repositioning testing performance are being assessed, fixing the arm 

to a transducer to measure angle allows different forms of cutaneous feedback to be 
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given by pressure contact to the arm, (Barden et al. 2004). This study utilised limited 

feedback potential by developing an OKC test protocol and on face validity this method 

of testing has a greater resemblance to normal functional OKC movements. It is 

acknowledged that there is some feedback provided by a small transducer sitting on the 

skin yet when fixed by rigid tape the change in gravity orientation forces provides little 

differential feedback.  

Another aspect of this testing protocol is that the arm movement was established from a 

frame of reference of the Thoracic spine. This means that this is the first study to assess 

the performance where the changes in posture (postural sway) did not alter the upper 

limb trajectory. Many studies utilising similar 3D sensors set the frame of reference 

relative to the transmitter. This means that the individual is attempting to match the 

position of the sensor relative to the room and therefore the individual performance may 

be influenced by the stability of the postural sway. Postural sway can be influenced by 

vestibular feedback, especially with the eyes closed (preferred in JPS testing), and the 

feedback from the ankle joint which is the predominant controlling joint in quiet 

standing. To demonstrate the impact of postural influence some researchers modify 

testing conditions. For example, Tripp et al. (2006) had the athlete perform in half- 

kneeling (figure 2.10.3 in literature review). 

The use of the OKC assessment technique however was at the expense of normalising 

the movement velocity and specific trajectory.  

The second constraint implemented in other studies is the concept of testing in 

anatomical planes.  This is particularly evident in the literature where pure G-H joint 

rotation is used in the testing protocol. When this study was designed it was felt that on 

examining the rehabilitation protocols in functional rehabilitation programs and sports 

physiotherapy settings pure rotation is rarely utilised during the terminal / functional 

rehabilitation phases. Therefore, testing in a functional plane of action (D2 PNF pattern 

was selected pragmatically) again had greater face validity. Phases I and II of this study 

demonstrated that in normal subjects there is no systematic difference in the accuracy 

and precision of JPS testing in OKC for the different movement patterns. Since this was 

tested in ‘normal’ controls then the sensitivity of the testing protocol to detect deficits 

can only be tested in comparing a group with a known JPS deficit.  
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Future research would be able to test if one of these two methods is more sensitive at 

detecting a deficit in the unstable shoulder. This part of the study however demonstrated 

that when the data are normalised for range of motion that the error profile of the 

repositioning task (accuracy and precision) are not systematically different under these 

testing protocols. This may suggest that variations in G-H joint position may not 

significantly impact on the accuracy of precision performance in normal control 

subjects of whole upper limb movement patterns.  

The impact of range was also consistent for both of the movement patterns suggesting 

that this is not just a manifestation of the pure anatomical rotation testing protocol but a 

characteristic that is detectable in ‘normal’ controls across vastly different movement 

patterns.  

In summary, the findings of this study are the first to show that the impact of range and 

changes in movement pattern generate substantially similar patterns of results in normal 

control subjects.  

5.8 Laterality / Dominance 

Within phase I of this study, the effect of laterality/dominance and JPS performance 

was assessed. This study found no significant differences in the JPS abilities of the right 

and left shoulder in normal male controls participants. These findings were consistent 

with previous shoulder JPS research (Aydin et al. 2001; Barden et al. 2004; Carpenter, 

Blasier & Pellizzon 1998; Jerosch & Prymka 1996b; Safran et al. 2001; Zuckerman et 

al. 1999).  As mentioned in the literature review, injured or surgically repaired 

shoulders demonstrate proprioceptive deficits which are mirrored by the contralateral 

side, via a proposed central effect. Therefore, it could be argued that assessing the 

contralateral shoulder to predict/set rehabilitation outcomes in unilateral injury is not 

clinically useful. This central effect is further supported by Lephart et al.(2002), Potzl et 

al.(2004) and Aydin et al.(2001) who report that as the injured/surgically operated 

shoulder improves with rehabilitative training, the uninvolved shoulder’s proprioception 

also improves and in some cases they both return to ‘normal’ standards after 18 months 

(Machner et al. 1998).  The ability to define ‘normal’ or ‘abnormal’ is rarely defined in 

the literature and is unlikely to be able to be generalised across testing methods and 

protocols.  
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It is also important to note that because statistical differences between the sides were 

not found, this does not mean that they are the same. This is particularly true for studies 

utilising relatively small sample sizes and only 3 matching trials.  Few studies report the 

difference scores and attempt to quantify the magnitude of the actual differences. This 

study attempted to quantify the magnitude of the side to side differences to document 

potential changes that would be detected using these specific methods.  

One aspect that makes the definition of normal difficult is the impact of differences in 

range of movement (ROM). Borsa et al.(2006) found that the throwing/dominant 

shoulder had significantly more external ROM and significantly less internal ROM in 

throwing athletes. With this in mind, it may be beneficial in the case of injury or repair 

of the dominant shoulder, to concentrate on improving muscle strength and JPS (i.e. 

Panjabi’s triad of sub-systems) of the dominant shoulder at the non-dominant shoulder’s 

end of range. Documenting the crossover effect (side to side) of proprioceptive training 

and also the degrees of specificity of training at different ranges is an area of future 

research.  

In addition to all of these mechanistic research questions, there still remains a need to 

quantify if a change in performance on proprioception tests translates into a measurable 

decrease in risk of instability injuries and ongoing problems.  

Since there were so few left hand dominant subjects in this study, the comparison 

between left and right also reflect the impact of non-dominant and dominant sides. The 

95% CI suggest that if there is a laterality deficit in specific populations then one would 

expect the differences would need to be greater than 10 – 15mm for both accuracy and 

precision. Barden et al.(2004) used 3D OKC movement patterns and reported errors in 

the control group between 23.4mm and 42mm for the dominant shoulder. The non-

dominant shoulder was not significantly different. Blasier et al.(1994) reported errors 

ranging (on average) between 0.78 degrees to 1.08 degrees for angle reproduction trials.  

For examination of the change scores between sides it was found that for all ranges (see 

next section) and movement patterns, one can be 95% confident that in ‘normal’ control 

subjects the accuracy and the precision of performance should be within 15mm between 

sides.  This limitation would need to be replicated using the testing conditions used in 

this thesis including the number of trials.  
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5.9 The effect of range on accuracy during different patterns of 
movement 

Determining the effect of range on repositioning performance was another aim of this 

research. Efforts were made to test each pattern at low, medium and high ROM. Phase I 

demonstrated no significant differences in accuracy or precision at any of the three 

ranges. Yet there was a trend in the data suggesting the possibility of a range effect 

being detected if there was a reduction in the sample variance (i.e. greater statistical 

power).  This was supported when mid and high ROM data was pooled from phase I 

and II data. A significant improvement in accuracy was demonstrated in high ROM 

testing (end of range external rotation) compared to mid ROM testing, for both 

movement patterns. There was no significant improvement in precision data. Our results 

regarding the range effect were consistent with studies performed by Janwantanakul et 

al.(2001) on 34 asymptomatic male’s dominant shoulders, Allegrucci et al.(1995) on 

overhead athletes and Blasier et al.(1994) on ‘control’ subjects, which all demonstrated 

that subjects were more accurate and consistent near the shoulder’s end of range 

external rotation. The greater sensitivity in the pooled data is reflected by an increase in 

the sample size which interestingly approximated the sample size of Janwantanakul et 

al.(2001).  

The ‘normal’ shoulder therefore demonstrated an increased JPS (accuracy) as the joint 

capsule and soft tissues are wound up into external rotation. This would be consistent 

with the theory that proprioceptors (mechanoreceptors) in capsuloligamentous 

structures provide information to our CNS regarding JPS (Myers, Wassinger & Lephart 

2006). This stated, special care was made not to test the JPS at end of range at which the 

resistance to movement may provide a significant feedback to the individual. All the 

“high” testing was performed at approximately 80% of the available range for each 

individual. Janwantanakul et al.(2001) tested JPS of shoulders at 90% of maximal 

external ROM, and Allegrucci et al.(1995) tested at 75 degrees external ROM. Since 

both studies had similar findings regarding a range effect we decided not to approach so 

close to 90% end of range. This was done so that symptomatic subjects could be tested 

for comparison in future studies with less chance of irritating the subject’s shoulder or 

increasing cognitive stress or apprehension.  Close to the subject’s end of range external 

rotation is clearly a point where the passive structures are playing a greater role when 

compared to the mid or “neutral zone” range of motion of the G-H joint. This was 
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demonstrated in the study by Huxel et al.(2008). Therefore, this is where proprioceptive 

receptors are more likely to be stimulated. Janwantanakul et al (2001) state, 

“mechanoreceptors in muscle, joint and skin are activated by tension” pg 3 

Conversely, the increased apprehension in the symptomatic shoulder could change the 

cognitive loading profile of the individual and therefore alter their ability to process this 

information (Ashton-Miller et al. 2001). 

The finding that the JPS accuracy improves as the individual moves towards the 

extreme of range also has implications as to the potential risk of dislocation. It is the 

extreme range where the greatest risk of anterior dislocation occurs and therefore future 

research should examine if this is consistent in pathological populations both in absolute 

and relative ROM assessments.  

The key finding of this normative study however is the fact that the range effect 

previously documented is not a manifestation of the pure rotation testing paradigm. In 

fact this study shows that the range effect is detected for both movement patterns. 

Future research may focus on specific elements of the diagonal pattern of movement to 

examine if the range effect is predominantly explained by the humeral rotation. For 

example, it would be interesting to examine if the range effect is still apparent if the 

same diagonal trajectory was repeated while maintaining a degree of internal rotation of 

the humerus or maintaining extreme supination or pronation of the forearm.  

 

5.10 The effect of Taping  

Taping has been widely used by therapists as an aid for prophylaxis and rehabilitation 

(Engstrom & Renstrom 1998; Robbins, Waked & Rappel 1995). It is suggested that 

taping may have some proprioceptive influences (Cools et al. 2002).  There are several 

authors including Birmingham et al.(1998),  Jerosch and Prymka (1996a) and Perlau et 

al.(1995) who suggest that cutaneous stimulation and extra feedback would assist 

proprioceptive performance. They also suggest that this is particularly the case for OKC 

movement patterns.  

In spite of the suggestions within the literature, this study of ‘normal’ controls was 

unable to detect any benefit in JPS performance for either movement pattern. There are 

other authors who have not reported significant improvements, Beynnon et al.(1999) 
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and Birmingham et al.(1998) in the shoulder and Callaghan (2002) for the knee.  

Hiltbrand (2003) was unable to detect changes in shoulder JPS for ‘control’ and 

unstable shoulders in females with and without the use of McConnell’s taping protocol. 

According to Perlau et al.(1995) there are no definitive studies giving reason as to how 

and why the tape succeeds in improving proprioception. Cohen et al.(1994) 

demonstrated that kinaesthetic awareness improved due to skin stretch via feedback 

from cutaneous receptive fields, however this study did not show that stimulating the 

receptive field in an already ‘normal’ population has any effect on JPS. 

One major limitation of this study is the non-individualised taping procedure used in 

this study. The rigid taping was used and applied in a specific anatomical positioning. 

This was done to attempt to achieve a consistent application across subjects. In the 

clinical setting the taping is often applied to “feel good” for the individual athlete and 

elastic tape is used often as a lock off tape or as the tape itself. The difficulty in 

applying elastic tape is that the degree of elasticity can be varied greatly and therefore it 

is difficult to generalise research results to the clinical setting. A future research project 

would be to apply elastic taping in some standardised method and compare the 

differences in results or perhaps the use of a neoprene sleeve for the shoulder (Chu et al. 

2002). Therefore the findings of this study can be examined on the basis of a basic rigid 

taping protocol. 

The impact of taping may also be only detectable in participants who have deficits. For 

example, Chu et al.(2002) found that while wearing a neoprene shoulder brace, the 

unstable shoulder population demonstrated significant improvement in the accuracy of 

active joint repositioning at 10° from full external rotation in comparison with the stable 

group. Similarly, Callaghan (2008) reports that subjects with poor JPS of the knee 

benefit from taping, whereas ‘normals’ did not benefit and in some cases performed 

worse with tape. The ability to detect changes in ‘normal’ controls may not be possible 

since the normal performance of the individual is probably at the threshold of abilities 

without the tape. Any advantage of tape may be washed out by the attentional 

interference of having a novel skin inputs interfering with a normal system.  Bennell et 

al. (2005) for example, found that Knee JPS is reduced by an attention-demanding task. 

This is consistent with the argument by Ashton-Miller et al.(2001) who also places an 

important role in cognitive processing with functional tasks where proprioception may 

play an important role. 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Bennell+K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Bennell+K%22%5BAuthor%5D
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The results of a relatively homogenous group of subjects obtained in this study provide 

an indication of expected results and therefore can be used to guide future studies on 

matched pathological populations. Other possible studies and the value to shoulder 

rehabilitation post anterior dislocation and/or shoulder instability are discussed later in 

this thesis. 

Testing the JPS of the G-H joint using pure rotation is likely to result in greater 

responses to the tape intervention – but this position is not a functional test and 

therefore there is a suggestion in this thesis that even in ‘normal’ subjects the tape has 

most impact in the pure rotation task and not the PNF functional movement pattern. 

How this relates to the actual assessment of shoulder position sense testing and function 

is unclear.  

In summary, the findings suggest that if the taping used in this study had some impact 

on shoulder JPS testing it had a greater trend to change the accuracy rather than 

precision of performance. Although some of the results may have suggested that tape 

slightly improved pure rotation performance and possibly impeded performance when 

tested in the D2 pattern, this is well below the acceptance level of statistical confidence. 

This may be partly explained by the relatively small sample size and the individual 

differences in the attentional focus on the tape that may have occurred. It is possible that 

the more complex movement pattern (D2 pattern) in combination with the taping was 

detrimental to the performance. While a larger sample size is possible to achieve and 

also familiarisation procedures for taping to control for attentional factors the 

underlying issue in the context of sports taping is the absence of a known clinically 

meaningful change in performance. In the sports statistics literature the inability to 

detect a difference at the 95% level of confidence is not necessarily a basis of not using 

a specific intervention. An intervention that suggests that a proportion of athletes may 

benefit and no athletes are harmed (decrement in performance) is often accepted as 

appropriate for the optimisation of athletic performance (Hopkins 2007). Therefore 

clinical and subjective arguments may be made in the choice of using sports taping 

techniques over and above a statistical inference at the 95% level of confidence. 

Nevertheless, the findings of this study are unequivocal on the validity of the use of 

shoulder taping but clearly there was no systematic effects observed in this population.  
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5.11 Residual analysis of taping performance 

Since this study was examining normal controls it is important that the raw data is 

examined to ensure that the parametric analyses are appropriate. The residual analysis 

of the impact of taping was examined for both accuracy and precision. If there was an 

effect that was seen in some of the subjects then this graphic would have assisted in 

developing hypotheses of the underlying mechanisms. If the side to side differences are 

in the upper limit of accuracy at 15mm then majority of change scores for D2 lie within 

this range irrespective of the range. Therefore the magnitude of the changes in the 

majority of cases are not any greater than what is expected for the between sides 

differences. For the accuracy measure during rotation there is a greater spread of 

performances but only a few subjects had changes of a magnitude that are larger than 

the expected side to side difference. Tape seemed to have the least variance and overall 

impact for the precision of performance during rotation near the end of range.  

Importantly however the assumption that increased proprioception above a normal 

threshold translates to better performance in JPS testing protocols is rarely questioned. 

For example, if there is a degree of cognitive processing of many sources of information 

then it is possible that there is a threshold where additional feedback may not lead to an 

improvement. The fact that adding noise via cutaneous traction or error inducing 

vibration causes deterioration does not necessarily indicate that these sensory pathways 

are the dominant feedback system. Similarly, studies that show no significant 

proprioceptive deficits after regional block to the ankle and foot (Konradsen, Ravn & 

Sorensen 1993) or intra-articular anaesthetic injections into the ankle (Down et al. 

2007) could incorrectly be interpreted by assuming that the area blocked/anaesthetised 

was not important for proprioception. Both of these interpretations reflect a 

misconception that JPS is a linear system where the performance correlates linearly 

with the amount of feedback. The alternative interpretation is that there are multiple 

redundancies and therefore the performance may be achieved via a dynamic system of 

weighting feedback from a myriad of proprioceptive sources. This is consistent with the 

inference by Konradsen et al (1993) that afferent input from full ATFL can be replaced 

by afferent information from the active calf muscle. 
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There was a paradoxical finding that the impact of taping on one subject. It was found 

that in the mid range the subject had decreased performance with taping in the D2 

movement pattern and improved precision in the mid range for rotation.  This is 

difficulty to explain and may suggest that the impact of taping may be varied across 

individuals. There was no subjective questioning as to how the taping felt and this may 

have been an important factor to consider since this is a common factor in the methods 

used in the sports setting. Future studies examining the influence of tape that “feels 

good” and does not feel “right” in athletes may provide insight into what perceptual 

factors correlate with what is subjectively “good” taping technique for the athlete. 

Overall, the findings of the residual analysis plots look at individual cases to examine if 

taping had affected any one individual more than others. In general the changes scores 

for both accuracy and precision were distributed around zero. One subject (subject 4) 

had extreme values in both accuracy and precision and it seems from their performance 

that the taping technique was somewhat distracting. As mentioned previously, Bennell 

et al.(2005) found that knee JPS is reduced by attention demanding task therefore this 

subject may have been distracted by the use of tape. Since the data was not processed at 

the time of testing it was unclear if the subject felt that the taping was a problem.  

Future research should examine the subjective feel of taping in comparison to the actual 

objective changes in performance. Since clinical practice is modified to suit the 

feedback provided by athletes (particularly for prophylactic taping) then future research 

should examine if this has any application to specific mechanisms or is essentially a 

method of maximising any non-specific (placebo) benefits of taping.  

5.12 Summary 

To date many researchers have constrained the assessment of shoulder JPS testing by 

using anatomical plane testing, supine or seated testing and using instrumentation that 

provides feedback to the individual often using a CKC. The number of trials selected 

for testing would seem to be based on a historical context rather than measurement 

methodologies. Furthermore, the derived variable representing JPS testing is often a 

hybrid version combining of both precision and accuracy. In the context of assessing the 

domain of JPS performance the pooling of both accuracy and precision into one metric, 

creating the mean of the absolute error has face validity. Future research is yet to 
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demonstrate if separate domains of accuracy or precision have any real benefit in 

assessing clients with motor control deficits.  

This study was developed to examine the testing protocols and how ‘normal’ subjects 

perform under different testing conditions. These are the fundamental background 

studies that are required to establish a basis for future examination of potential deficits 

and adaptations in individuals with unilateral shoulder instability (TUBS). 

The findings of this study have established that OKC testing of accuracy and precision 

during upper limb position matching tasks can be achieved in both rotation and the D2 

PNF diagonal pattern. It was demonstrated for both testing protocols that increasing the 

trial numbers from 3 to 5 or 6 trials would improve the stability of the derived variables 

as defined by a decrease in the group variance relative to the mean (CV). This has 

implications of sample size in subsequent studies.  

In the specific targeted population and testing conditions of this study, performance was 

not affected systematically between sides. The accuracy and precision difference 

between sides being less than +/-15mm and +/-10mm respectively. The accuracy tended 

to improve as the individual was tested closer to the extreme of external rotation when 

compared to mid range assessments. This JPS performance was not systematically 

altered with the use of a taping technique.  

The findings of this thesis provide a scientific basis for the use of this methodology for 

future research which may contribute to a better understanding of the adaptations that 

are associated with traumatic unilateral shoulder instability and also the impact of 

rehabilitation.  

Most importantly, the findings of the different movement patterns and the number of 

trials may have direct translation into other JPS testing protocols. In this sense unlike 

many shoulder JPS research it may be able to be translated into other research 

protocols. 
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Chapter Six 

Conclusions and Recommendations 

6 Conclusions 

From this thesis the following conclusions can be made: 

1. The use of a hybrid derived variable that pools both precision and accuracy 

performances in matching JPS testing should be re-considered. If individuals 

interventions are examining the motor learning outcomes then assessing both 

domains of accuracy and precision may be necessary. 

2. That derived variables for repositioning tasks should be generated from at least 5 

trials. That this is more important for estimates of precision than that of 

accuracy. This can substantially decrease the required sample size or improve 

the sensitivity of detecting smaller differences. 

3. That in ‘normal’ control subjects repositioning performance (accuracy and 

precision) are relatively consistent between sides (mean difference 95%CI on 

average <15mm for accuracy and 10mm for precision). It is unclear what 

changes reflect a clinically meaningful difference. 

4. That accuracy improves at the extreme (wind-up) ROM when compared to the 

mid range performance. 

5. That precision shows no systematic change according to range.  

6. All the above findings are similar in testing with pure rotation vs D2 PNF 

pattern testing. 

7. That the use of sports tape on ‘control’ subject’s shoulders does not 

systematically effect their JPS performance using either pure rotation or D2 PNF 

pattern testing. 
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6.1 Recommendations for future research 

Future research using this particular testing protocol could look at a group of subjects 

who have sustained unilateral traumatic anterior shoulder dislocations, satisfying the 

TUBS shoulder pathology classification. The subjects would satisfy the remainder of 

the inclusion criteria stated in this thesis. These subjects could be tested to observe the 

effects of: 

a) Number of trials  

b) Laterality  

c) Movement pattern  

d) Effects of tape. 

If a deficit is detected in subjects who have had an anterior dislocation, further research 

could investigate the effects of rehabilitation programs and the whether or not 

rehabilitation aids in normalising shoulder JPS and decreasing recurrence. This 

information would be valuable to medical professionals treating patients of this 

pathology. It is suggested that the acute G-H joint dislocation is immobilised for 3 to 6 

weeks (Gibson et al. 2004; Simonet & Cofield 1984) followed by extensive 

rehabilitation over the following 12 weeks (Gibson et al. 2004) before return to athletic 

activity. Swanik et al.(2002) recommends including a plyometric strengthening program 

to improve proprioception and strength. It is accepted that proprioceptive retraining is 

an important components to add to a rehabilitation program (Brukner & Khan 2007; 

Lephart & Henry 1995; Swanik et al. 2002). EMG biofeedback during the rehabilitation 

has also been shown to be beneficial (Gibson et al. 2004). 

An interesting factor which could be studied in future research using the same method 

of testing would be to determine the effect of velocity of movement and/or fatigue at 

varying ranges of movement, with particular attention to the end of range D2 PNF 

movement pattern or the “apprehensive position”. Pedersen et al.(1999) showed that 

subjects had a lower probability of distinguishing between different movement 

velocities following hard exercise of the shoulder muscles and it has been shown that 

fatigue of local muscle decreases joint position sense of the shoulder (Carpenter, Blasier 

& Pellizzon 1998; Lee et al. 2003; Myers et al. 1999; Pedersen et al. 1999). There is 
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also evidence to show that multiple joints are affected after fatiguing the upper limb 

with throwing (Tripp, Yochem & Uhl 2007). 
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