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ABSTRACT

Introduction: Normal shoulder function requires primarily the efficient and co

ordinated action of the glenohumeral joint and scapulothoracic articulation. The mobility and 

partially the stability o f the scapula on the thoracic wall and the humeral head on the glenoid 

fossa depend on the synchronous action of the surrounding musculature. Strength imbalance, 

muscle weakness or uncoordinated function of these muscles, are some of the factors that 

have been proposed as possible causes for shoulder pathology. The purpose of this study was 

to investigate methodological aspects in the assessment o f shoulder function.

Methods: The fiinction of scapulohumeral articulation and consequently the 

efficiency o f the scapula rotators were examined by means of planar digital fluoroscopic 

images. The right glenohumeral joint was screened in 38 healthy males. Scapulohumeral 

function was determined based on the arm (AA) to scapular angle ratio (AA:SA). The AA 

and SA were measured with the arm at the resting position, 30, 60, 90, 120, 150° and 

maximum abduction, in the scapular plane (30° anterior to the frontal plane).

Isokinetic dynamometry was used for the quantitative assessment of the shoulder 

musculature. Gravity corrected peak and average moment for concentric and eccentric 

internal and external rotator actions were assessed with each volunteer in the seated position, 

and the arm at 45° of abduction in the scapular plane. Isokinetic shoulder elevation was 

examined in the scapular plane with the elbow in extension and the forearm in pronation over 

a range of 60° (30-90° of abduction). Elbow flexion was assessed in the seated position with 

the arm at 90° of flexion and the forearm in supination and in the neutral position. Both 

dominant and non-dominant sides were examined using a Kin Com dynamometer at 

isokinetic velocities o f 60 and 120°-s''. The reliability o f isokinetic testing procedures was 

determined using the intraclass correlation coefficient (ICC 3,1) and variability related to 

normal fluctuations of isokinetic moment over repeated measures (inter-session variability) 

was calculated using the standard error of measurement (SEM) and limits o f agreement 

(LOA) in 31, 22 and 8 healthy males for the shoulder rotators, shoulder elevators and elbow 

flexors, respectively. Bilateral comparisons regarding isokinetic moment of the shoulder 

rotators, shoulder abductors and elbow flexors performed in 40, 22 and 30 healthy males, 

respectively. Isokinetic strength balances and inter-muscular relationships were also 

determined between the muscles acting on the shoulder joint.
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The effect of inter-session variability o f isokinetic moment data on detection of 

isokinetic strength changes following an individualised progressive resistance strengthening 

exercise programme for the shoulder musculature was examined in a separate study. Thirteen 

subjects performed an exercise programme which consisted of exercises for the scapular 

rotators, shoulder rotators, elevators and flexors, and elbow flexors and considered 

unsuccessful, moderate or significant successful if average moment changes were <SEM, 

>SEM or >95%SEM, respectively.

An individual study examined the effect of shoulder and motor axes of rotation 

transient misalignment on moment data during isokinetic elevation of the shoulder in the 

scapular plane (n = 22) using a two-dimension motion analysis system. Biceps brachii 

contribution to isolated voluntary rotator actions of the shoulder at various degrees of 

elevation was also investigated using integrated electromyography (n = 17).

Results: Our findings suggested that digital fluoroscopic imaging was a highly 

reliable and accurate method in the assessment of scapulohumeral function (ICC = 0.92-0.99, 

error <1°). The mean radiation dose was 0.075 ± 0.027 mSv. The scapular and arm angle with 

the shoulder at the resting position was -2.4 ± 4.3° and 1.5 ± 6.6°, respectively. At maximum 

elevation of the shoulder, the scapular angle was 61.4 ± 5.2° and the arm angle was 162.4 ± 

6.6°. The AA:SA ratio for the entire range o f elevation was 2.5:1 suggesting that for every 

2.5° of shoulder elevation, 1.5° occurred at the glenohumeral joint and 1° at the 

scapulothoracic articulation.

The ICC values for all isokinetic measurements ranged between 0.74-0.99 

suggesting moderate to high intra-examiner reliability. Inter-session variability o f isokinetic 

strength calculated with 95% SEM was similar to that obtained with the 95% LOA and was 

ranged between 3.3-16.2 Nm. Both SEM and LOA revealed greater inter-session variability 

for peak compared to average moment data and for the non-dominant compared to the 

dominant side, for all muscle groups tested. Greater inter-session variability was also 

obtained for eccentric compared to concentric rotator actions and internal compared to 

external rotation. Repeated testing of isokinetic shoulder elevation revealed greater inter

session variability for free (moment data gathered from the portion of the range of motion 

tested where isokinetic velocity was constant and equal to the pre-selected angular velocity) 

compared to non-free of transient moment-oscillations average moment and for non-free 

compared to free of transient moment-oscillations peak moment data. In several occasions, 

inter-session variability was also greater at 60 compared to 120°-s"'.
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Isokinetic strength was < 5% greater on the dominant compared to the non-dominant 

side for all muscle groups tested. Average moment free o f transient moment-oscillations for 

the shoulder elevators was 2.8-6.6% greater compared to non-free o f transient moment- 

oscillations average moment. In contrast, free o f transient moment-oscillations peak moment 

was 1.1-8.7% lower compared to non-free of transient moment oscillations peak moment. 

Elbow flexors were significantly stronger with the forearm in supination compared to the 

neutral position. Moment ratios ranged between 0.42-1.75. Moderate to high relationships 

revealed between concentric and eccentric shoulder rotator actions, between shoulder 

elevation and external rotator actions and between elbow flexion and shoulder elevation. 

Inter-muscular relationships were more significant on the dominant compared to the non

dominant side.

The progressive resistance exercise programme had a significant effect only on 

average moment of the shoulder elevators and elbow flexors. However, only few subjects 

demonstrated moderate or significantly isokinetic average moment changes. The differences 

between groups regarding the number of subjects having moderate or significant success in 

the training programme were not significant.

The kinematic analysis revealed that the glenohumeral centre of rotation during 

shoulder elevation in the scapular plane was progressively displaced relative to the centre of 

rotation of the actuator arm. Moment data recordings should be increased by <6.2% 

depending on the angular velocity used and angle of shoulder elevation, in order to correct for 

the displacement of glenohumeral centre of rotation.

Biceps brachii contributed to a greater extent to isolated eccentric than to concentric 

rotator actions, regardless o f arm position or isokinetic velocity. Significantly higher lEMG 

activity of the biceps was observed at 90 compared with 45° of shoulder elevation during 

concentric and eccentric external rotator action, at both isokinetic velocities. The lEMG 

activity o f the biceps brachii was significantly higher during eccentric internal rotator action 

at 180 compared to 60°-s‘‘ at both 45 and 90° of arm elevation.

Conclusions: The high accuracy and reliability in conjunction with low radiation 

recordings suggests that digital fluoroscopy may be considered for fiirther investigation of the 

scapulohumeral kinematics in both healthy and pathological shoulders.

Isokinetic dynamometry is a useful tool in the quantitative assessment of muscle 

strength. Moment changes o f the shoulder musculature following an injury or an intervention 

may be better identified under certain conditions but they should only be considered
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significant if they are lower or greater than inter-session variability. Such changes could not 

be easily detected after an individualised progressive resistance strengthening exercise 

programme. Factors related to the sample, exercise programme, method of assessment and 

magnitude of error might prevent significant detection isokinetic strength changes.

Bilateral comparisons suggested that <5% difference should be taken into account 

when the contra-lateral side is used for comparisons in unilateral injured individuals, or for 

making decisions about longitudinal changes of isokinetic strength in the shoulder 

musculature. Isokinetic testing of the shoulder musculature in positions that place minimal 

load on the capsuloligamentous structures and enhance moment generation capacity are 

recommended in order to improve validity o f isokinetic moment data. Correction of 

dynamometer’s recordings and filtering of moment data is also necessary in some occasions 

in order to account for the transient misalignment between the biological and motor axes of 

rotation, and to eliminate the effect of moment artefacts occurring at the beginning of the 

range of motion tested, respectively.

The lEMG activity recorded during voluntary concentric and eccentric rotation of 

the elevated shoulder suggested that strengthening exercises for the biceps brachii should be 

incorporated into intervention programmes for the prevention and rehabilitation of the injured 

shoulder. Isokinetic testing of the elbow flexors may provide an indication of biceps brachii 

fiinction.
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FUNCTIONAL ANATOMY OF THE SHOULDER

1. JOINTS OF THE SHOULDER GIRDLE

The mobility o f the shoulder complex is dependent on the co-ordinated and 

synchronous motion of the sternoclavicular, acromioclavicular and glenohumeral joints, and 

the scapulothoracic articulation (Figure GI-1). The combined movements of these joints, 

together with elbow motion allow the arm to be placed in sixteen thousand different positions 

in space, separated by one degree (Perry, 1978).

Figure GI-1: Joints of the shoulder girdle. Sternoclavicular (1), acromioclavicular (2), and glenohumeral joints 

(3) and scapulothoracic articulation (4). Adapted from: Perry, J. (1988). Biomechanics of the shoulder. In The 

shoulder (edited by Row, C.R). New York; Churchill Livingstone.
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1.1. STERNOCLAVICULAR JOINT

The sternoclavicular joint is a saddle-shaped synovial joint formed between the 

concave medial end of the clavicle and the convex proximal end of the manubrium stemi, the 

first rib and its costal cartilage (Williams and Warwick, 1980). The joint is covered with a 

capsule and is reinforced anteriorly and posteriorly with the anterior and posterior 

sternoclavicular ligaments and superiorly with the mter-clavicular ligament (Williams and 

Warwick, 1980). The anterior and posterior sternoclavicular ligaments pass downward and 

medially from the sternal end of the clavicle to the anterior and posterior surfaces of the 

manubrium preventing excessive retraction and protraction o f the clavicle, respectively. The 

inter-clavicular ligament runs across the superior aspect of the sternoclavicular joint and is 

attached to the upper margin of the manubrium joining the medial ends o f the two clavicles. 

This ligament provides stability to the superior aspect o f the joint and limits excessive 

downward movement of the medial end of the clavicle (Dempster, 1965). The costoclavicular 

ligament extends from the inferior surface of the medial end of the clavicle to the first rib, 

transmitting the pull of the clavicular portion of the sternocleidomastoid muscle. This 

ligament becomes taut during elevation and protraction of the clavicle (Williams and 

Warwick, 1980). A fibrocartilaginous disc attached superiorly to the upper medial end of the 

clavicle and passes downward between the articular surface to the first costal cartilage, 

divides the joint cavity into two compartments (Dempster, 1965, Moseley, 1968). The disc 

prevents medial dislocation of the clavicle over the sternum when forces are transmitted along 

the clavicle to the axial skeleton (Peat, 1986). The sternoclavicular joint has three degrees of 

freedom allowing elevation, depression, protraction and retraction of the clavicle (Ljunggren, 

1979; Williams and Warwick, 1980). Elevation and depression of the clavicle occur between 

the medial end of the clavicle and the disc (Dempster, 1965). Protraction and retraction occur
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between the disc and the sternum (Steindler, 1955; Dempster, 1965; Moseley, 1968). The axis 

for both movements lies close to the clavicular attachment of the costoclavicular ligament. 

The clavicle can also rotate about its longitudinal axis. This movement is necessary for 

maximum elevation of the shoulder (Steindler, 1955).

1.2. ACROMIOCLAVICULAR JOINT

The acromioclavicular joint is a synovial plane joint between the small, convex oval 

facet on the lateral end of the clavicle and a concave area on the anterior part o f the medial 

border o f the acromion process. This joint contains a fibrocartilaginous disc but it is variable 

in size and does not completely separate the joint into two compartments (Moseley, 1968).

The stability of the acromioclavicular joint is dependent on the joint capsule, which 

is reinforced by the superior and inferior acromioclavicular ligaments and the 

coracoclavicular ligament. The coracoclavicular ligament unites the clavicle and the coracoid 

process and consists of two components. The trapezoid ligament extends from the anterior 

part of the coracoid process and passes upward and laterally to the inferior surface of the 

clavicle (Kent, 1971; Williams and Warwick, 1980). The primary function of this ligament is 

to prevent overriding o f the clavicle on the acromion (Williams and Warwick, 1980). The 

conoid ligament is located posterior and medial to the trapezoid ligament. It runs upward and 

slightly backward from the upper surface of the root of the coracoid process to the under

surface of the clavicle (Kent, 1971) limiting upward movement of the clavicle on the 

acromion. Tension in the conoid ligament during shoulder elevation results in backward 

rotation of the clavicle about its long axis (Dvir and Berme, 1978). Gliding, elevation and 

depression, are movements which occur at the acromioclavicular joint necessary for normal 

upward rotation of the scapula, after about 100° of shoulder elevation.
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1.3. GLENOHUMERAL JOINT

1.3.1. Articular geometry

The glenohumeral joint is a multi-axial ball-and-socket synovial joint formed 

between the convex humeral head and the concave glenoid fossa o f the scapula. Both the 

humeral head and glenoid approximate the surface of a sphere, with only a small deviation 

from sphericity, less than 1% of the total radius (Soslowsky et al., 1992a). The radius o f the 

humeral head articular curvature is 35-55 mm. The articular surface faces superiorly with an 

upward tilt o f 45° and is retroverted about 30-40° relative to the inter-condylar line of the 

distal humerus (Steindler, 1955, Saha, 1971). The articular surface of the glenoid is 

pear-shaped, with its inferior half being 20% larger compared to its superior half (lannotti et 

al., 1992). The glenoid faces 3-5° inferiorly (Freedman and Munro, 1966; Poppen and 

Walker, 1976) and 7.4° posteriorly relative to the plane of the scapular body (Saha, 1971).

The surface area o f the glenoid is approximately one third to one fourth of the 

humeral head surface depending on the presence or absence of the glenoid labrum (Morrey et 

al., 1998). In the normal shoulder, the ratio between the maximum diameter of the glenoid to 

the maximum diameter of the humeral head surface area (glenohumeral index) is 

approximately 0.75 in the sagittal and 0.60 in the transverse plane (Saha, 1971). The areas of 

contact between the articular surfaces of the humeral head and the glenoid are dependent on 

shoulder movements. With internal rotation the contact point moves anterior and inferior. 

With external rotation the contact point moves posterior and inferior. With increasing 

shoulder elevation, contact points on the humeral head move from inferior to posterior- 

superior direction, whereas the glenoid contact shifts from a central location posteriorly 

(Soslowsky et al., 1992b). In general, during normal motion only 25 - 30% of the humeral
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head is in contact with the glenoid at any given position (Steindler, 1955). The greatest 

amount of articular contact area occurs between 60 and 120° of shoulder elevation 

(Soslowsky e/a/., 1992b).

The changes in contact areas between the articular surfaces are due to humeral head 

translation on the glenoid during glenohumeral joint movements particularly at the extreme 

positions. In a radiographic study, Howell et al. (1988) shown that the humeral head 

translated 4-mm posteriorly when the arm was positioned at 90° of elevation, full external 

rotation, and maximum horizontal abduction. Conversely, in subjects with known anterior 

instability, the humeral head translated anteriorly when the arm placed in the same position. 

Bowen et al. (1992) reported a 5-mm mean anterior or posterior translation of the humeral 

head with internal or external rotation of the shoulder, respectively. These findings were 

confirmed partially by Harryman et al. (1990) who showed anterior and posterior translation 

of the humeral head with internal and external rotation o f the shoulder, respectively at 0° of 

shoulder elevation. Additionally, the investigators noted a significant increase in anterior 

translation of the humeral head when the posterior capsule was tightened.

1.3.2. The glenoid labrum

The glenoid labrum is a fibrocartilaginous ring attached around the rim of the glenoid 

fossa. The inner surface of the labrum is covered with synovium and the outer surface 

attaches to the capsule and is continuous with the periosteum of the scapular neck (Williams 

and Warwick, 1980). The superior attachment of the labrum is loose and resembles the 

mobility of the meniscus located within the knee joint. In contrast, the inferior attachment of 

the labrum is firm and unmoving (Williams and Warwick, 1980). The labrum contributes to 

glenohumeral stability by increasing the total surface area available for humeral articulation
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(Morrey et al., 1998). It also enhances congruency of the articular surfaces by deepening the 

glenoid, from 2.5-mm to approximately 9 and 5-mm in superior-inferior and anterior-posterior 

direction, respectively (Howell and Galinat, 1989). Combined with joint compression forces, 

the glenoid labrum contributes to glenohumeral joint stability within the mid-range of 

glenohumeral motion where the ligamentous structures are lax (Lippitt and Matsen, 1993). It 

has also been shown that by removing the glenoid labrum, the translation force to dislocate 

the humeral head decreased approximately 20% (Lippitt and Matsen, 1993). The glenoid may 

also contribute to the glenohumeral joint stability acting as a load-bearing structure (Bowen et 

al., 1992) and a buttress to humeral head translation, similar to a chock-block, which prevent 

the wheel o f a tractor from rolling downhill (Wilk et al. 1997).

1.3.3. Intra-articular pressure

The normal glenohumeral joint capsule is sealed airtight. The negative intra-articular 

pressure within the glenohumeral joint creates a vacuum that resists glenohumeral joint 

translation. The magnitude of this stabilising pressure is approximately 20 - 30 lbs. Rupture of 

the capsule result in atmospheric pressure changes and loss of passive glenohumeral joint 

stability in anterior, posterior and inferior direction (Kumar and Balasubramaniam, 1985; 

Gibb et al., 1991). Additionally, there is very little fluid present in the capsule (less than 1 

ml). This limited volume of joint fluid assists in providing joint stability, similar to a syringe - 

type suction, by holding the articular surfaces together with viscous and intermolecular forces 

(Matsen et al. 1990).
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1.3.4. Shoulder capsule and ligaments

The glenohumeral joint is covered by a thin, large and redundant capsule, which is 

attached proximal to the margin of the glenoid fossa and the labrum including the supra- 

glenoid tubercle and the origin of the tendon of the long head of the biceps brachii. Distally, it 

is attached to the circumference of the anatomical neck, except inferiorly where it is attached 

to the surgical neck of the humerus approximately 2-cm below the articular margin (Williams 

and Warwick, 1980). The loose fitting of the capsule allows 2 - 3  mm distraction of the 

humeral head from the glenoid margin (Williams and Warwick, 1980). The composition of 

the glenohumeral joint capsule is similar to other joints such as the elbow and hip. However, 

the force required to dislocate the shoulder is greater than the force required to dislocate the 

elbow joint (Kaltsas, 1973). Glenohumeral joint capsule is strengthened by the coracohumeral 

and glenohumeral ligaments, and the tendons of the rotator cuff muscles (Williams and 

Warwick, 1980). The capsule is less well protected inferiorly because the tendon of the long 

head of the triceps brachii muscle is separated from the capsule by the axillary nerve and the 

posterior circumflex humeral artery.

The coracohumeral ligament is attached to the base and lateral border of the coracoid 

process and extends as two bands obliquely, downward and laterally to the front of the greater 

and lesser tuberosity, blending with the capsule (Ferrari, 1990). The coracohumeral ligament 

controls external rotation of the humerus between 0 and 60° of shoulder elevation (Terry et 

al., 1991; Ferrari, 1990). A second fiinction generally attributed to this ligament is the support 

provided to the dependent arm by resisting the downward pull o f gravity on the humeral head 

(Ferrari, 1990; Basmajian and Bazant, 1959).

The anterior aspect of the glenohumeral joint capsule is strengthened by the superior, 

middle and inferior glenohumeral ligament complex and the attachment of the subscapularis

7



tendon (Turkel et al., 1981; O’Brien et al., 1990). The superior glenohumeral ligament arises 

from the superior aspect of the labrum, anterior to the origin o f the long head of the biceps 

tendon and inserts superior to the lesser tuberosity. The ligament lies under the tendon of the 

subscapularis muscle and partly adheres to it. The middle glenohumeral ligament originates 

from the supra-glenoid tubercle and the antero-superior aspect of the labrum, adjacent to the 

superior glenohumeral ligament and extends laterally to attach on the lesser tuberosity with 

the subscapularis tendon. The inferior glenohumeral ligament complex is composed of three 

functional portions: an anterior band, a posterior band, and an axillary pouch (O'Brien et al., 

1990). The ligament attaches to the anterior, inferior and posterior margins o f the glenoid 

labrum and passes laterally to the inferior aspects of the anatomical and surgical necks of the 

humerus. Posteriorly the capsule is strengthened by the posterior band of the inferior 

glenohumeral ligament and the tendinous insertions o f the infraspinatus and teres minor 

muscles. The tendon of supraspinatus muscle reinforces the superior aspect of the capsule.

The role that the shoulder capsule and the anterior glenohumeral ligaments play in 

stabilising the glenohumeral joint varies with both shoulder position and the direction of the 

translating force. In general, the anterior capsuloligamentous structures are the primary 

restraints of anterior translation of the humeral head (Bowen and Warren, 1991). The superior 

and middle glenohumeral ligaments are the primary restraints to anterior translation with the 

arm in the neutral position (Bowen and Warren, 1991). The middle and the anterior band of 

the inferior glenohumeral ligament play a significant role in limiting anterior translation 

within the midrange of shoulder elevation (Turkel et al., 1981). The inferior glenohumeral 

ligament complex, particularly the anterior band, is responsible for preventing anterior 

translation of the humeral head with the shoulder elevated to 90° or greater (Turkel et al., 

1981).

8



The constraints to posterior translation are also based on shoulder position. O’Brien 

et al. (1988) have reported that the inferior glenohumeral ligament complex (with the 

posterior-inferior capsule) is the primary passive stabilisers against posterior instability with 

the shoulder at 90° of elevation. When the shoulder is positioned below 90° of elevation the 

posterior capsule and the tendons of the infraspinatus and teres minor are the primary 

restramts to any posterior force (Ovesen and Nielsen, 1986b). Other authors have also 

reported that the antero-superior capsule prevented posterior dislocation of the humeral head, 

supporting the circle concept theory for glenohumeral stability (Ovesen and Nielsen, 1986a, 

Warren et al., 1984). According to this theory increased translation of the humeral head is 

possible with injury to the capsule on one side of the joint. Dislocation requires injury on both 

sides o f the joint (Bowen and Warren, 1991).

The constraints to inferior translation of the humeral head on the glenoid vary based 

on shoulder position and degree of rotation. The primary restraints to inferior translation with 

the shoulder at 0° o f elevation and neutral rotation are the superior glenohumeral ligament 

(Warner et al., 1992a), and the coracohumeral ligament (Terry et al., 1991; Ferrari, 1990). 

When the shoulder is at 45° of elevation, the anterior and posterior bands of the inferior 

glenohumeral ligaments are the primary restraint to inferior translation of the humeral head. 

The anterior and posterior bands are tightened with internal and external rotation, respectively 

preventing inferior translation of the humeral head. At 90° of elevation, the posterior band of 

the inferior glenohumeral ligament complex is the primary stabiliser against inferior motion 

of the humeral head on the glenoid. With external rotation o f the shoulder the posterior band 

is located under the humeral head, whereas internal rotation increases the role o f the anterior 

band (Warner et al., 1992a).
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1.4. SCAPULOTHORACIC ARTICULATION

The scapulothoracic articulation defines the contact of the concave anterior surface 

of the scapula on the convex posterior-lateral surface o f the thoracic cage. The thorax and 

scapula are separated by the subscapularis and serratus anterior muscles, which glide over 

each other during movements of the scapula. The scapula is a thin, flat triangular bone located 

on the postero-lateral aspect of the thoracic wall. It is connected to the axial skeleton by the 

acromioclavicular joint and is stabilised onto the chest wall by the surrounding musculature 

attached to the spinous processes and the ribs (Williams and Warwick, 1980). In the standing 

upright position with the arm hanging freely on the side, the vertebral border of the scapula 

lies 6-cm from the body’s midline (Steindler, 1955). The superior angle of the scapula lies at 

the level o f the 2"** thoracic vertebra, the root of the scapular spine is at the level of the 

thoracic spinous process and the inferior angle is at the level o f the spinous process of the 7* 

or 8“’ thoracic vertebra (Kapandji, 1982). In normal shoulders, the angle between the face of 

the glenoid fossa and the vertical plane (scapulothoracic angle) has approximately 5° of 

downward inclination (range: -11.0 -  10.0°) (Freedman and Munro, 1966; Poppen and 

Walker, 1976). The humeral angle (angle between the long axis o f the humerus and the 

vertical plane) is 2.5° with a range between -3.0 and 9.0° (Poppen and Walker, 1976). In the 

transverse plane, scapula forms an angle o f 30 to 45° with the coronal plane (scapular plane) 

(Johnston, 1937; Saha, 1983; Kondo et al., 1984). The medial border o f the scapula as viewed 

from the back forms an angle o f 3° with the longitudinal axis o f spine. It is also tilted forward 

about 12.5° as viewed from the side, with the superior angle moved into the thoracic wall and 

the inferior angle moved away (Kondo et al., 1984).

Changes in the resting position of the scapula with increasing age and thoracic curve 

was examined in 91 women 20-85 years of age, using a six-degrees-of-freedom
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electromagnetic tracking device (Culham and Peat, 1993). Twenty-three of the participants in 

this study had a diagnosis of osteoporosis. The investigators reported that the scapula was 

located 30.2° anterior to the coronal plane in women less that 40 years o f age but was more 

retracted in older women. It was postulated that scapula retraction followed by retraction of 

the clavicle and extension of the humerus were compensatory changes for balance 

maintenance, as older individuals assume a more flexed posture. The more protracted position 

of the scapula observed in some women with greater thoracic curvature was possibly the 

result o f an increased antero-posterior chest diameter without an increase in the linear distance 

between the spine and the medial border of the scapula. The angle formed between the medial 

border o f the scapula and the horizontal in women under 40 years o f age was not changed 

with increasing age or with increasing thoracic curvature. In contrast the forward tilt o f the 

scapula on the thoracic wall relative to the vertical axis measured in women less than 40 years 

of age (9.0°) was increased with increasing age and slope of the thoracic spine (13.2°).

2. MUSCULAR CONTROL OF THE SHOULDER GIRDLE

The dynamic control of the shoulder girdle is depended primarily on the 

scapulothoracic and glenohumeral musculature. The effective and co-ordinated function of 

these muscles contribute to the dynamic stability o f the scapula and humeral head on the 

thoracic wall and the glenoid fossa, respectively and enable a wide variety of joint movements 

required for daily and sporting activities.
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2.1. GLENOHUMERAL JOINT

Anatomically, the glenohumeral joint is controlled by twelve muscles divided into a 

superficial, deep and a peripheral muscular layer. The three heads o f the deltoid muscle, the 

clavicular portion of pectoralis major, the coracobrachialis and the long head of the biceps 

form the superficial layer. These muscles contribute primarily to arm elevation. The rotator 

cuff muscles, namely the supraspinatus, infraspinatus, teres minor and subscapularis 

constitute the deep layer. The main fiinctions o f these muscles are to rotate the shoulder and to 

stabilise the glenohumeral joint. The peripheral muscles include the sternal part o f pectoralis 

major and the latissimus dorsi. These muscles enable rapid descent of the elevated arm and 

trunk raising with the arms. The teres major muscle blends with the tendon of the latissimus 

dorsi and although it has no trunk attachments it is included in the peripheral muscle group 

(Perry, 1988).

2.1.1. Dynamic stability o f the glenohumeral joint

The contribution of the shoulder musculature, particularly the rotator cuff muscles, to 

the dynamic stability o f the glenohumeral joint is dependent on four mechanisms: the passive 

tension from the bulk effect of the shoulder musculature itself, the joint motion that 

secondarily tightens the passive ligamentous constraints, the barrier effect of the contracted 

muscle and the muscular contraction that causes relative compression between the articular 

surfaces (Morrey et al., 1998). The stability of the glenohumeral joint is also dependent on the 

effective interaction between the static and passive stabilisers, which is controlled by the 

mechanoreceptors located on the joint capsule, ligaments and muscles (proprioceptive 

mechanism).
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2.1.1.1. Passive tension caused by the muscle bulk

Several authors have addressed the importance of the bulk effect caused by the 

shoulder musculature to glenohumeral stability. Browne et al. (1990) showed that the passive 

arc of motion was increased when the muscles around the glenohumeral joint were removed. 

Other authors have shown that anteroposterior (Ovesen and Nielsen, 1986a) and supero- 

inferior (Howell et al., 1988) translation of the humeral head was increased when the skin and 

the shoulder muscles were removed.

2.1.1.2. Joint motion that secondarily tightens passive ligamentous constraints

External rotation of the shoulder that occurs approximately after 90° of shoulder 

elevation in the coronal plane tightens the inferior glenohumeral ligament restraining at least 

in part, upward elevation of the arm.

2.1.1.3. Barrier effect

Rotator cuff muscle provide an efficient barrier to humeral head translation 

depending on the direction of force and the position of the arm, due to the fact that they blend 

with the glenohumeral joint capsule. The subscapularis muscle is the primary rotator cuff 

muscle responsible for preventing anterior displacement of the humeral head. When the 

shoulder is at 90° of elevation and external rotation, a compressive force of 70 kg, an anterior 

shear force o f 12-kg, and an inferior shear force of 14 kg are applied on the glenohumeral 

joint by the rotator cuff muscles. The resultant of these forces is directed 12° anteriorly 

(Morrey and Chao, 1981). Reeves (1968) has shown that the anterior capsuloHgamentous
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structures can efficiently counteract the anterior shear forces, as the tensile strength of these 

structures is on average 56.5 kg. However, if the elevated shoulder is extended backwards 30° 

and is loaded so that all the rotator cuff muscles are contracted maximally, the anterior shear 

force is increased to ahnost 42 kg, overloading the capsule and ligaments. In the normal 

shoulder, the additional stresses developed on the joint capsule and ligaments are counteracted 

by the presence o f subscapularis muscle, which increases the tensile strength of the anterior 

capsulo ligamentous structures up to 120 kg (Morrey and Chao, 1981). Cadaveric studies have 

shown that the subscapularis muscle was the most important anterior stabiliser during external 

rotation of the arm in the lower degrees o f shoulder elevation (Ovesen and Nielsen, 1985). 

Similarly, infraspinatus and teres minor were the most important posterior stabilisers for 

internal rotation of the shoulder in the first 45° of elevation (Ovesen and Nielsen, 1986b). The 

stabilising effect of the rotator cuff muscles at different positions of the shoulder is probably 

dependent on the direction of tendons. In the lower ranges of elevation, the subscapularis 

tendon lies anterior to the joint where its contraction would appear to be effective in limiting 

anterior translation. Conversely, as the shoulder is elevated, the line of action of the 

subscapularis moves superior to the joint, and, thus, becomes less effective in limiting anterior 

translation (McKernan et al., 1990).

Several studies have shown that biceps brachii may play a significant role to the 

stability of the glenohumeral joint. Soslowsky et al. in a cadaveric study, (1997) reported that 

biceps muscle prevented inferior translation o f the humeral head with the shoulder at 0° of 

elevation. Kumar et al. (1989) using a cadaveric model in a similar position showed that in 

the absence of the long head o f the biceps brachii, the humeral head migrated upwards 

narrowing the subacromial interval. The authors concluded that one of the functions o f the 

long head of the biceps was to compress the humeral head into the glenoid during powerfiil 

elbow flexion and forearm supination. Warner and McMahon (1995) examined
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radiographicaly patients with isolated loss of the proximal attachment of the long head of the 

biceps tendon. Anteroposterior images o f the shoulder at 0, 45, 90 and 120° of elevation in the 

scapular plane showed 2-6 mm superior translation of the humeral head on the glenoid except 

at 0° o f elevation. Blasier et al. (1997) reported that biceps brachii may prevent posterior 

translation of the humeral head when the shoulder was neutrally rotated at 90° of flexion. 

Other investigators have shown that biceps may contribute to anterior stability o f the 

glenohumeral joint. Malicky et al. (1996) reported that biceps brachii was the most important 

anterior stabiliser when the shoulder was at 90° of elevation and neutral rotation. Pagnani et 

al. (1996) added that biceps contribution to anterior stability was more pronounced when the 

shoulder was in mid-elevation probably due to a more optimum orientation of the biceps 

brachii relative to the glenoid. Itoi et al. (1993) showed that both the long and short head of 

the biceps brachii contribute to anterior stability of the glenohumeral joint when the shoulder 

was elevated at 90° in the coronal plane and externally rotated (overhead position). A further 

study revealed also that in the non-injured shoulder, the stabilising function of the biceps 

brachii was as efficient as the supraspinatus and infraspinatus/teres minor muscles but became 

more important compared to the rotator cuff muscles in the unstable shoulder. (Itoi et al., 

1994). These findings suggest that the long head of the biceps may act as a barrier to antero

posterior and supero-inferior translation of the humeral head. It may also contribute to 

glenohumeral joint stability by increasing the resistance of the shoulder to torsional forces and 

reducing the stresses placed on the inferior glenohumeral ligament, when the shoulder is at 

90° of elevation and external rotation (Rodosky et al., 1994).
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2.1.1.4. Compression mechanism

Compression of the humeral head into the glenoid is achieved with the combined 

action of the deltoid and the rotator cuff muscles, namely the supraspinatus, infraspinatus, 

teres minor and subscapularis. (Inman et al., 1944; Saha, 1971). Actions o f these muscles 

generate compression forces that are directed towards the glenoid and shear forces with a 

superior or inferior direction. The line o f action of the deltoid forms an angle o f 30° at 30° of 

elevation creating a significant upward shear force on the humeral head and a relative smaller 

horizontal abduction force. As the shoulder elevates the deltoid line of action becomes more 

horizontal reaching an angle o f 80° relative to the face o f the glenoid. The supraspinatus line 

of action forms an angle o f 70° with the glenoid face creating a great compression force (93% 

of maximum muscle force) and a smaller vertical shear force (4% of maximum muscle force). 

The compressive force generated by the supraspinatus compress the humeral head into the 

glenoid preventing superior migration from the upward pull of the deltoid force. The 

combined force of the infraspinatus, teres minor, and subscapularis muscles has a downward 

and inward direction. The line o f action of subscapularis and infraspinatus forms an angle o f 

approximately 45° and for teres minor 55°, respectively, relative to the face o f the glenoid. 

The inferior she£ir force generated by these muscles counteracts the superior shear force of the 

deltoid. The horizontal compressive force acts in opposite direction to that of the deltoid 

forming a powerfiil force-couple necessary for shoulder elevation (Lucas, 1973). Poppen and 

Walker (1978) considered the various muscles active in each phase of shoulder elevation and 

then calculated the compressive, shear, and resultant forces at the glenohumeral joint. At 0° of 

elevation the resultant forces had a downward and inward direction. Between 30 to 60° of 

scapular plane shoulder elevation the resultant force was close to the superior edge of the 

glenoid fossa, indicating a tendency to subluxate the humeral head upward. After 60° of
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elevation the resultant force compresses the head of the humerus directly into the centre of the 

glenoid fossa reaching 0.89 times of body weight at 90° of elevation. After 90° o f elevation, 

the resultant force decreased reaching a force of 0.40 times body weight at 150° of elevation. 

The shearing component reached a maximum of 0.42 times body weight at 60° of elevation. 

Based on the theory that inherent joint stability in the scapular plane increases, the closer the 

force vector is to the centre of the glenoid fossa, Poppen and Walker (1978) concluded that 

external rotation provide greater stability than internal rotation.

2.1.1.5. Proprioceptive mechanism

The stability o f the glenohumeral joint is enhanced by the constant interplay between 

the static and dynamic stabilisers. The proprioceptive mechanism refers to the individual’s 

awareness o f joint position (proprioception) and motion (kinesthesia) and the ability to 

produce a voluntary muscular contraction to stabilise the joint and/or to alter that joint 

position preventing excessive humeral head displacements (Wilk et al., 1997). Some authors 

have referred to this ability as “reactive neuromuscular control" which describes the 

individual's ability to integrate the proprioceptive information and the motor control in order 

to react to an information (Wilk et al., 1997). The capsuloligamentous and musculotendinous 

proprioceptors play a significant role in this mechanism. Capsuloligamentous 

mechanoreceptors have been identified on the glenoid labrum, glenohumeral joint capsule, 

and coracohumeral and glenohumeral ligaments (Jerosch et al., 1993; Vangsness et al., 1995). 

Pacini, Rufifini and Golgi tendon organs have also been identified within the supraspinatus, 

infi-aspinatus and pectoralis minor insertions and the biceps brachii, triceps brachii, 

coracobrachialis, and deltoid muscle origins (Kikuchi, 1968). Additionally, muscle spindles 

sensitive to both rate of muscle length changes and static muscle length have been located in
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greater densities within the muscles attached to the coracoid process and those crossing the 

glenohumeral joint anteriorly, compared to the other rotator cuff muscles (Nyland et al., 

1998). Activation of capsuloligamentous mechanoreceptors is increased as the glenohumeral 

joint capsule is spirally tightened around the humeral head during shoulder elevation and 

external rotation. In intermediate positions musculotendinous mechanoreceptors provide most 

of the information regarding glenohumeral joint position and movement sense. The existence 

o f a reflex neuromotor pathway that enables activation of the rotator cuff muscles and the 

biceps brachii by stimulating stretch-sensitive mechanoreceptors located on the shoulder 

capsulo ligamentous structures has been confirmed in both animal (Guanche et al., 1995; 

Knatt et al., 1995) and human shoulders (Jerosch, 1997). Guanche et al. (1995) reported that 

stimulation o f the anterior and inferior axillary articular nerves elicited electromyographic 

activity in the biceps, subscapularis, and supraspinatus and infraspinatus muscles. Stimulation 

of the posterior axillary articular nerve elicited electromyographic activity o f the deltoid 

muscle. Knatt et al. (1995) showed that stimulation of a single articular branch of the 

musculocutaneous nerve terminating in the joint capsule elicited myoelectric discharge of the 

biceps muscle. Dysfunction of the proprioceptive mechanism and a kinesthetic deficit has 

been identified in patients with shoulder injuries. Individuals who were examined 3-4 months 

following traumatic anterior shoulder dislocation revealed a significant kinesthetic deficit 

compared to the non-injured shoulder (Smith and Bnmolli, 1989). In a more recent study, 

Lephart et al. (1994) measured joint position sense in healthy, unstable, and surgically 

repaired shoulder patients. The authors noted a difference in position sense in the unstable 

shoulder compared with the uninjured shoulder.
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2.1.2. Glenohumeral joint motion

The movements performed at the glenohumeral joint are flexion/extension, 

elevation/depression (abduction/adduction), internal rotation/external rotation and horizontal 

abduction/horizontal adduction. The combination of the elementary movements around the 

three cardinal axes is termed circumduction.

Flexion and extension is performed around a transverse axis, in the coronal plane. 

The movements of elevation (abduction) and depression (adduction) take place in the frontal 

plane, around an anteroposterior axis. The normal range of motion for flexion and elevation of 

the shoulder in the coronal plane is 180° with upward rotation of the scapula contributing 

approximately 60° to the total shoulder elevation. The increasing tension in the 

coracohumeral ligament as the humerus elevates in the sagittal plane results in internal 

rotation of the arm (Blakely and Palmer, 1984). Shoulder elevation in the coronal plane 

requires external rotation of the shoulder. If the humerus is maintained in internal rotation, the 

amount of glenohumeral elevation in the coronal plane is limited to 60-90° due to 

impingement of the greater tuberosity o f the humerus under the acromion process and tension 

in the inferior glenohumeral ligament (Lucas, 1973). Elevation in the scapular plane does not 

require external rotation o f the shoulder. In addition, the glenohumeral joint capsule is not 

twisted when elevation occurs in the scapular plane and the deltoid and supraspinatus are 

optimally aligned to perform humeral elevation (Johnston 1937; Poppen and Walker, 1976). 

The total range of shoulder elevation measured in the scapular plane was 168-172° with 

scapular rotation contributing 60° and glenohumeral rotation contributing between 103 to 

113° (Freedman and Munro, 1966).

The primary movers for shoulder flexion are the anterior fibres o f the deltoid, the 

coracobrachialis and the clavicular fibres o f the pectoralis major. The deltoid is the primary
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mover for shoulder elevation in both coronal and scapular planes. The supraspinatus muscle is 

active in all three planes of shoulder elevation. Isolated action of the deltoid and supraspinatus 

requires a 55 and 200% effort, respectively to elevate the upper limb at 90°. The combined 

action of these muscles reduces the effort required for shoulder elevation to 35% for each 

muscle.

The subscapularis, infraspinatus and teres minor muscles assist the function of 

supraspinatus in depressing the humeral head into the glenoid therefore allowing shoulder 

elevation. Lucas (1973) has postulated that the long head of the biceps may also contribute to 

elevation of the upper limb in the coronal plane, particularly when the shoulder is externally 

rotated. Individuals with an old rupture of the biceps have shown a 20% decrease in abducting 

force on the ruptured side as compared with the normal shoulder, when the shoulder was held 

in external rotation (Lucas, 1973). However, electromyographic studies have reported 

conflicted findings regarding biceps brachii function during shoulder elevation movements. 

Basmajian and Latif (1957) found slight action of the biceps during flexion of the shoulder 

and nil activity during shoulder elevation with the shoulder internally rotated. Furlani (1976) 

added that during flexion o f the shoulder against resistance with the upper limb fully 

extended, both heads of the biceps were active. Resisted elevation recruited also activity in 

both heads o f the biceps. However, depression against resistance recruited activity in half o f 

the short heads and nothing in the long head. In partial agreement with these findings, Sakurai 

et al. (1998) reported that both heads of the biceps brachii were highly active during flexion 

and elevation of the internally or externally rotated shoulder against resistance equal to 30% 

of maximum isometric strength. Kido et al. (1998) also examined the EMG activity o f the 

biceps during shoulder elevation in 40 patients with full-thickness tears of the rotator cuff 

Fourteen patients showed a 10% increase of biceps brachii EMG activity compared to healthy 

individuals suggesting a possible supplemental fiinction as a glenohumeral stabiliser. In
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contrast, Yamaguchi et al. (1997) found minimal activity o f the biceps brachii (1.6-4.4% of 

maximum voluntary contraction) during free flexion and elevation of the upper limb with the 

shoulder in internal, external and neutral rotation, in both healthy individuals and patients 

with rotator cuff tears.

Extension and depression defmes the movement of the upper limb in a direction 

opposite to flexion and elevation. Starting from the resting position (0° o f flexion and 

elevation), extension of the upper limb reaches a range of motion of approximately 60°. 

Depression from the same starting position is mechanically impossible due to the presence of 

the trunk. However, combined with slight flexion, depression can reach 30-45° (Kapandji, 

1982). The primary movers for extension and depression are the latissimus dorsi, pectoralis 

major and teres major. Synergistic action of the rhomboids and long head of the triceps are 

also necessary to counteract upward rotation of the scapula and inferior displacement of the 

humeral head, produced by the teres major and latissimus dorsi, respectively (Kapandji, 

1982).

Maximum internal and external rotation depends on the degree of shoulder elevation 

and the contribution o f the scapula. At 0° of shoulder elevation with the elbow at 90° of 

flexion and the forearm parallel to the sagittal plane, the shoulder reaches 60° o f external 

rotation. The trunk prevents accurate measurement of internal rotation. However, when the 

forearm is passed behind the trunk with the shoulder slightly extended, internal rotation 

reaches 100-110°. With the shoulder at 90° o f elevation, the elbow at 90° of flexion and the 

forearm parallel to the horizontal plane, maximum internal and external rotations reach 90°. 

Elevation and depression o f the scapula may also increase internal and external rotation, 

respectively. The primary movers for shoulder internal rotation are the latissimus dorsi, the 

pectoralis major, the teres major and the subscapularis. External rotators of the shoulder are 

the posterior deltoid, the supraspinatus, infraspinatus and teres minor muscles. Biceps brachii
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was either inactive or seldom active during free internal and external rotator actions of the 

shoulder with the arm hanging freely on the side and the elbow in extension or at 90° of 

flexion. However, when rotator movements were performed against resistance, biceps brachii 

EMG activity was increased (Pauly et al., 1967; Furlani, 1976). More recent EMG studies 

have shown that biceps brachii was active during the late cocking and follow through phase of 

baseball pitching (Glousman et al., 1988) and the tennis serve (Ryu et al., 1988). Glousman et 

al. (1988) also showed that biceps brachii EMG activity was increased during the various 

phases o f overhead throwing in baseball pitchers with an unstable shoulder. In conclusion, 

biceps brachii may contribute to glenohumeral joint stability during elevation of the upper 

limb and rotator actions of the shoulder, particularly when these movements are performed 

against resistance or by individuals with shoulder pathology.

The anterior and posterior movement of the upper limb around a vertical axis in the 

horizontal plane is termed horizontal flexion (or adduction) and horizontal extension (or 

abduction) o f the shoulder. Starting from the reference position (90° elevation of the shoulder 

in the frontal plane) the range of motion for horizontal flexion is 140° and for horizontal 

extension 30-40°. Maximum range of motion for either horizontal flexion or extension 

requires protraction or retraction of the scapula, respectively. The primary movers for 

horizontal flexion are the anterior fibres of deltoid, the subscapularis and the pectoralis major, 

and minor. Horizontal extensors are the posterior fibres o f deltoid, the posterior rotator cuff 

muscles, and teres major.

2.2. SCAPULOTHORACIC ARTICULATION

The stability and mobility o f the scapula on the thoracic wall is dependent on the 

scapular musculature, namely the upper, middle and lower part of trapezius, the major and
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minor rhomboids, the levator scapulae, and the serratus anterior muscles. The deltoid, biceps, 

and triceps and the rotator cuff muscles have also attachments to the scapula but function at 

the glenohumeral joint.

Both rotator and linear movements may occur at the scapulothoracic articulation. 

Rotation o f the scapula about a sagittal axis is labelled upward and downward rotation of the 

scapula and results in upward or downward tilt of the glenoid fossa. Upward rotation of the 

scapula is necessary for proper congruency of the articular surfaces o f the glenohumeral joint 

(Poppen and Walker, 1976), efficient length-tension relationship of the deltoid throughout 

shoulder elevation (Lucas, 1973) and prevention of impingement of the rotator cuff tendon 

under the acromion. The lower digitations of the serratus anterior, the upper and lower part of 

trapezius and the levator scapulae form the force couples that contribute to upward rotation of 

the scapula. Rotation of the scapula about a vertical axis that passes through the 

acromioclavicular joint results in winging of the scapula. This movement defines the posterior 

movement of the vertebral border of the scapula. Rotation about a coronal axis results in 

scapular tipping or tilting. This is the movement of the inferior tip o f the scapula towards or 

away of the thoracic wall. Upward or downward translation of the scapula on the rib cage 

termed as elevation and depression. The primary movers for scapular elevation are the upper 

part o f trapezius and the levator scapulae. The lower part o f trapezius is the primary mover for 

depression. Protraction and retraction defines the forward and backward movements of the 

scapula around the thoracic wall. These movements combine linear translation and rotation of 

the scapula away or towards the spine rotation of the scapula around the end of the clavicle 

(winging), and anterior or posterior translation of the lateral end of the clavicle. The prime 

movers for protraction are the serratus anterior and pectoralis minor muscles. The middle 

trapezius and rhomboid muscles are the prime movers for scapular retraction.
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3. MECHANISM OF SHOULDER ELEVATION

Shoulder elevation in the coronal, sagittal and scapular plane is the result o f 

glenohumeral and scapular rotation. Upward rotation of the scapula contributes 60° to total 

shoulder elevation with approximately 40° occurring at the sternoclavicular joint and 20° at 

the acromioclavicular joint. The first 30° of elevation and the first 60° of flexion, scapula 

rotates about the instant centre of rotation, which is located at its lower mid-portion (Poppen 

and Walker, 1976). During this initial “setting phase”, the scapula moves slightly upwards or 

downwards, or remained fixed relative to glenohumeral rotation and most of shoulder 

elevation occurs at the glenohumeral joint (Inman et al., 1944). After the first 30° of shoulder 

elevation, both clavicle and scapula rotate about an imaginary axis extending from the 

sternoclavicular joint to the root of the spine of the scapula (Dvir and Berme, 1978). The 

combined movement o f the scapula and clavicle continues until the costoclavicular ligament 

becomes taut, at about 100° of shoulder elevation, preventing any further rotation at the 

sternoclavicular joint (Dvk and Berme, 1978). Between 80 and 140° of shoulder elevation the 

instant centre of rotation migrates toward the acromioclavicular joint (Bagg and Forrest, 1988; 

Poppen and Walker, 1976). In the final phase of shoulder elevation, the instant centre of 

rotation is located at the acromioclavicular joint (Dvir and Berme, 1978). The amount of 

movement o f the scapula on the clavicle at the acromioclavicular joint is limited by the 

coracoclavicular ligament (Singleton, 1966). The tension generated in this ligament as the 

coracoid process moves away from the clavicle causes dorsal rotation of the clavicle about its 

long axis (Inman et al., 1944; Dvir and Berme, 1978). Since the clavicle is crank-shaped, this 

long axis rotation causes the acromial end of the clavicle to elevate further without any 

additional elevation of the clavicle at the sternoclavicular joint (Dvir and Berme, 1978). As
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the arm approaches full elevation, the acromioclavicular joint ceases to move when the 

trapezoid ligament becomes taut.

Between 40-150° of scapular plane shoulder elevation, upward rotation of the 

scapula occurs within the scapular plane (30-45° anterior to the coronal plane) (Kondo et al., 

1984). At maximum elevation, the scapular plane forms an angle o f 47.5° relative to the 

coronal plane. During shoulder elevation, scapula is also tilted 24° backward, so the superior 

angle moves away and the inferior angle towards the thoracic wall (Kondo et al., 1984). This 

movement of the scapula is probably attributed to external rotation of the humerus that 

accompanied shoulder elevation (Poppen and Walker, 1976).

4. MUSCULAR CONTROL OF SHOULDER ELEVATION

Shoulder elevation requires the synchronous and co-ordinated activation of the arm 

elevators, the rotator cuff muscles and scapular rotators. The arm elevators namely the deltoid 

and supraspinatus muscles form a force couple that initiates elevation of the arm at the 

glenohumeral joint. Supraspinatus acts also synergistically with the rotator cuff muscles to 

compress the humeral head into the glenoid opposing superior translation of the humeral head 

by the deltoid muscle force. Several investigators have noted that the entire rotator cuff 

contributes to shoulder elevation. Kronberg et al. (1990) in an electromyographic study 

showed that the rotator cuff muscles were active throughout shoulder elevation and flexion in 

normal individuals. In a cadaveric study, Sharkey and Marder (1995) studied the contribution 

of the rotator cuff muscles to shoulder elevation. The investigators reported that the 

infraspinatus, teres minor, and subscapularis all contribute significantly to shoulder elevation, 

by allowing minimal superior migration of the humeral head on the glenoid. When the arm 

was elevated without the subscapularis, infraspinatus and teres minor muscles or using only
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the deltoid muscle, the humeral head demonstrated a significant superior displacement. Other 

investigators have shown that maximal contraction o f the posterior rotator cuff muscles 

reduced anterior ligamentous strain (Cain et al., 1987). Blasier et al. (1992) demonstrated that 

supraspinatus, infraspinatus/teres minor and subscapularis contributed equally to the anterior 

stability o f the elevated shoulder with the arm in both neutral and external rotation. When 

tension in one of the components o f the cuff was omitted or significantly reduced, there was a 

substantial reduction in anterior joint stability compared with when tension was applied to all 

components.

Upward rotation of the scapula requires activation of the levator scapulae, the upper 

and lower fibres of the trapezius, and the 5*'' and 6*** digitations o f the serratus anterior (Bagg 

and Forest, 1988). The upper trapezius and lower serratus anterior are activated as soon as 

shoulder elevation begins and progressively increase their activity as the arm approaches 

maximum elevation in the scapular plane. However, the EMG activity of these muscles 

demonstrates a plateau phase between 45 and 105° of elevation. The lower part of trapezius 

demonstrates minimal activity during the first 90° o f shoulder elevation. As elevation 

progresses beyond this point the activity is increased rapidly. It has been hypothesised that the 

plateau phase observed in the activity patterns of the upper trapezius and lower serratus 

anterior as well as the low activity of the lower trapezius during the fu-st 90° of elevation, is 

related to the migration of the scapular instantaneous centre o f rotation from the root of the 

scapular spine towards the acromioclavicular joint and the subsequent changes in the 

mechanical advantages of each of the scapular rotators (Bagg and Forest, 1988). De Freitas et 

al. (1980) have also shown high EMG activity of the levator scapulae during shoulder 

elevation in the coronal plane and moderate activity during shoulder elevation in the sagittal 

plane. This fmding confirmed previous observations that levator scapulae and lower serratus 

anterior form a force couple that contributes to scapular rotation (Inman et al., 1944). Lateral
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displacement of the spinal column is also necessary at the final degrees o f shoulder elevation 

for maximum elevation of the upper limb.

5. SCAPULOTHORACIC RHYTHM

The relative movements of the scapulothoracic and glenohumeral joints during 

elevation of the upper extremity is termed scapulohumeral rhythm (Codman, 1934) and 

expressed as a ratio of glenohumeral to scapulothoracic motion (GH:ST). Inman et al. (1944), 

in an early study determined the scapulohumeral rhythm based on anteroposterior X-ray 

images in the coronal and sagittal planes. The GH:ST ratio for the entire range of motion 

tested was 2:1, with glenohumeral and scapular rotation contributed a maximum of 120 and 

60°, respectively, to total shoulder elevation. Most of the motion during the first 30° of 

elevation and 60° of flexion occurred at the glenohumeral joint. Several authors have 

examined the scapulohumeral rhythm during shoulder elevation in the scapular plane 

(Freedman and Munro, 1966; Poppen and Walker, 1976; Doody et al., 1970a; Bagg and 

Forest, 1988). The GH:ST ratio was found to vary throughout the range and was highly 

variable between subjects. Freedman and Munro (1966) reported a 1.43:1 GH:ST ratio for the 

first 45° o f shoulder elevation. The same authors reported that the GH:ST ratio was decreased 

to 1.25:1 between 90 and 135° and then increased again to 2.73:1 during the last 45° of 

shoulder elevation. The GH:ST ratio for the entire range of motion was 1.5:1. The GH:ST 

calculated by Doody et al. (1970a) ranged from 7.29:1 between 0-30° of shoulder elevation, 

to 0.79:1 between 90-150° of shoulder elevation. Poppen and Walker, (1976) also reported a 

high GH:ST ratio (4.3:1) for the first 30° of scapular plane elevation and a 1.25:1 GH:ST ratio 

for the total shoulder elevation. Bagg and Forrest (1988) showed that the most typical pattern 

of scapulohumeral rhythm as calculated based on the GH:ST ratio was 3.29:1 for the range
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between 20 and 80°, 0.71:1 for the range between 80 and 140° and 3.49:1 for the range 

between 140 and 170° of scapular plane elevation. The overall GH:ST was 1.25:1 (Bagg and 

Forrest, 1988).

In conclusion, the GH:ST ratio recorded for the first degrees o f shoulder elevation in 

the scapular plane suggested less scapular compared to glenohumeral rotation, supporting 

Irmian’s et al. (1944) observations for coronal and sagittal plane shoulder elevation. Scapular 

rotation was increased during the mid-phase and decreased again during the final phase of 

shoulder elevation where glenohumeral rotation was dominant. The different findings 

reported among studies were probably associated to the size of increments used for the 

calculation of GH:ST ratios, the different planes of shoulder elevation studied and the great 

variability among individuals.

Scapulohumeral rhythm has also been studied during shoulder elevation under 

different conditions. Doody et al. (1970a) showed that scapulohumeral rhythm was decreased 

at the first degrees o f elevation when shoulder elevation was performed against light 

resistance (4 and 6 lb.). Maximum scapular rotation conmienced earlier and the total scapular 

contribution to shoulder elevation decreased slightly. Maximum reduction in scapular rotation 

between the unloaded and against resistance shoulder elevation was approximately 1.5° at 

150° and maximum degrees o f shoulder elevation. McQuade and Smidt (1998) in a recent 

study reported that scapulohumeral rhythm was progressively decreased fi'om 7.9:1 to 2.1:1 as 

the arm approached the final phase o f shoulder elevation. When shoulder elevation performed 

against light and maximum resistance, scapulohumeral rhythm was lower compared to 

passive shoulder elevation and increased as the arm progressively elevated (McQuade and 

Smidt, 1998). These findings suggested that scapular rotation progressively reduced, as the 

arm approached maximum elevation. However, other investigators have shown that 

scapulohumeral rhythm was not effected when shoulder elevation was performed against light
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resistance or at different elevation velocities (Michiels and Grevenstein, 1995). Three- 

dimension kinematic analysis o f scapulohumeral motion has revealed that local muscle 

fatigue resulted in selective decrease of scapular tilting (scapular rotation around a laterally 

directed axis along the spine of the scapula) and upward rotation (McQuade et al., 1995; 

1998).
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QUANTIFICATION OF SHOULDER AND SCAPULAR 

MUSCLE FUNCTION: A LITERATURE REVIEW

Strength assessment of the shoulder musculature has been one of the most 

challenging tasks among sports scientists and clinicians. Measuring procedures that 

dominated assessment of muscular performance for decades, such as manual muscle testing, 

have been proved unreliable and insensitive in detecting subtle weaknesses o f the shoulder 

muscles or strength changes following rehabilitation programs or surgery (Gardiner et ah, 

1998, Ellenbecker, 1996). The introduction of isokinetic dynamometry has offered several 

advantages in the assessment of muscular performance, including greater objectivity, 

accuracy and sensitivity. Isokinetic testing procedures have been widely used in the 

assessment o f shoulder musculature particularly at the level o f the glenohumeral joint. Similar 

procedures have not been commonly used in the assessment of axioscapular muscles. The 

muscles surrounding the scapulothoracic articulation may fiinction as upward and downward 

rotators or protractors and retractors of the scapula. Upward rotation of the scapula occurs 

simultaneously with glenohumeral elevation and axioscapular muscles’ function, as scapular 

rotators cannot be isolated and measured isokinetically. Davies and Dickoff-Hoffman (1993) 

have reported the isokinetic strength data of the axioscapular muscles that were assessed 

during retraction and protraction of the scapula. However, the reliability of the testing 

procedure used was not reported and therefore its use in clinical practice remains 

questionable. Several authors (Ozaki, 1989; Warner, et al., 1992b; Palleta et al., 1997) have 

drawn conclusions about the function of the scapular rotators as well as the glenohumeral 

stabilisers, based on the fact that efficient action of these muscles would produce normal 

upward rotation of the scapula, centralisation of the humeral head into the glenoid and better 

congruency of the articular surfaces. In contrast inefficient muscle function would result in
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abnormal scapular rotation and translation of the humeral head on the glenoid. Subsequently, 

screening methods used in the assessment of scapulohumeral kinematics may provide useful 

information about scapular and glenohumeral muscle function. The following sections present 

a review of the existing literature related to recording methods of scapulohumeral kinematics 

and an introduction to isokinetic dynamometry with special reference to isokinetic testing 

procedures for the shoulder musculature.

1. RECORDING METHODS OF SCAPULOHUMERAL MOTION

Assessment o f scapulohumeral motion with inference to the function of the shoulder 

musculature has been performed with planar X-rays (Inman et al., 1944; Freedman and 

Munro, 1966; Poppen and Walker, 1976; Dvir and Berme, 1978; Kondo et al., 1984; Howell 

et al., 1988; Ozaki, 1989; Hogfors et al., 1991; Michiels and Grevenstein, 1995; Paletta, et ah, 

1997), two and three-dimensions motion analysis techniques (Bagg and Forest, 1988; Leroux 

et al., 1992; Johnson and Anderson, 1990; Johnson et al., 1993; Van der Helm and Pronk, 

1995; Ludewig et al., 1996; McQuade and Smidt, 1998, McQuade, et al., 1998; Barnett et al. 

1999; De Groot et al., 1999; Price et al., 2000), Moire topography (Warner et al., 1992b) and 

goniometric (Doody et al., 1970b) and tape measurements (DiVeta et al., 1990; Kibler, 1991).

Anteroposterior roentgenographic images have been commonly used in the 

assessment of scapulohumeral kinematics. Inman et al. (1944) in a pioneering study used this 

method to determine the scapulohumeral rhythm during coronal and sagittal plane shoulder 

elevation in healthy individuals. Other authors (Freedman and Munro, 1966; Poppen and 

Walker, 1976; Dvir and Berme, 1978; Michiels and Grevenstein, 1995; Paletta, et al., 1997) 

investigated the relative movements o f the scapula and humerus during free, against light 

resistance and different angular velocities, scapular plane elevation. The scapulohumeral
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rhythm was determined based on the amount of scapular and glenohumeral rotation occurred 

at various degrees o f shoulder elevation by measuring the arm, scapular and glenohumeral 

angles on plane images (Figure GI-2). The arm angle (^a) was formed by a line (ĵ ) drawn 

parallel to the humeral shaft and a line that was parallel to the longitudinal axis o f the body 

(Y). The line, which connected the superior and inferior tips o f the glenoid cavity (y) and the 

line, which was parallel to the longitudinal axis of the body (Y), formed the scapular angle 

(^st)- The glenohumeral angle (^gh) was obtained by subtracting the scapular angle from the 

arm angle (Freedman and Munro, 1966; Poppen and Walker, 1976 ).

Figure GI-2: Set of axes used (xy, ^  and XY) for glenohumeral (^gh)5 scapulothoracic (^st)> arm angle (0^) 

measurements on plane radiographic images. Humeral head translation was defined as the distance (e) on the y- 

axis that the geometric centre of rotation (Oh) lies above or below the centre of the glenoid (Os). Adapted from: 

Poppen, N.K. and Walker, P.S. (1976). Normal and abnormal motion of the shoulder. Journal o f Bone and Joint 

Surgery, 58A, 195-201.

In addition to scapulohumeral rhythm, planar X-rays have been used to quantify the 

magnitude of humeral head translation on the glenoid during shoulder elevation (Figure GI-2) 

(Poppen and Walker, 1976; Warner and McMahon 1995; Paletta et al., 1997). Humeral head 

translation was determined by measuring the distance (e) between the geometric centre of
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rotation of the humeral head (Oh) and the centre of the glenoid (Os). The geometric centre of 

the humeral head was determined by a simple geometric construction, as the humeral head 

curvature is ahnost circular. The centre of the glenoid was located midway between the 

superior and inferior tips o f the glenoid cavity. Poppen and Walker (1976) reported that 

humeral head demonstrated approximately 3 mm superior translation on the glenoid between 

0-30° and often between 30-60° of scapular plane shoulder elevation in healthy individuals. 

Thereafter it remained constant, moving only 1-2 mm upward or downward. The average 

translation o f the humeral head for every 30° interval o f shoulder elevation was 1.1 ±0.5 mm. 

Patients with severe rotator cuff injury demonstrated more than 1.5 mm ball excursion on the 

glenoid. These findings suggested that when the balanced and co-ordinated function of the 

rotator cuff was disrupted, the humeral head translated superiorly by the superior shear force 

of the deltoid. Paletta et al., (1997) used the same radiographic parameter to evaluate 

scapulohumeral kinematics in both healthy individuals and patients with anterior instability 

and rotator cuff tear before and after surgical repair and postoperative rehabilitation. Kappa 

analysis revealed high intra-observer (0.914) and inter-observer reliability (0.948-0.968) for 

the procedure used to measure the various radiographic parameters. The authors confirmed 

the previously reported findings and added that superior translation of the humeral head also 

occurred in patients with anterior instability. It was hypothesised that containment o f the 

humeral head within the glenoid cavity may not be maintained during shoulder elevation due 

to rotator cuff dysfiinction. Rotator cuff dysfiinction with subsequent superior migration o f 

the humeral head could also be the result of cuff fatigue in their attempt to compensate for the 

progressive attenuation of the anterior static stabilisers due to recurrent episodes of anterior 

subluxation. It was also suggested that the normal centring o f the humeral head after surgical 

repair and postoperative rehabilitation reflected the effect of retraining o f the rotator cuff. 

Patients who suffered isolated loss of the proximal attachment of the long head of the biceps
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have also demonstrated 2 to 6 mm superior translation of the humeral head on the glenoid 

during shoulder elevation in the scapular plane, supporting the stabilising role of the long 

head of the biceps brachii as a humeral head depressor (Warner and McMahon, 1995).

Howell et al. (1988) used the same radiographic parameter (humeral head 

translation) to measure the position of the humeral head relative to the glenoid cavity in the 

horizontal plane (Figure GI-3). The technique required axillary roentgenograms with the 

subject lying supine and the arm in three positions: at maximum extension and external 

rotation, parallel to the floor with maximum external rotation, and at 60-80° of flexion with 

maximum internal rotation. These positions were chosen because they were closely 

approximated the different phases of overhead throwing.

Figure GI-3: Arm positioning at maximum extensiwi and external rotation (A), parallel to the floor with 

maximum external rotation (B) and at 60-80° of flexion with maximum internal rotation (C), for radiographic 

assessment of humeral head translation in the horizontal plane. Adapted from: Howell, S.M., Galinet, B.J., 

Renzi, A.J. and Marone, P.J. (1988). Normal and abnormal mechanics of the glenohumeral joint in the horizontal 

plane. Journal o f Bone and Joint Surgery, 70A, 227-232.
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Among normal shoulders, maximum extension and external rotation caused 

approximately 4-mm posterior translation of the humeral head on the glenoid. Patients with 

anterior glenohumeral instability displayed approximately 4-mm anterior displacement of the 

humeral head, when examined in a similar position. These observations suggested that the 

normal tension of the capsule or the articular congruencies or both and not contraction of the 

anterior directed muscles, namely the pectoralis major and the anterior deltoid constituted the 

mechanism by which normal posterior translation was mediated. The authors concluded that 

strengthening exercises for these muscles would not be expected to reduce this normal gliding 

motion, and flexibility programs that are designed to increase external rotation and extension 

may aggravate this shearing stress. Investigators also examined the consistency of arm 

positioning in the four positions studied and the intra and inter-observer variability of the 

measurements documented. However, neither reliability indices nor variability associated 

with repeated measurements were reported.

Proximal migration of the humeral head has also been performed measuring the 

acromio-humeral interval (Figure GI-4). The acromio-humeral interval was defined as the 

distance between the superior articular surface of the humeral head and the under-surface of 

the acromion (Weiner and MacNab, 1970). This parameter was measured in plane 

anteroposterior images o f the shoulder with the arm at 0° o f elevation and neutral rotation. 

Subjects with normal shoulders had an acromio-humeral interval o f 14-mm. Patients with 

surgically proven tears of the rotator cuff showed intervals of 5-mm or less. It was proposed 

that the superior migration of the humeral head observed in patients with rotator cuff tears 

was probably the result o f imbalance between a fianctionally ineffective supraspinatus and a 

more efficient superior pull by the deltoid.
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Figure GI-4: Acromio-humeral interval (distance between the superior articular surface of the humeral head and 

the under-surface of the acromion) measured in plane radiographic images. Adapted from: Weiner, D.S. and 

MacNab, I. (1970). Superior migration of the humeral head. A radiological aid in the diagnosis of tears of the 

rotator cuff. Journal of Bone and Joint Surgery, 52B, 524-527.

Ozaki (1989) assessed the centralisation of the humeral head toward the glenoid 

cavity and the inclination of the glenoid in normal and pathologic shoulders, by means of 

cineradiography. The centralisation of the humeral head was determined with the shoulder 

centre edge (SCE) angle. The SCE was defined as the angle formed between the line that 

joined the geometric centre of rotation and the inferior tip of the glenoid fossa, and a line 

parallel to the longitudinal axis o f the body. The inclination of the glenoid was determined by 

the angle formed between the line that connected the superior and inferior tip o f the glenoid 

fossa, and the horizontal level (Figure GI-5A). In the normal shoulder the SCE angle 

increased and the glenoid angle decreased with shoulder elevation, reaching 17.6 ± 5.2° and 

32.5 ± 6.2°, respectively at 180° of elevation. In shoulders with involuntary inferior and 

multidirectional instability the SCE and glenoid angles were -11.5 ± 20.2° and 57.2 ± 13.2°, 

respectively at 180° of elevation. The greater glenoid angle obtained in patients with
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involuntary inferior and multidirectional instability suggested poor rotation of the scapula 

probably due to inefficient function of the scapular rotators.

A B

-  X

Figure GI-5: Shoulder centre edge (yCE) and glenoid angles (xEB) in the normal shoulder (A) and in shoulders 

with involuntary inferior and multidirectional instability (B). Adapted from Ozaki, J. (1989). Glenohumeral 

movements of the involuntary inferior and multidirectional instability. Clinical Orthopaedics, 238, 107-111.

Plane radiographs have been also used for three-dimension (3-D) analysis o f 

scapulohumeral movements. Kondo et al. (1984) used a double radiographic technique to 

investigate the changes in the medial, downward and upward tilting angle o f the scapula 

during scapular plane shoulder elevation. According to this technique, spatial orientation of 

the scapula was determined at various degrees of shoulder elevation based on two plane 

posteroanterior images of the scapula taken at one and two-metres distance between the X-ray 

films and the source. Hogfors et al., (1991) performed a 3-D analysis o f scapulohumeral 

movements during elevation of the arm, using two X-ray tubes placed at right angles 

combined with stereophotogrammetric analysis. The relative movements of the humerus, 

scapula and clavicle were measured by placing percutaneously small spherical tantalum balls
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and analysed with the stereophotogrammetric algorithm. The three subjects that were 

examined demonstrated similar scapulohumeral movements, which were insensitive to small 

hand-loads. Additionally, the findings o f this study showed that 3-D analysis of the normal 

scapulohumeral rhythm was similar to that described with the planar x-ray technique (Hogfors 

et al., 1991).

The invasiveness o f radiographic techniques has led several investigators to utilise 

non-invasive techniques in the assessment of scapulohumeral kinematics. These techniques 

were used almost entirely for two and three-dimension analysis of scapulohumeral rhythm 

using surface markers fixed on the skin against specific bony landmarks. In addition to the 

ability of the examiner to identify these landmarks with palpation, undetected movements o f 

the scapula and humerus under the skin and slippage of the skin under the markers were some 

of the disadvantages of these techniques. Bagg and Forest (1988) measured scapular rotation 

with the arm hanging freely on the side and every 15° o f shoulder elevation in the scapular 

plane, placing markers on the root o f the scapula spine, the acromial angle and the inferior 

angle o f the scapula. Reference markers were placed on the spine and the humerus. The 

relative movements of the markers were detected using a high-speed reflex camera (Bolex 

H I6) placed 5-m away from the subject’s torso. The humeral to scapular ratio ranged between 

1.25:1 to 1.33:1, which were in close agreement with the ratio reported in radiographic studies 

(Poppen and Walker, 1976). Leroux et al. (1992) examined 3-D movements o f the scapula 

and the humerus during scapular plane elevation in asymptomatic individuals and patients 

with shoulder pathology, before and after a rehabilitation program. Two video cameras (Elite 

system) detected the motion o f reflective markers placed on the humerus, scapula and the 

spine from which displacement was estimated. The authors were not able to obtain a 

kinesiological profile for different shoulder pathologies (adhesive capsulitis and rotator cuff 

tears) with the motion analysis method used. However, improvement of the shoulder
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kinematics after rehabilitation program could be effectively quantified in patients suffering 

from rotator cuff tears.

Several authors (Ludewig et al., 1996; van der Helm and Pronk, 1995; De Groot et 

al., 1999) have performed 3-D motion analysis o f the shoulder using special constructed 

electromechanical linkage digitiser. Van der Helm and Pronk (1995) and De Groot et al. 

(1999) used the palpator, a specially developed instrument for digitising spatial co-ordinates, 

to describe the movements of the humerus and the scapula during free and against resistance 

shoulder elevation. The palpator was an open chain mechanism consisting of four links and 

four hinges with a base fixed on a rigid base (Pronk and Van der Helm, 1991). Rotation of the 

hinges was recorded using high precision potentiometers. The voltage of the potentiometers 

was used to calculate the position of the endpoint of the fmal link. The spatial orientation of 

the clavicle, scapula and humerus was determined by pressing the endpoint o f the palpator 

against specific bony landmarks that were identified with palpation. Commercially available 

electrogoniometric linkage digitisers such as the Metrecom and Optotrack probing systems 

have also proved to be highly accurate and reliable (Smidt et al., 1992; Hebert et al., 2000). 

These findings have encouraged researchers to use these devices in the assessment of 

scapulohumeral kinematics under various loading conditions (De Groot et al., 1999), after 

localised muscle fatigue (McQuade et al. 1995), in individuals with different thoracic postures 

(Kebaetse et al. 1999) and in clinical studies following stretching and strengthening exercise 

(Wang et al. 1999).

The introduction of aerospace technology to human movement studies has enabled 

researchers to assess 3-D shoulder kinematics with greater precision by means o f an 

electromagnetic sensing device (Johnson et al., 1993; McQuade and Smidt, 1998; McQuade 

et al., 1998; Barnett et al., 1999; Price et al., 2000). This device consisted of an 

electromagnetic source attached to the trunk (usually the sternum) and a sensor. The source
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generated an electromagnetic field detected by the six-degrees-of-freedom sensor, which was 

mounted on the scapula and humerus and calculated their spatial orientation using specifically 

designed computer application software. Humeral motion was studied with the 

electromagnetic sensor attached on a custom-made splint, which was placed around the arm 

(Johnson and Anderson, 1990). Scapular movements were assessed with the sensor mounted 

either directly on the superior flat surface of the acromion (McQuade and Smidt, 1998) or on 

the Locator, a specifically designed device to locate the position of the scapula (Johnson et 

al., 1993). The Locator consisted of three spherical-ended palpation rods attached on a plastic 

base which could be adjusted along slots on the plastic base in order to contact the root of the 

scapular spine, the inferior angle o f the scapula and the acromion process (Johnson et al., 

1993). The high accuracy and reliability of electromagnetic sensing devices suggest that this 

equipment can be effectively used in the assessment o f humeral and scapular motion during 

arm movements (Johnson et al., 1993; McQuade and Smidt, 1998; Bamett et al., 1999). 

However, its use in clinical studies is limited (Price et al., 2000).

Moire topK)graphy is an optical effect produced when a subject is positioned behind a 

grid o f horizontal lines illuminated by a point light source (Figure GI-6). The line shadows 

cast by the grid conform to the surface topography of the subject. Fringe patterns are formed 

that appear as contour lines on the subject’s torso. The body surface contour lines accurately 

reflect asymmetry o f the scapulothoracic area, provided that the subject’s back is kept parallel 

to the apparatus. This method has been used in the evaluation of spinal deformities (Moreland 

et al., 1981) as well as in the assessment of shoulder function after arthrodesis (Jonsson et al., 

1989) and in optical measurements o f the centre of rotation of the shoulder complex (Shoup, 

1976). Recently, Moire topography was used to assess scapulothoracic motion in normal 

shoulders and shoulders with glenohumeral instability and impingement syndrome (Warner et 

al., 1992b). It was concluded that the Moire topographic analysis technique was more
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sensitive for detection of scapulothoracic motion dysfunction than simple clinical 

observations.

Figure Gl-6: Normal Moire photograph. M, O and W are examples of fringes that can be selected for 

comparison. Adapted from: Warner, J.J.P., Micheii, L.J., Arslanian, L.E., Kennedy, J. and Kennedy, R. (1992b). 

Scapulothoracic motion in normal shoulders and shoulders with glenohumeral instability and impingement 

syndrome. A study using Moire topographic analysis. Clinical Orthopaedics, 285, 191-199.

Doody et al. (1970a) used a specially constructed scapulohumeral goniometer to 

measure the movements of the scapulohumeral movements. The goniometer consisted of 

three linear transparent segments, namely the vertical, scapular and humeral segments, jointed 

by two 360° protractors (Figure GI-7). Proper goniometric measurements were based on the 

ability of the examiner to identify the root of the scapular spine and the acromion process. The 

protractor at the junction of the vertical and scapular segments is placed at the root of the 

scapular spine, with the vertical segment placed parallel to the spine and the scapular segment 

placed parallel to the scapular spine. The angle formed between the vertical and scapular 

segments indicates the degree of scapular rotation. The arm angle was measured by placing 

the protractor located at the junction of the scapular and humeral segments below the tip of 

the acromion, and the humeral segment parallel to the humeral shaft.

41



V E tT IM l 
S H M E N T ---------

LEVtL

Figure GI-7: Scapulo-humeral goniometer used to measure the movements of the scapula and the humerus. 

Adapted from: Doody, S.G., Waterland, J.C. and Freedman, L. (1970a). Scapulo-Humeral Goniometer. Archives 

o f Physical Medicine and Rehabilitation, 51, 711-713.

The greatest variability between repeated measures of both scapular and 

glenohumeral angles was 3.04° suggesting that the testing procedure was reliable (Doody et 

al., 1970a). However, in a recent study Youdas et al. (1994) reported that the differences 

between the first and second measurements made on a patient by the same physical therapist 

was 3° or more and sometimes exceeded 8°. The authors concluded that these differences 

were unacceptable for clinical use. The thick soft tissue that often covered the scapula was 

one of the factors that may prevent therapists from identifying the specific bony landmarks for 

proper goniometric measurements.

Similar difficulties are also encountered in distance measurements of the static 

position of the scapula. DiVeta et al. (1990) proposed a method, which required measurement 

of the distance (A) between the inferior angle of the acromion and the spinous process o f the 

third thoracic vertebrae (T3) using an unmarked string (see Figure GI-8). This distance was 

defmed as the total scapular distance. The examiner also measured the length o f the scapula 

(B), which was defined as the distance between the inferior angle of the acromion to the
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medial border of the scapula, at the level o f the root of the spine. In order to account for 

different body sizes, the position of the scapula on the thoracic wall was determined as the 

ratio of the total scapular distance to the length of the scapula.

Figure GI-8: Measurement of static scapular position expressed as a ratio of the total scapular distance (A) to 

the length of the scapula (B). Adapted from: DiVeta, J., Walker, M.L. and Skibinski, B. (1990). Relationship 

between performance of selected scapular muscles and scapular elevation in standing subjects. Physical Therapy, 

70,470-477.

The ability o f the posterior shoulder muscles for effective positioning and 

stabilisation has also been measured with the lateral scapular slide test (Kibler, 1991). 

According to this test, distance measurements between the inferior tip o f the scapula and the 

spine were performed bilaterally with the arms at three different positions (Figure GI-9). 

Research has shown that in asymptomatic athletes, bilateral distance measurements revealed 

less than 1-cm difference between sides indicating symmetrical function o f the scapular 

muscles. However, in symptomatic individuals bilateral differences o f 1 cm or more in 

positions 2 and 3 has been considered statistically significant and was associated with the 

onset o f pain and decreased shoulder function. The intra-examiner reliability for both DiVeta 

and Kibler’s tests was greater (ICC = 0.81-0.95) compared to inter-examiner reliability (ICC
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= 0.18-0.91). Variability associated with repeated measurements ranged between 0.44-0.79 

cm when measurements were performed by the same examiner and between 0.60 and 1.65-cm 

when different examiners carried out the assessment (Gibson, et al., 1995).

Position 1 Position 2 Position 3

Figure GI-9: Kibler’s lateral slide test: Distance measurements between the inferior tip o f the scapula and the 

spine performed with the arms at the side and neutral rotation (position 1), with the hands placed on the hips with 

the thumbs pointed posteriorly (position 2) and with the arms at 90° of elevation (position 3).

2. INTRODUCTION TO ISOKINETIC DYNAMOMETRY

In the late 60’s, the term “isokinetic” was introduced as a new concept of exercise 

defming dynamic muscular contraction against a controlled accommodating resistance which 

moved at a pre-selected constant angular velocity (Hislop and Perrine, 1967; Thistle et al., 

1967). This concept was further clarified in a later study which showed that the term 

isokinetic referred to the constant velocity o f the limb’s movement, and not to the constant 

linear rate of muscular shortening (Hinson, et al., 1979).
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Isokinetic movements are performed using specially designed dynamometers, which 

provide constant velocity to the limb or body segment under investigation, by means of an 

electronic or a hydraulic valve incorporated into the dynamometer. This mechanism is 

activated only when the limb’s angular velocity exceeds the pre-selected angular velocity, by 

generating a resistive force in order to maintain constant velocity. Isokinetic dynamometers 

have been categorised as passive or active. Passive dynamometers provide capabilities for 

isokinetic concentric, isotonic and isometric evaluation o f muscle performance. In addition to 

these actions, active dynamometers are also capable of measuring eccentric actions.

One of the advantages o f isokinetic assessment is that muscular performance can be 

assessed at its maximum potential, provided maximum effort has been generated at the pre

selected angular velocity over the entire range of motion tested. This is possible, as the 

resistance provided by the dynamometer is not fixed throughout a range of motion. Therefore 

! maximum force can be produced in the midrange of motion, when a muscle has an optimum 

length-tension relationship, as well as at the inner and outer ranges of motion where a muscle 

I is at physiological and mechanical disadvantage. Isokinetic dynamometry also provides 

several advantages to injured individuals, as it enables isolation of the weaker muscles,

I  selection of a pain-free range of motion and elimination of eccentric actions particularly in the 

early rehabilitation stages. Additionally, the computer controlled capabilities o f the 

dynamometer allow selection of isokinetic velocities, which enable patients to exercise with 

1 sub-maximal effort, placing the injured joint under minimal stress, and termination of the 

movement by disengaging the resistance mechanism, when pain or discomfort is felt (Perrin, 

1993). The high cost and lack of functionality of isokinetic dynamometers (reliable and valid 

evaluation of muscular function primarily in non-weight-bearing open-kinetic-chain positions 

and only in the cardinal planes) are some of the disadvantages accompanying the use of these 

devices (Perrin, 1993).
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Muscular performance, in isokinetic dynamometry, is measured in terms o f  moment. 

Moment is the product o f the rotational (perpendicular) component o f the applied force, 

which is exerted by a particular muscle group and the distance from the point o f force 

application to the centre o f rotation o f the joint. This distance is measured prior to isokinetic 

testing and is based on the pre-set sensor's lever arm length, which is defined as the distance 

between the location o f the force sensor and the centre o f rotation o f the dynamometer's 

actuator arm. The sensor’s and limb's lever arm lengths are considered equal, provided that 

the centres o f  rotation o f the arm actuator and the body segment are accurately and constantly 

aligned throughout a range o f  motion. Peak, angle-based peak and average moment, work, 

power, and moment acceleration energy are some o f the isokinetic parameters that have been 

introduced in the literature measuring different aspects o f muscle function.

Peak moment has been the most frequently used measurement variable o f  isokinetic 

strength. This parameter is referred to as the highest moment produced by a muscle group at a
I

1 single point in the entire range o f motion tested. It usually represents the highest peak moment
I

I which has occurred in the best repetition, or the mean peak moment from several repetitions. 

Baltzopoulos and Brodie (1989) have stressed that the latter is not a meaningful measurement 

o f isokinetic strength, since peak moment may has been recorded at several different angular 

positions. Concentric peak moment is likely to occur within the mid-range o f a movement, 

therefore standardisation o f the range o f  motion tested in not essential (Perrin, 1993). 

Identification o f peak moment is not always straightforward. Moment oscillation occurring at 

the beginning or at the end o f an isokinetic movement may be misinterpreted as peak 

moments, overestimating true muscular strength (Sapega et al., 1982; Wilk et al., 1995). 

Similar oscillations o f  varying amplitude may occur during isokinetic eccentric actions (Dvir, 

1995). Identification o f  peak moment may be also compromised by a fixed sampling rate o f  

the data processing unit. Using a sampling rate o f 100 Hz (100 readings per second) the
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isokinetic curves appeared as dotted rather as solid lines, particularly at very high angular 

velocities (Dvir, 1995).

The software used for data analysis and display usually records the angle at which 

peak moment occurred. This parameter may provide useful information about the mechanical 

properties of a muscle, such as the optimum joint angle where maximum force can be 

generated (Baltzopoulos and Brodie, 1989). Research has shown that with increasing velocity 

peak moment occurs later in the range of movement (Ostemig, 1986; Thorstensson et al., 

1976). This can be a potential problem when comparing peak moment across a wide spectrum 

of isokmetic velocities, as the limb may pass the optimal joint position and the recorded 

moment may not represent the subject’s maximal moment capacity (Ostemig, 1986; Karmus 

and Beynnon, 1993). The angle at peak moment may also be effected by muscle strength, so 

that the weaker the muscle the later the peak moment occurs (Kannus and Beynnon, 1993).

Angle-based moment is the moment produced at a specific angular position in the 

range tested. Maximum moment recorded at a specific angle is less likely to be affected by 

treinsient moment oscillations, particularly if this angle has been selected from the mid-range 

of motion. However, the recorded moment data at this point may not be the maximum 

achieved in the range of motion tested (Baltzopoulos and Brodie, 1989).

Average moment defines the moment generation capacity of a muscle group over the 

entire range of motion tested. The average moment is calculated by summing all moment data 

recorded at each sampling point and dividing by the number o f points (Dvir, 1995). In 

contrast to peak moment, calculation of average moment requires standardisation of isometric 

pre-activation and the range of motion tested. Several studies have shown that an increase in 

the former and a decrease in the latter may inflate average moment data (Kramer et al., 1991, 

Tis et al., 1993). Dvir and David (1995) showed that peak and average moment data could not 

be used interchangeably since the relationship between the two variables was lower for some
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movements (knee flexion and extension) compared to others (trunk flexion and extension). 

Based on this finding, the authors suggested that bilateral and reciprocal moment ratios should 

be calculated based on average moment data. The unit of measurement for peak, angle-based 

peak and average moment is Newton metres (Nm).

Work is an indication of energy expenditure and is expressed in joule (J). In 

isokinetic dynamometry terms, work is defined as the area under the entire moment curve, 

and is equal to the average moment times the angular displacement (Dvir, 1995). Total work 

is an indication of the average work done in all test repetition and peak work is defined as the 

work done in the best repetition (Kannus, 1994). Dvir (1995) has stressed that since work is 

derived from average moment, by multiplying with a constant (angular displacement), the 

correlation between work and average moment is one. Research has shown that work can be 

predicted from peak moment data obtained in normal and pathological knees (Perrin et al., 

1987; Sapega, 1990). The magnitudes o f total and peak work have been questioned, since 

both variables have good predictability from peak moment data and calculation is probably 

urmecessary when the single best score or effort of several attempts is the measure for
I

I muscular performance. However, it has been suggested that work data may be more 

informative about the functional status of a muscle group compared with peak moment, 

particularly when isokinetic assessment is performed for rehabilitation purposes (Perrin, 

1993).

Power defines the rate of muscular work output and is expressed in Watts (W = J-s'*). 

Average power is equal to the total work done over a number of repetitions divided by the 

total time taken to execute the movement through an angular sector (Kannus, 1994). Peak 

power is calculated based on the amount of work done in the best repetition divided by the 

movement time (Kannus, 1994).
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Peak moment acceleration energy is an estimate o f muscular explosiveness and is 

defmed as the greatest amount o f work performed in the first 125 ms of an isokinetic 

movement (Kannus, 1994). Peak moment acceleration energy is expressed in joule (J).

2.1. FACTORS AFFECTING ISOKINETIC TESTING

Several factors associated with the dynamometer, examiner, subject, testing 

procedure, testing protocol and data analysis have been reported in the literature that may 

potentially effect isokinetic moment data, compromising its validity and reliability (see Table 

GI-1) (Baltzopoulos and Brodie, 1989; Perrin, 1993; Kannus, 1994; Dvir, 1995). Analysis o f 

these factors is beyond the scope of this introduction. However, the most important were 

I reviewed and analysed in relation to the shoulder joint.

2.2. RELIABILITY ASSESSMENT IN ISOKINETIC DYNAMOMETRY

Reliability has been defmed as the consistency of measurements, or of an 

individual’s performance on a particular test (Safrit and Wood, 1989). It may also define the 

absence of measurement error (Safrit and Wood, 1989). Since some amount of measurement 

 ̂ error is associated with any testing procedure, reliability can be considered as the minimum 

acceptable error (variation) for the effective practical use o f a tool or a testing procedure 

(Atkinson and Nevill, 1998).
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Table GI-1: Factors affecting isokinetic testing

Dynamometer -  related factors
Type of dynamometer 
Calibration

Examiner -  related factors
Differences between examiners

Subject -  related factors
Age
Gender
Body mass
Athletic background
Dominance
Pain/Discomfort
Fatigue
Level of motivation

Testing procedure -  related factors
Warm up procedure 

I Positioning 
Stabilisation
Alignment of anatomical and dynamometer’s axes of rotation 
Lever arm length 
Pre-load force 
Dump setting 

I  Gravity correction procedure

Testing protocol -  related factors
1 Variation in velocity 
I Rest intervals
: Familiarisation with the dynamometer 

Circadian variation/time of day 
Instructions prior to isokinetic assessment 
Visual feedback from the screen 
Verbal encouragement 
Range of motion tested 
Testing order

Data analysis -  related factors
Acceleration moment oscillations due to inertial forces 
Smooth factor

Other factors
Subject-induced or ambient noise
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Despite the fact that “measurement error” is a widely accepted term in describing the 

expected differences over repeated measurements of a physical entity, it is questionable 

whether it is valid to use the term ‘error’ in its broadest sense, particularly in muscular 

strength performance. In measurement theory, error relates to a deviation from a known value 

of a physical entity provided that an estimate about this value is known. However, knowledge 

or even estimation of the true value is probably unattainable, when the measured variable is 

associated with human performance. Strength is an unstable phenomenon which depends on a 

very large number of independent and inter-linked parameters but most importantly it relates 

to the inherent limitation of the CNS and associated motor apparatus in generating exactly the 

same neurophysio logical pattern time and time again. Hence, strength scores may fluctuate 

even when the test protocol is based on a densely packed series of repetitions under carefully 

controlled conditions. Therefore, it has been suggested that instead of referring to “error”, the 

term “variability” should be used as it is more valid and descriptive of the fluctuating nature 

of a series o f measured scores obtained upon strength testing of a given muscle or muscle 

group (Dvir, personal communication).

Reliability has been categorised in two tj^es; relative and absolute (Baumgarter, 

1989). Relative reliability indicates the degree to which individuals maintain their position in 

a sample with repeated measures, or the relationship between variability o f measurement and 

the magnitude of the measured variable (Baumgarter, 1989). Relative reliability is assessed 

with correlation based indices such as the Pearson’s correlation coefficient (r) and intraclass 

correlation coefficient (ICC). One of the disadvantages associated with the use o f Pearson’s 

correlation coefficient are that it cannot on its own assess systematic bias (general trend of 

measurement to be either greater or lower in repeated tests). The magnitude of r is also 

dependent on the range o f the sample values, the more inter-individual variability the greater 

the magnitude of r (Bates et al,  1996). Therefore, conclusions regarding reliability o f a
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particular testing procedure using the Pearson’s correlation coefficient cannot be extrapolated 

to groups of individuals with different homogeneity/heterogeneity nor can they be used for 

comparison with r-values calculated in other reliability studies.

In contrast to Pearson’s correlation coefficient, the ICC can be used when more than 

two tests are compared. The ICC can be calculated in at least six different ways, based on the 

terms used in the calculation of F-value from the repeated measure analysis o f variance 

(ANOVA). The classification of each ICC is denoted by two numbers. The first number 

denotes whether a one-way (1) or two-way ANOVA (2 or 3) for repeated measures have been 

used in the calculation of ICC. The second number indicates whether a single measurement 

(1) or the mean of several measurements (k) was the outcome of the tests. The ICC (1,1 or 

suggests that one way ANOVA was used in the calculation of ICC based on a single 

measurement or the mean of several measurements performed by raters, that were randomly 

! selected from a larger population of raters. Calculation of ICC (2,1 or k) is performed using a 

two way ANOVA for repeated measures when several subjects have been examined each by 

' one of the randomly selected raters. This model is used when an investigator wishes to assess

j whether or not a particular tool or testing procedure can be used by all equally trained
i

individuals (generalisability theory). In isokinetic dynamometry, this model should be used 

when the reliability between different dynamometers or examiners is being examined (inter

rater reliability). The third model (3,1 or k) should be used when the examination of the 

' reliability o f a testing procedure is limited to a specific research situation (intra-rater 

reliability). Each of the models yields a different ICC for the same data set. Higher ICC’s are 

obtained with the third model (3,1) compared to the second (2,1), or the first (1,1) model 

which yields the lowest ICC values for the same data set. These implications suggests that 

meaningful conclusions about the reliability o f a testing procedure carmot be drawn, unless 

the model used for computation of ICC is known (Shrout and Fleiss, 1979).
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One o f the problems associated with the use of correlation-based indices is that the 

decision o f whether a testing method can be accepted as reliable or not is based on arbitrarily 

chosen cut-off levels. Both r and ICC have magnitude between zero and one. In general, the 

closer these indices approach unity, the better the reliability. Several authors have stressed 

that correlation coefficients greater than 0.75 may be considered reliable, and those below to 

0.75 may be considered to have a moderate to low reliability (Fleiss, 1986; Portney and 

Watkins 1993). Currier (1984) has reported that coefficients between 0.90-0.99 indicate 

“high” reliability, 0.80-0.89 “good” reliability, 0.70-0.79 “fair”, and < 0.69 “poor” reliability. 

Portney and Watkins (1993) have stated that for most clinical applications, an ICC should be 

greater than or equal to 0.90 to ensure reasonable validity. Furthermore, there is no evidence 

in the literature to relate these indices with possible variability associated with repeated 

measures.

Absolute reliability indicates the degree to which repeated measures vary for 

individuals. This type of reliability is expressed either in the actual units of measurement or 

■ alternatively as a proportion of the measured value. The coefficient of variation (CV) and the 

I standard error o f measurement (SEM) are the most popular methods for calculation of 

variability o f measurement. The CV is simply calculated by dividing the standard deviation 

with the mean of repeated measures and multiplying by 100. Calculations o f CV are based on 

the assumption that there is a normal population of repeated measures. This method also 

assumes that there is a strong relationship between the measurement variability and the 

magnitude of measured data, in such a way that the higher a subject scores in a particular test, 

the larger the variation between repeated measures. The term “heteroscedasticity” and 

“homoscedasticity” indicate the presence or absence, respectively o f a relationship between 

measurement variability and the magnitude of the measured data.
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Standard error of measurement is calculated using the expression SEM = SD (1- 

ICC)'''', where SD is the sample standard deviation, and ICC the calculated intraclass 

correlation coefficient. Calculation of SEM is based on an assumed normal population of 

repeated measures. It is also assumed that there are no carry-over effects between repeated 

measures, such as learning or fatigue effects. The use o f SEM also denotes that the data is 

homoscedastic. Practically this implies that the calculated measurement variability is similar 

for subjects who scored low as for those who scored high, in a particular test. The variability 

of the sample scores can highly effect SEM. Hence for the same ICC, a more heterogeneous 

group of individuals would reveal a greater SEM compared with a homogeneous group. 

Keating and Matyas (1998) reported that SEMs derived from low scoring individuals might 

not be appropriate to interpret the measurement variability of high scoring individuals. They 

also reported that the subjects who achieved higher isokinetic moment were likely to be more 

variable than individuals with low moment generation capacity. Similarly, higher variability 

between scores may result from situations that facilitated higher isokinetic moment, for 

example when using slow isokinetic velocities.

A less popular method that has been introduced in the literature for the calculation of 

measurement variability, is the “limits of agreement” (Bland and Altman, 1983). Unlike the 

CV and SEM, the limits o f agreement require exploration o f systematic bias and 

heteroscedasticity. A scatterplot o f the individual differences against the means obtained from 

repeated measurements gives a rough indication of systematic bias and the magnitude of 

measurement variability. This can be done, by examining the direction and magnitude of the 

scatter around the zero line, respectively. Formally, systematic bias can be assessed using 

paired T-test or ANOVA. If there is no systematic bias, the limits of agreement are calculated 

by muhiplying the standard deviation of the differences by 1.96 to obtain the 95% confidence 

intervals o f the differences. However, it has been suggested that regardless o f the level of
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statistical significance, bias should be quoted along with the 95% limits of agreement, since 

T-tests may not detect significant test-retest differences, if they are accompanied by large 

random variation (Atkinson and Nevill, 1998). Heteroscedasticity can be examined by 

plotting the absolute differences against the individual means and calculating the correlation 

coefficient. If heteroscedasticity is present, then the measurement variability can be expressed 

proportionally to the magnitude of measured variable, similar to the CV, following 

logarithmic transformation of data. If the data is homoscedastic, then the measurement 

variability is expressed in the units of the measured variable.

2.3. ISOKINETIC ASSESSMENT OF THE SHOULDER MUSCULATURE

Although isokinetic dynamometry was introduced more than three decades ago, 

evaluation of shoulder musculature started in the early 80’s (Rauschning et al., 1980) £ind 

only in the last ten years clinical studies, particularly concerned with the strength of the
i
1

I shoulder rotators have increased considerably. The following sections will focus 

predominantly on the available information, and the problems that have been encountered 

during isokinetic testing of the shoulder musculature.

2.3.1. Inter-model variability

The lack of consistency between isokinetic dynamometers regarding knee moment 

data has been addressed by several authors (Gross, 1991, Timm, 1990). Similar observations 

have been also reported for concentric and eccentric rotator actions o f the shoulder. Walmsley 

and Dias (1995) examined concentric internal and external rotation, in 9 males and 6 females, 

using a Kin Com, a Cybex II and a Lido isokinetic dynamometer. Measurements were 

performed on three occasions, with a minimum interval between testing sessions o f 7 days.
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Internal and external rotation were performed in the supine position with the shoulder in 90° 

of elevation in the coronal plane, at isokinetic velocities o f 60, 120 and 160°-s’’. Reliability 

was assessed using ICC (2,1). The results o f this study revealed consistent results and good 

reliability (0.88) across dynamometers only for internal rotator actions at 60°-s‘‘. The ICC’s 

for shoulder internal and external rotator peak moment at 120 and 160°-s * ranged between 

0.68-0.84, with only two of the three dynamometers being in agreement each time. The Kin 

Com and Lido dynamometer gave consistently lower data for internal and external rotator 

actions, respectively.

Kimura et al. (1996) used a Biodex B-2000, a Kin Com and a Lido dynamometers to 

examine inter-model variability for gravity corrected concentric and eccentric rotator actions 

of the shoulder at 120°-s’'. Twenty-eight males were examined twice, 6 days apart using all 

dynamometers. Measurements were performed in the seated position with the shoulder in 90°

' o f elevation in the coronal plane. The authors reported statistically significant differences 

j between dynamometers regarding concentric internal and eccentric internal and external 

rotator peak moment. The ICC (2,1) data revealed greater reliability for concentric (0.53-0.89) 

compared to eccentric rotator actions (0.09-0.76), regardless o f the dynamometer’s type. The 

Lido dynamometer was consistently less reliable (0.09-0.67) than the Biodex and Kin Com 

dynamometers (0.41-0.89) for all movements and actions tested.

2.3.2. Intra-examiner and inter-examiner variability

The effect o f a single examiner (intra-examiner) or different examiners (inter

examiner) to the variability of repeated isokinetic measurements has been examined by 

several authors using inter-session intervals o f 2 hours (Kuhlman et al., 1992), 4-7 days 

(Hageman et al., 1989; Malerba et al., 1993; Frisiello et al., 1994; Tis and Maxwell, 1996;
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Hartsell, 1998/99) or 2 (Mayer et al., 1994), 3 and 6 weeks after the initial testing session 

(Durall et al., 2000).

Hageman et al., (1989) examined intra-examiner reliability o f concentric and 

eccentric rotation of the shoulder, using a Kin Com dynamometer. Measurements were 

performed in the seated position with the shoulder in 45° o f elevation in the coronal and 

sagittal planes, at 60 and 180°-s'’. Pearson’s coefficients ranged between 0.83-0.93 indicatmg 

“acceptable” reliability. “Good” to “high” intra-examiner reliability has also been reported, 

for peak concentric and eccentric actions of the shoulder rotators in the scapular plane (ICC 

and r — 0.81-0.99) using Merac (Greenfield et al., 1990), Cybex (Tis and Maxwell, 1996; 

Hartsell, 1998/1999) and Lido dynamometers (Kuhlman et al., 1992).

Malerba et al. (1993) examined the inter-examiner reliability for concentric and 

eccentric peak moment, total work and average power of the shoulder rotators in a group of 

unilateral injured males and females. Internal and external rotator actions were assessed with 

the shoulder at 45° of elevation in the scapular plane, at 60 and 120°-s’’. Concentric actions in 

this study were more reliable (ICC 2,1 = 0.60-0.95) than eccentric actions (ICC 2,1 = 0.44- 

0.92). Isokinetic measurements were also more reliable on the previously injured side than on 

the non-injured side. Isokinetic assessment of the eccentric internal and external rotator 

actions of the shoulder, measured in the neutral arm position at isokinetic velocities of 90 and 

120°-s'*, have revealed ICC (2,1) data between 0.75-0.86 (Frisiello et al., 1994).

Test-retest isokinetic measurements o f shoulder elevation in both the coronal and 

scapular planes have revealed higher reliability coefficients at lower compared to higher 

isokinetic velocities and for female compared to male subjects (Table GI-2). No consistent 

differences were observed when intra-examiner reliability was assessed in different planes of 

elevation (coronal vs. scapular) or using different isokinetic dynamometers. Quantification of 

the variability associated with repeated isokinetic measurements of the shoulder musculature
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has been performed using CV (Mayer et al., 1994) and the standard error of estimate 

calculated from simple regression analysis (Magnusson et al. 1995).

Mayer et al. (1994) reported mean CV’s between 15-19% for concentric peak 

moment data for flexors, extensors, elevators, depressors, and internal and external rotators of 

shoulder, using a wide spectrum of isokinetic velocities (60-300°-s‘’), in young males and 

females. The CV ranged between 17.2-29.8% for eccentric peak moment produced by the 

same muscle groups at isokinetic velocities o f 60, 120, 180 and 240°-s’‘. In another study, 

Magnusson et al. (1995) quantified variability associated with repeated measures o f isokinetic 

elevation and depression of the shoulder in the coronal plane, using the standard error of the 

estimate expressed as a percentage of the mean peak moment data. They reported that the best 

measures for comparing isokinetic elevation and depression between days were the mean of 

’ the first three repetitions, which yielded standard errors between 8.6-19.2%. The SEM, 

although not commonly reported in reliability studies, can be easily calculated provided that 

the variability o f the scores achieved by the study group (standard deviation), as well as the 

calculated, correlation coefficient are knovm (Table GI-2). The data available in the literature 

: suggest that variability associated with repeated measures o f isokinetic shoulder elevation is
I

lower for females and at low isokinetic velocities compared to males and higher isokinetic 

velocities.
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Table GI-2: Intraclass correlation coefficients (ICC) and 95% standard error o f measurement (95% SEM) for repeated measures o f isokinetic 

shoulder elevation moments in both males (M) and females (F) and at various planes o f elevation and isokinetic velocities.

Author Isokinetic device Sample Velocity Plane of shoulder 

elevation

ICC SD

(Nm)

95% SEM 

(Nm)

Durall et al. (2000) Cybex 340 12F 60 Scapular 0.87 4.1 4.1

Whitcomb et al. (1995) Cybex II 5 F 90 Coronal 0.99 6.1 1.7

Whitcomb et al. (1995) Cybex II 5 F 90 Scapular 0.90 5.2 4.6

Kuhlman et al. (1994) Lido 2.0 21M 90 Scapular 0.88 9.4 9.0

Durall et al. (2000) Cybex 340 12F 180 Scapular 0.83 4.6 5.3

Whitcomb et al. (1995) Cybex II 5 F 210 Coronal 0.83 4.1 4.7

Whitcomb et al. (1995) Cybex II 5 F 210 Scapular 0.87 4.2 4.2

Kuhlman et al. (1994) Lido 2.0 21M 210 Scapular 0.76 11.0 15.0

Durall et al. (2000) Cybex 340 12F 300 Scapular 0.71 5.1 7.6
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2.3.3. Isokinetic testing procedures for the shoulder musculature

2.3.3.1 Positioning

Shoulder rotators: The high mobility of the glenohumeral joint has enabled 

researchers to examine shoulder rotators in several different positions (Tables GI-3 and GI-4). 

Positions were chosen based on manufactures’ instructions, functionality and the health status 

of the individuals under investigation. The position recommended for isokinetic assessment of 

the shoulder rotators using a Cybex dynamometer was supine with the shoulder at 90° of 

elevation in the coronal plane (see tables 3 and 4 for related references). Other authors have 

assessed the shoulder rotators in the prone or seated upright position with the shoulder in 90° 

of elevation, in order to closely approximate the body and shoulder position during the 

swimming stroke (Falkel, 1987; Beach et al., 1992) or the baseball pitch, respectively (Wilk 

et al., 1993; Mikesky et al., 1995; Scoville et al., 1997; Sirota et al., 1997; Newsham et al.,

I 1998). Patients with shoulder injuries have been examined standing with the shoulder in the 

neutral position (Warner et al., 1990; Tsai et al., 1991; Itoi et al., 1997) or seated with the 

! shoulder in 45° of elevation in the scapular plane (Leroux et al., 1994, 1995), in order to 

i  minimise the stresses placed on the capsuloligamentous structures and to avoid impingement.
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Table GI-3: Concentric peak moment data (Nm) of the shoulder internal (IR) and external rotators (ER), and percentages (%) of concentric 

external to concentric internal peak moment ratios (ER:IR) using various isokinetic dynamometers, testing positions and isokinetic velocities for 

the dominant and non-dominant sides, in healthy males (M) and females (F).

Author Isokinetic Testing position Gender Velocity Dominant side Non-dominant side
device (Body position/degrees of IR ER ER:IR IR ER ER:IR

shoulder elevation /plane) (°-s‘) (%) (%)

Ivey et al. (1985) Cybex Supine/90°/coronal M 60 50 32

F 60 27 19

Connelly-Maddux et al. (1989) Cybex Supine/90°/coronal M 60 57 35 63 53 33 62

F 60 23 15 70 23 16 71

Reid e? a/. (1989) Cybex II Standing/0°/horizontal M 60 42 29 77 38 27

F 60 23 13 83 21 13

Reid et a/. (1989) Cybex II Supine/90°/coronal M 60 40 31 69 40 30

F 60 19 16 56 19 15

Cahalan et a/. (1991) Cybex II Seated/15°/coronal M 60 62 35 58 35

F 60 30 19 27 18

Mayer et al. (1994) Lido Active Supine/90°/coronal M 60 42 24 38 23

F 60 23 14 21 13

Shklar and Dvir (1995) Kin Com Seated/45 “/scapular M 60 43 26 63

F 60 23 16 69

Codine et al. (1997) Biodex Seated/45°/scapular M 60 56 40 70 56 43 76
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Table GI-3: (continued)

Author Isokinetic Testing position Gender Velocity Dominant side Non-dominant side
device (Body position/degrees of IR ER ER:IR IR ER ER:IR

shoulder elevation /plane) (°s-') (%) (%)

Tata et al. (1993) Kin Com Seated/45°/scapular M 90 78

F 90 84

Shklar and Dvir (1995) Kin Com Seated/45 “/scapular M 120 38 23 64

F 120 21 14 67

Ivey et al. (1985) Cybex Supine/90°/coronal M 180 45 29

F 180 23 15

Connelly-Maddux et al. (1989) Cybex Supine/90°/coronal M 180 43 26 61 41 24 63

F 180 19 12 64 18 11 68

Cahalan et a/. (1991) Cybex II Seated/15°/coronal M 180 54 26 50 27

F 180 23 10 22 10

Tata et al. (1993) Kin Com Seated/45°/scapular M 180 86

F 180 87

Mayer et al. (1994) Lido Active Supine/90°/coronal M 180 37 22 35 20

F 180 20 12 18 11

Shklar and Dvir (1995) Kin Com Seated/45°/scapular M 180 37 21 61

F 180 20 14 68

Codine et al. (1997) Biodex Seated/45 “/scapular M 180 51 36 70 48 41 85
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Table GI-3: (continued)

Author Isokinetic Testing position Gender Velocity Dominant side Non-dominant side
device (Body position/degrees of IR ER ER:IR IR ER ER:IR

shoulder elevation /plane) (°-s-‘) (%) (%)

Mayer et al. (1994) Lido Active Supine/907coronal M 240 35 20 33 19

F 240 18 11 17 11

Cahalan et al. (1991) Cybex 11 Seated/15°/coronal M 300 46 19 43 20

F 300 19 5 16 5

Mayer et al. (1994) Lido Active Supine/90°/coronai M 300 34 20 32 19

F 300 19 11 17 11

Codine et al. (1997) Biodex Seated/45°/scapular M 300 48 36 76 48 39 82
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Table GI-4: Concentric peak moment data (Nm) of the shoulder internal (IR) and external rotators (ER), and percentages (%) of concentric 

external to concentric internal rotation peak moment ratios (ER:IR) using various isokinetic dynamometers, testing positions and isokinetic 

velocities for the dominant and non-dominant sides, in water polo players (WWP), swimmers (S), tennis players (TP), high school (HS), college 

(C) and professional (P) baseball players (BP)

Author Isokinetic Testing position Sample Velocity Dominant side Non-dominant side
device (Body position/degrees of IR ER ER:IR IR ER ER:IR

shoulder elevation /plane) (°s-‘) (%) (%)

Chandler (1992) Cybex 340 Supine/90°/coronal TP 60 41 25 61 32 24 70

Sirota et al. (1997) Kin Com 500 Seated/90°/coronal P-BP 60 70 66 98 71 60 85

Codine et al. (1997) Biodex Seated/457scapular TP 60 57 39 68 54 40 73

BP 60 65 40 59 55 40 71

Aiderink&Kuck(1986) Cybex II Supine/90°/coronal HS/C-BP 90 53 36 66 52 36 70

Hinton (1988) Cybex II Supine/90°/coronal HS-BP 90 40 27 69 35 26 76

Standing/0°/horizontal HS-BP 90 42 25 62 35 23 62

Mikesky et al. (1995) Kin Com III Seated/90°/coronal C-BP 90 96 62 69 88 61 76

Alderink & Kuck (1986) Cybex II Supine/90°/coronal HS/C-BP 120 51 34 68 49 35 72

Sirota et al. (1997) Kin Com 500 Seated/907coronal P-BP 120 64 59 97 64 57 91

Cook et al. (1987) Cybex II Supine/90°/coronal C-BP 180 70 81

Brown et al. (1988) Cybex II Standing/0°/horizontal P-BP 180 58 38 70 53 38 72

Wilk e/a/. (1993) Biodex Seated/90°/coronal P-BP 180 73 47 65 71 50 64

64



Table GI-4: (continued)

Author Isokinetic Testing position Sample Velocity Dom inant side Non-dom inant side

device (Body position/degrees of IR ER E R :IR IR ER ER :IR
shoulder elevation /plane) ( ° s ‘) (% ) (% )

Codine et al. (1997) Biodex Seated/45°/scapular TP 180 51 36 70 48 36 73

BP 180 60 34 56 51 34 67

Newsham et al. (1998) Biodex Seated/90°/coronal BP 180 70 47 67 64 47 73

Alderink & Kuck (1986) Cybex II Supine/90°/coronal HS/C-BP 210 45 32 71 45 34 76

Mikesky et al. (1995) Kin Com III Seated/90°/coronal C-BP 210 86 55 71 83 55 76

Hinton (1988) Cybex II Supine/90°/coronal HS-BP 240 28 20 71 25 20 80

Standing/0°/horizontal HS-BP 240 31 17 56 26 16 62

Brown et al. (1988) Cybex II Standing/07horizontal P-BP 240 55 34 66 49 33 67

Alderink & Kuck (1986) Cybex II Supine/90°/coronal HS/C-BP 300 43 30 70 43 32 76

Cook et al. (1987) Cybex II Supine/90°/coronal C-BP 300 70 81

Brown et al. (1988) Cybex II Standing/0°/horizontal P-BP 300 52 31 68 45 29 68

Chandler (1992) Cybex 340 Supine/90°/coronal TP 300 28 18 65 22 16 69

W ilke/a /. (1993) Biodex Seated/90°/coronal P-BP 300 67 40 61 65 41 70

Mikesky et al. (1995) Kin Com III Seated/90°/coronal C-BP 300 84 53 72 80 50 75
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Table G I-4: (continued)

Author Isokinetic Testing position Sample Velocity Dominant side Non-dominant side
device (Body position/degrees of 

shoulder elevation /plane) (°s-‘)
IR ER ER:IR

(%)
IR ER ER:IR

(%)

Codine et al. (1997) Biodex Seated/45°/scapular TP 300 49 33 66 44 33 75

BP 300 58 33 55 49 32 65

Newsham et al. (1998) Biodex Seated/90°/coronal BP 300 65 41 64 60 40 67

Newsham et al. (1998) Biodex Seated/90°/coronal BP 450 54 36 66 50 33 67
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Several authors have performed comparative studies regarding moment generation 

capacity o f the internal and external rotators of the shoulder in different trunk/shoulder 

positions. Walmsley and Szybbo (1987) examined the isokinetic strength of the shoulder 

rotators at three different body/shoulder positions: standing with the shoulder in 15° elevation 

(“neutral” position), seated with the shoulder in 90° of flexion and lying supine with the 

shoulder in 90° of elevation. The authors reported that the concentric peak moment of the 

internal rotators were greater in the “neutral” shoulder position, while the external rotators 

developed more strength at 90° o f shoulder flexion. These findings were not confirmed in 

another study carried out by Reid et al. (1989). They reported no significant differences 

between the shoulder rotator moments produced at 0 and 90° of shoulder elevation, with the 

subjects standing and lying supine, respectively, for both the dominant and non-dominant 

sides. Soderberg and Blaschak (1987) compared the peak moment produced by the shoulder 

rotators in six different seated positions: with the shoulder at the side (neutral position), at 45 

and 90° of elevation in the coronal and sagittal planes, and at 45° of elevation in the scapular 

plane. Distal stabilisation was provided by the grip, and an elbow attachment while the trunk

I and the shoulder under investigation were not supported or stabilised. The concentric peak
I

moment of the internal rotators was greater in the neutral position. The external rotators were 

stronger with the shoulder at 90° of elevation in the coronal plane, followed by the neutral 

position. Hageman et al. (1989) compared the concentric and eccentric peak moment
i

produced by the internal and external rotators with the shoulder in 45° o f elevation, in the 

coronal and sagittal planes. Subjects were seated without specific stabilisation other than 

elbow support. The results of this study revealed that concentric and eccentric external 

rotation was greater at 45° of elevation in the coronal than in the sagittal plane. The internal 

rotators were in general equally strong in the two planes.
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Isokinetic studies, which have assessed the differences between the moment 

produced by the shoulder rotators in the coronal and scapular planes, have reported 

conflicting findings. Hellwing and Perrin (1991) reported no significant differences for 

concentric and eccentric peak moment produced in the coronal and scapular planes with the 

shoulder at 90° o f  elevation. In another study, isokinetic testing o f  the shoulder rotators in the 

standing position with the shoulder at 45° o f  elevation, revealed statistically significant 

greater peak moment data only during external rotator actions in the scapular compared to the 

coronal plane (Greenfield et al., 1990). Tis and Maxwell (1996) examined the peak moment, 

total work and average power o f  the shoulder rotators in 20 recreationally active females. 

Subjects were assessed in the supine position with the shoulder elevated to 90° in the frontal 

and scapular plane. For the purpose o f  this study, the scapular plane was defined as one 

forming an angle o f  40° anterior to the frontal plane. The authors reported that the isokinetic 

strength o f  both the internal and external rotators was greater in the scapular compared to the 

frontal plane. In a more recent study, Hartsell (1998/99) examined the differences regarding

i

I  the moment generation capacity o f  the shoulder rotators between the standmg and seated
I
position, with the shoulder at 45° o f  elevation in the scapular plane. The results o f  his study 

revealed that the concentric and eccentric moment o f  the shoulder rotators were greater in the
i
1

I  standing compared with the seated position.

Shoulder elevators: Isokinetic assessment o f  the shoulder elevators has been 

routinely performed in the two cardinal planes, namely the coronal and sagittal planes. In 

most cases, as with isokinetic assessment o f  the shoulder rotators, positionmg followed the 

instructions for using the Cybex dynamometer (Alderink and Kuck 1986; Cook et al., 1987; 

Perrin et al., 1987; Reid et al., 1989; Otis et al., 1990; Wilk et al., 1995). According to these 

instructions, shoulder elevation in the coronal and sagittal planes were examined in the seated 

and supine positions, respectively, using the Upper-Body Exercise and Testing Table GI-
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(UBXT). The UBXT was set at an angle o f 40° to the vertical in order to maximise comfort. 

The head assembly tilted accordingly to enable alignment o f the axes o f rotation. The arm was 

fiilly extended and subjects held a handgrip located at the distal aspect of a long shaft. Slight 

elbow flexion was acceptable, particularly when shoulder elevation was examined over its 

maximum range of motion.

The scapular plane has been used in relatively fewer studies for isokinetic assessment 

of shoulder elevators (Tata et al., 1993; Kuhlman et al., 1992; Durall et al., 2000). For the 

purpose of these studies, the scapular plane was defined as one forming an angle of 30° with 

the subjects’ coronal plane. Subjects were examined seated upright with the elbow fiilly 

extended and the shoulder positioned in external (Whitcomb et al., 1995) or internal rotation 

(Connelly-Maddux et al., 1989), or in a position midway between internal and external 

rotation (Tata et al., 1993).

In a comparative study, Whitcomb et al. (1995) examined the moment generation 

capacity o f the shoulder elevators in the scapular and coronal planes. Subjects were seated 

upright and shoulder elevation was examined with the arm fiilly extended and externally 

rotated between 0-150° at 90°-s’'. The authors reported that the isokinetic strength of shoulder 

elevators, in the coronal compared to the scapular plane was not statistically significant. Lack 

of alignment between the glenohumeral centre of rotation and the centre o f rotation of 

actuator arm during isokinetic testing, side movements of the trunk and possible contribution 

of long head of biceps brachii to shoulder elevation, were some of the factors that may have 

contributed to these findings.

There are several disadvantages associated with isokinetic assessment of the shoulder 

elevators in the coronal and sagittal planes, especially when patients with shoulder injuries are 

under investigation. Neer and Welsh (1977) stressed that shoulder elevation in the coronal 

plane places the rotator cuff in a position for impingement, as fiill elevation can be achieved
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only with external rotation of the shoulder. The synchronous external rotation o f the shoulder, 

particularly at the higher ranges o f elevation increases the stress placed on the antero-inferior 

capsuloligamentous structures of the glenohumeral joint. Clinical findings have shown that 

patients who suffered subacromial impingement or chronic sublaxation were unable to 

tolerate this position (Eisner et a l, 1983). Rabm and Post (1990) reported that only 33% of 

their patients with shoulder pathologies tested could tolerate preoperative assessment 

according to Cybex protocol.

In contrast to the coronal plane, shoulder elevation in the scapular plane requires 

minimal external rotation, which eventually reduces the stress placed on the passive 

glenohumeral stabilisers (Johnston, 1937). Saha (1971) and Johnston (1937) have also 

reported that the line o f actions of the primary movers, namely the deltoid and supraspinatus, 

were better aligned relative to the glenoid fossa, and maintained this alignment over the entire 

range of motion, since no additional humeral rotation was required. Patients with shoulder 

problems were also more comfortable in this position (Eisner et al., 1983; Kuhlman et al.,
I

1992). Clinical observations suggest that subjects should be examined seated upright with the 

I elbow in extension and the forearm in pronation. Isokinetic shoulder elevation performed in
I

the scapular plane with the UBXT and the head assembly tilted to 45°, resulted in arm 

I  deviation from the scapular plane throughout the full range of motion (Whitcomb et al., 

1995). Positioning the shoulder in external rotation and the forearm in supination may engage 

I activation of the long head of the biceps brachii, compromising the validity o f isokinetic 

moment data. Furthermore, isokinetic shoulder elevation in the scapular plane with the arm 

fiilly internally rotated, may be awkward and uncomfortable for the individual under 

investigation and enhance impingement of the supraspinatus tendon under the acromion 

(Connelly-Maddux e/a/., 1989).
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23.3.2. Stabilisation

Shoulder rotators: Stabilisation of the trunk and proximal joints during isokinetic 

assessment of the shoulder rotators is dependent on the position used. The prone and supine 

positions required probably the least amount of stabilisation as friction and gravity limited 

trunk movements. Belts placed around the chest and waist were used for trunk stabilisation 

when isokinetic assessment of shoulder rotators were performed in these positions (Connelly- 

Maddux et al., 1989; Otis et al., 1990; Beach et al., 1992; Tis and Maxwell, 1996). A third 

belt around the lower part of the legs was also used on some occasions (Falkel et al., 1987).

Isokinetic assessment of the shoulder rotators in the standing position requires 

stabilisation of all the major body parts (Dvir, 1995). However, in the majority of studies, 

stabilisation in this position was offered only at the elbow joint (Walmsley and Szybbo, 1987; 

; Brown et al., 1988; Greenfield et al., 1990; Hartsell, 1998/99).

In the seated position, the subjects under investigation were usually stabilised on the 

seat of the chair using a strap around the waist (Malerba et al., 1993; Tata et al., 1993; Wilk et 

j a/., 1993; Mikesky et al., 1995; Scolville et al., 1997; Sirota et al., 1997; Hartsell, 

1998/1999). Stabilisation of the upper body was provided by a horizontal strap around the 

chest (Reid et al., 1989; Otis et al., 1990; Cahalan et al., 1991; Tata et ah, 1993), with one 

strap placed diagonally from the non-acting shoulder to the opposite hip (Malerba et al., 

1993), or by two straps crossing diagonally one another at the level o f mid-stemum (Wilk et 

al., 1993; Mikesky et al., 1995; Shklar and Dvir, 1995; Codine et al., 1997). In a recent study, 

Kramer and Ng (1995) used one strap around the chest and one vertical around the shoulder 

under investigation, to minimise trunk rotation and extraneous movements of the shoulder. As 

in the standing position, several authors have examined the shoulder rotators in the seated
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position by supporting only the elbow joint, without stabilising the lower or the upper body 

segments (Soderberg and Blaschak, 1987, Hageman et al., 1989).

Two straps have been used for the waist and chest during isokinetic assessment of 

the shoulder elevators. Side movements of the trunk and shrugging of the shoulders were not 

routinely prevented, despite evidences about potential effects on moment data (Whitcomb et 

al., 1995; Walmsley, 1993a, 1993b). On one occasion, a lateral telescopic trunk pad and a 

padded bolster were used to reduce compensatory movements of the trunk and to prevent 

shrugging of the shoulders, respectively, in addition to waist and chest belts (Kuhlman et ah, 

1992). However, there was no evidence to support if this method of stabilisation prevented 

effectively trunk and shoulder movements during isokinetic shoulder elevation.

Distal stabilisation during isokinetic shoulder rotator actions was provided for the 

elbow joint and the hand. The elbow was rested on a V-shaped pad and stabilised using a 

Velcro strap. Several isokinetic protocols have also required subjects to hold a grip with the 

testing arm, in order to maximise distal stabilisation (Falkel, 1987; Walmsley and Szybbo, 

1987; Soderberg and Blaschak, 1987; Connelly-Maddux et ah, 1989; Greenfield et al., 1990,

I Arrigo et al., 1994). Sapega (1982) has stressed that the use o f grip may compromise the 

validity o f the isokinetic measurements, as subjects who were unable to maintain a strong 

I hold during maximal rotator actions may reduce effort o f the proximal joint, in order to 

maintain distal grip. Some investigators have used a resistance pad which was placed 

proximal to the wrist, in order to minimise the contribution o f wrist flexors and extensors 

during internal and external rotator actions, respectively (Hageman et al., 1989; Otis et ah, 

1990; Tata et al., 1993; Kramer and Ng, 1995; Tis and Maxwell, 1996).

Shoulder elevation: Stabilisation of the distal joints during isokinetic shoulder 

elevation has been achieved by allowing the subjects to hold a grip placed at the distal end of 

the dynamometer’s shaft (Connelly-Maddux et al., 1989; Durall et al., 2000). Similar to
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shoulder rotator assessment, the moment produced by the shoulder elevators is likely to be 

effected, particularly in subjects who were unable to maintain a strong grip during the 

isokinetic movement (Sapega, 1990). Some authors have enhanced distal stability using a 

brace (Kuhlman et al., 1992) or by placing a resistance pad and the attached force sensor in a 

position proximal to the elbow joint (Tata et al., 1993). Further stability has been provided by 

instructing the subjects to grasp a handle fixed on the dynamometer, with the non-tested 

extremity (Alderink and Kuck, 1986; Connelly-Maddux et al., 1989; Reid et al., 1989; Otis et 

al., 1990; Malerba et al., 1993; Ellenbecker and Mattalino, 1997; Durall et al., 2000).

2.3.3.3. Joint/motor axes of rotation alignment

During isokinetic assessment of the shoulder rotators, alignment of the biological and 

mechanical axes of rotation can be achieved with relative ease. The axis o f rotation of the 

dynamometer’s actuator arm has been co-aligned visually with the longitudinal axis of the 

humerus (Falkel, 1987; Otis et al., 1990; Malerba et al., 1993; Shklar and Dvir, 1995; 

Walmsley and Dias, 1995) and considered aligned throughout the range of motion tested, as 

movements of the scapula during rotator actions o f the shoulder were limited.

The glenohumeral centre of rotation for isokinetic assessment of the shoulder 

elevators in the coronal plane was located on the lateral border of the acromion (Tata et al., 

1993), 2-3 cm below the inferior lip o f the acromial arch (Dvir, 1995), slightly medial and 

posterior to the acromioclavicular joint (Whitcomb et al., 1995) or on the acromioclavicular 

joint (Wilk et al., 1995). For isokinetic shoulder elevation in the sagittal plane, the 

glenohumeral centre of rotation was located inferior to the lateral border of the acromion 

(Shklar and Dvir, 1995). Alignment between the glenohumeral centre of rotation and the 

centre o f rotation of the dynamometer’s actuator arm was achieved visually or by using
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specially design callipers. Whitcomb et al., (1995) aligned the shoulder and motor axes of 

rotation for isokinetic shoulder elevation in the coronal and scapular planes by fixing one end 

of a telescopic pipe to the dynamometer and the other end lateral to the coracoid process. 

Walmsley, (1993a, 1993b) used specially constructed brackets to increase the precision for 

glenohumeral and dynamometer’s axes of rotation alignment during isokinetic 

flexion/extension and elevation/depression of the shoulder. The centre of rotation for these 

movements was determined by examining plane anteroposterior cadaveric radiograms. For 

flexion/extension of the shoulder, the centre of rotation was located 3 cm below the lateral 

point of the acromion process. The glenohumeral centre of rotation for elevation/depression 

was located on the intersection of horizontal and vertical lines drawn 3-cm distally from the 

tip of the acromion and one third of the distance laterally to the coracoid process, respectively. 

Despite the accurate alignment of the biological and mechanical axes o f rotation prior to 

isokinetic testing, the shoulder was displaced during elevation, reducing the perpendicular 

distance between the point of force application to the centre of rotation of the glenohumeral 

joint by 12.5%. The authors (Walmsley 1993a, 1993b) suggested that maximum moment data 

should be correspondingly reduced, in order to correct for this displacement.

2.3.3.4. Gravitational correction

Failure to accoimt for the effect of gravity will underestimate the moment produced 

against the gravity and will overestimate the moment produced towards gravity, effecting 

agonists/antagonists moment ratios and bilateral comparisons o f moment data (Baltzopoulos 

and Brodie, 1989; Perrin, 1993; Dvir, 1995). Both gravity-corrected (Otis et al., 1990, Tata 

1993; Wilk et al., 1993; Arrigo et al., 1994; Keskula and Perrin, 1994; Mikesky et al., 1995; 

Shklar and Dvir, 1995; So et ah, 1995; Walmsley and Dias, 1995; Wilk et al., 1995; Sirota et
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al., 1997; Durall et al., 2000) and gravity uncorrected (Perrin et al., 1987; Hageman et al., 

1989; Greenfield et al., 1990; Chandler et al., 1992; Ellenbecker and Mattalino, 1997; 

Scoville et al., 1997) isokinetic protocols have been carried out for the shoulder musculature.

2.3.4. Isokinetic testing protocols

2.3.4.1 Warm up and familiarisation

Warm up protocols for the shoulder musculature have consisted of 2 - 5 min cycling 

or arm cranking using a standard bicycle, an upper body ergometer, or a rowing ergometer 

(Hinton, 1988; Hageman et al., 1989; Frisiello et al., 1994; Malerba et al., 1993; Wilk et al., 

1993; Arrigo et al., 1994; Mikesky et al., 1995; Whitcomb et al., 1995; Wilk et al., 1995; 

Ellenbecker and Mattalino, 1997; Sirota et al., 1997; Durall et al., 2000) and/or mobility and 

stretching exercises (Ivey et al., 1985; Cook et al., 1987; Keskula and Perrin, 1994; Mayer et 

al., 1994; Shklar and Dvir, 1995; Hartsell, 1998/1999).

I Familiarisation with the isokinetic dynamometer was achieved with two to fifteen

submaximal repetitions or with two to seven submaximal followed by one to five maximal 

i repetitions (see Table GI-5 for related references). Repetitions o f gradually increased intensity 

(Tata et al., 1993; Mikesky et al., 1995; Wilk et ah, 1995; Durall et al., 2000), followed in 

some cases by at least one maximum repetition have also been used (Tata et al., 1993).

Isokinetic strength has been assessed with two to ten reciprocal contractions (see 

Table GI-6 for related references). The protocol used by Ivey et al. (1985) required 5 and 4 

maximal repetitions, at a slow (60°-s‘*) and a faster isokinetic velocity (180°-s'*), respectively. 

Newsham et al. (1998) used 5, 10 and 15 attempts at angular velocities of 180, 300 and 

450°-s’’, respectively.
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Table GI-5: Number and intensity o f repetitions used for familiarisation with the 

dynamometer prior to isokinetic assessment of the shoulder rotators.

Repetitions Author

Sub-
maximal Maximal

2 Otis et al., 1989; McMaster et al., 1991,1992; Frisiello et al., 1994

3 Ivey et al., 1985; Hageman et al., 1989; Mayer et al., 1994; Hartsell 

1998

3-5 Soderberg and Blaschak, 1987; Connelly-Maddux et al., 1989

4 Reid et al 1989; Chandler et al., 1992; Durall et al., 2000

5-6 Cahalan et al., 1991

10 Cook et al., 1987; Scoville et al., 1997

10-15 Alderink and Kuck, 1986

“  1 Brown et al., 1988; Kimura et al., 1995; Ellenbecker and Mattalino, 

1997

2 Kuhlman et al., 1992; Malerba et al., 1993; Keskula and Perrin, 

1994; Shklar and Dvir 1995; So et al., 1995; Whitcomb et al., 1995;

2-7 Sirota e /<3/., 1997

3 Perrin et al., 1987; Greenfield et al., 1990; WiUc et al., 1993; Arrigo 

et al., 1994

4 Tis and Maxwell, 1996

5 Walmsley and Dias, 1995

2.3.4.2. Test repetitions and inter-contraction time

Shoulder rotator actions have also been examined with 3-4 concentric and eccentric 

cycles performed continuously (Tata et al., 1993) and with 10 (McMaster et al., 1991, 1992; 

Shklar and Dvir, 1995) or 30 s inter-contraction intervals (Mikesky et al., 1995). In another 

study, subjects were instructed to perform 7 repetitions with progressively increasing intensity 

until they reached maximum effort in the seventh repetition (Cook et al., 1987).

76



Table GI-6: Number of repetitions used for isokinetic testing of the shoulder rotators.

Repetitions Author

2 Otis et al., 1989; Reid et ah, 1989

3 Falkel et al., 1987; Walmsley and Szybbo, 1987; Hageman et al., 1989;

Greenfield et al., 1990; Chandler et al., 1992; Kuhlman et al., 1992; Malerba 

et al., 1993; Frisiello et al., 1994; Whitcomb et al., 1995

4 Perrin et al., 1987; Burnham et al., 1995; Tis and Maxwell, 1996

5 Alderink and Kuck, 1986; Soderberg and Blaschak 1987; Brown., 1988;

Connelly-Maddux et al., 1989; Cahalan et al., 1991; Mayer et al., 1994; So et 

al., 1995; Walmsley and Dias 1995; Kimura et al., 1996; Hartsell, 1998; 

Durall et al., 2000

6 Sirota e/a/., 1997

10 Wilk et al., 1993, 1995; Arrigo et al., 1994

Arrigo et al. (1994) examined the test repetition during which peak moment and 

maximum work occurred for concentric internal and external rotator actions o f the shoulder in 

; professional baseball pitchers. Measurements were performed with each individual in the 

seated position and the shoulder in 90° o f elevation in the coronal plane. The testing protocol 

i  required 10 maximal repetitions at 180°-s‘' and 15 maximal repetitions at 300°-s''. The 

fmdings of this study revealed that peak moment and maximum work for the shoulder internal 

and external rotators occurred between the second and fourth repetition.

Keskula and Perrin (1994) compared the moment generation capacity o f the shoulder 

rotators using a continuous versus an interrupted protocol with a five seconds inter

contraction interval, in twenty-eight females. Gravity-corrected concentric and eccentric 

rotator actions were performed with each subject in the seated position and the shoulder in 

45° o f elevation in the coronal plane, using isokinetic velocities of 60 and 180°-s‘‘. The 

authors reported no statistically significant differences for average moment data between
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continuous and interrupted testing protocols. However, the interrupted testing protocol was 

more reliable and revealed lower variability associated with repeated measurements compared 

to the continuous protocol.

2.3.4.3. Visual feedbackA^erbal encouragement

Previous studies have shown that both visual input from the screen and verbal 

encouragement can influence isokinetic moment data o f the knee flexors and extensors 

(Baltzopoulos et a i, 1991; McNair et al., 1996). Isokinetic assessment of the shoulder 

musculature has been performed without visual feedback (Kuhlman et al., 1992; Keskula and 

Perrin, 1994; Ellenbecker and Mattalino, 1997; Durall et al., 2000), and with (Alderink and 

Kuck, 1986; Cook et al., 1987; Hinton, 1988; Walmsley and Szybbo, 1987; Kuhhnan et al., 

1992; Malerba et al., 1993; Tata et al., 1993; Arrigo et al., 1994; Wilk et al., 1995;
I

[ Ellenbecker and Mattalino, 1997; Durall et al., 2000) or without verbal encouragement (Ivey 

et al., 1985; Keskula and Perrin, 1994; Tis and Maxwell, 1996). No comparative studies have 

! shown whether feedback or verbal encouragement effect isokinetic moment data generated 

during shoulder movements.

2.3.5. Limb dominance

Bilateral comparisons regarding the strength of the shoulder musculature have been 

performed by several authors, in order to establish a baseline for comparisons with specific 

groups (e.g. athletes, patients with shoulder injuries) and set goals for rehabilitation purposes.

The majority of investigators have reported no statistically significant differences 

between the dominant and non-dominant side for concentric and eccentric flexion, extension, 

elevation, depression and internal and external rotator isokinetic moment data, regardless of
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the position or angular velocity used (see Table GI-3) (Ivey et al., 1985; Cook et al., 1987; 

Perrin et al., 1987; Connelly-Maddux et al., 1989; Reid et al., 1989; Otis et al., 1990; Warner 

et al., 1990; Mayer et al., 1994, Shklar and Dvir, 1995). Other authors have found 

significantly greater concentric peak moment and total work output on the dominant 

compared with the non-dominant side for the internal rotators (Warner et al., 1990; Cahalan et 

al., 1991), flexors (Cahalan et al., 1991) and extensors of the shoulder (Perrin et al., 1987). 

Connelly-Maddux et al. (1989) reported significantly greater moment acceleration energy for 

the shoulder depressors and higher endurance ratios for internal and external rotators, and 

depressors o f the shoulder on the dominant compared to the non-dominant side, in males and 

females with asymptomatic shoulders.

Regardless of the level of statistical significance, most studies have shown that the 

dominant side was always stronger than the non-dominant side, raising the question of 

whether statistically significant bilateral differences suggested clinically significant 

differences. Ivey et al., (1985) reported that peak moment generated by the shoulder 

musculature were usually 63-89% stronger on the dominant than the non-dominant shoulder, 

depending on the muscle group tested. Perrin et al., (1987) reported 5% greater peak moment, 

moment acceleration energy, average power and total work for the internal rotators of the 

shoulder on the dominant compared with the non-dominant side. In a more recent study, 

Shklar and Dvir (1995) found that concentric and eccentric peak moment data for the shoulder 

muscles were 1.5-17.1% greater on the dominant compared to the contralateral side, 

depending on the gender, muscle group and type of action examined.

The great variability regarding percentage differences of shoulder rotator isokinetic 

strength between the dominant and non-dominant sides may partially be attributed to the 

different characteristics of the study groups. Measurements have been performed primarily on 

non-athletic individuals, without any prior history of shoulder injuries or present shoulder
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pain (Perrin et al., 1987; Mayer et al., 1994; Shklar and Dvir, 1995). However, data gathered 

from the “normal” population should be interpreted cautiously, as in some cases, athletic 

individuals (Reid et al., 1989), and individuals who have participated regularly in upper 

extremity strengthening exercise programmes (Ivey et al., 1985) or have previously suffered a 

shoulder injury (Connelly-Maddux et al., 1989) have been included in the study groups.

2.3.6. Athletic background

Several authors have postulated that agonists to antagonists’ strength imbalances 

resulted from participation in bilateral (e.g. swimming) or unilateral overhead sporting 

activities (e.g. racquet sports) may contribute to shoulder pathology. Isokinetic assessments of 

the muscles surrounding the shoulder joint, particularly the shoulder rotators, have revealed 

several important evidences about the strength required to maintain balance in sporting 

individuals involved in such activities.

Alderink and Kuck (1986) have examined the internal and external rotators in a 

group of high school and college level baseball pitchers at 90, 120, 210 and 300°-s’’. The 

differences between the dominant and non-dominant sides for both internal and external 

rotators were not statistically significant. The only exception was the greater external rotator 

peak moment on the non-dominant compared to the dominant side at 210 and 300°-s'*. A 

similar finding was reported in a group of 150 professional baseball pitchers, who were 

examined at 180 and 300°-s*' (Wilk et al., 1993). Bilateral differences regarding internal 

rotator strength were not significant, while external rotators were significantly stronger on the 

non-dominant side at 180°-s‘'. Cook et al. (1987) examined the internal and external rotators 

of the shoulder at 180 and 300°-s'', in 15 college level baseball pitchers. Concentric internal 

rotator peak moment was greater on the throwing arm compared to the non-throwing arm, in
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only a few individuals. External rotator isokinetic moment was lower on the throwing arm 

compared to the non-throwing arm. In partial agreement with these findings, Perrin et al. 

(1987) have reported non significant differences between the right and left sides in 15 right- 

handed collegiate swimmers and pitchers, for peak internal and eJrtemal rotator moment data 

at 60 and 180°-s'*. However, bilateral differences for shoulder internal rotators approached 

10% at both test speeds for the pitchers. Moment acceleration energy, average power and total 

work developed during internal rotation at 180°/s, were significantly greater on the right than 

the left side for pitchers, but not for swimmers. Data were on average 15% greater for the 

right that the left side, however the differences for external rotators were not significant. In a 

recent study Wang et al., (2000) reported greater concentric and eccentric internal rotator, and 

lower concentric external rotator peak moment for the dominant compared to the non

dominant sides in volleyball athletes. Imbalance in strength training, weakness and atrophy 

due to suprascapular nerve entrapment, and microtrauma resulting fi’om repetitive eccentric 

loading during the follow through phase of throwing, were some of the factors that may 

! contribute to the relative decrease o f external rotation strength on the dominant in comparison 

with the non-dominant side.
I

Other authors have reported significantly greater concentric internal rotator angle- 

i specific and peak moment, average power and total work data for the dominant compared to 

the non-dominant side in termis players (Chandler et al., 1992), swimmers (McMaster et al.,
I

1992) and professional baseball pitchers (Ellenbecker and Mattalino, 1997). Bilateral 

differences regarding external rotator moment data were not significant. On some occasions, 

various parameters of isokinetic moment data were significantly greater on the dominant 

compared to the non-dominant sides, for both internal and external rotator actions, in high 

school baseball (Hinton, 1988) and professional baseball pitchers (Brown et al., 1988), and in 

outrigger canoe paddlers (Humphries et al., 2000). In contrast bilateral differences for
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concentric and eccentric internal and external rotator peak moment, work and average power 

were not statistically significant for concentric and eccentric internal and external rotator peak 

moment, work and average power were not statistically significant in collegiate (Newsham et 

al., 1998) and professional baseball pitchers (Mikesky et al., 1995; Sirota et al., 1997), and 

water polo players (McMaster et al., 1991).

The isokinetic strength of the elevators/depressors and flexors/extensors in the 

athletic population has been examined in relatively fewer studies. Isokinetic 

elevation/depression and flexion/extension of the shoulder were measured according to a 

Cybex protocol in 24 high school and college-aged baseball pitchers (Alderink and Kuck, 

1986). The authors reported statistically significant differences for most bilateral comparisons 

for shoulder depressors and extensors, while no consistent differences were observed between 

i sides for shoulder elevators and flexors. These findings were confirmed in a later study, which 

showed significantly greater peak moment, total work, average power and moment 

acceleration energy for extensors but not flexors on dominant compared with non-dominant 

sides in collegiate baseball pitchers and swimmers (Perrin et al., 1987).

Isokinetic assessments o f the elevators and depressors of the shoulder have been 

carried out in water polo players (McMaster et al., 1991) and swimmers (McMaster et al.,

\ 1992). Measurements were performed with each participant kneeling next to the 

j  dynamometer (Cybex) using isokinetic velocities of 30 and 180°-s''. Both groups of athletes
I

demonstrated significantly greater angle-based peak moment for elevators and depressors of 

the shoulder compared with non-injured individuals.

Wilk et al. (1995) examined the concentric action of the elevators and depressors of 

the shoulder in 83 professional baseball pitchers, using isokmetic velocities o f 180 and 

300°-s'‘. Subjects were examined seated with the arm fully extended in the coronal plane. 

Data were windowed (data obtained at the pre-set velocity or at 5% of that velocity) in order
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to eliminate moment spikes, which resulted from an abrupt end stop or a rebound effect of the 

lever arm. The authors reported significantly greater peak moment for the depressors on 

dominant compared with non-dominant sides, for both isokinetic velocities. Bilateral 

differences for isokinetic strength of the elevators were not statistically significant.

2.3.7. Antagonists to agonists ratios

In the normal population, strength balance between the antagonist and agonist 

muscles o f the shoulder has been determined primarily based on concentric peak moment 

data. The concentric flexion to extension peak moment ratio has ranged between 0.71-0.73 

and between 0.88-0.92 for males and females, respectively, at isokinetic velocities ranged 

between 60 and 180°-s‘' (Ivey et al., 1985; Shklar and Dvir, 1995). The concentric elevation

: to depression peak moment ratio has varied from as low as 0.50 to 1.02 (Ivey et al., 1985;
1

Connelly-Maddux et al., 1989; Reid et al., 1989; Tata et al., 1993; Shklar and Dvir, 1995). 

The concentric external to internal (ERcon:IRcon) peak moment ratio in the “normal” 

population has ranged between 0.61 to 0.86 (see Table GI-3) (Ivey et al., 1985; Cook et al., 

1987; Cormelly-Maddux et al., 1989; Reid et al., 1989; McMaster et al., 1991; Tata et al., 

1993; Mayer et al., 1994; Codine et al., 1997). The different positions used during testing, the 

lack o f data correction for the effect of gravity and the failure to eliminate transient moment 

oscillations were some o f the factors that may have contributed to the greater variability 

observed for the elevation to depression and external to internal rotation peak moment ratios.

In general, bilateral comparisons in the non-athletic population have revealed no 

significant differences for concentric antagonist to agonist peak moment ratios (Ivey et al., 

1985; Connelly-Maddux et al., 1989; Reid et al., 1989; Codine et al., 1997). Significantly 

bilateral differences for the shoulder rotator strength balance have only been reported in a few
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studies. Codine et al., (1997) found significantly greater ERcon:IRcon peak moment ratio on 

the dominant compared to the non-dominant sides at 180°-s'*. Warner et al., (1990) reported a 

30% greater ERcon:IRcon peak moment and total work ratio on the dominant than the non

dominant side, primarily due to higher values for internal rotation peak and total work on the 

dominant side.

Antagonists to agonists ratios based on eccentric moment data have been examined 

in relatively fewer studies. Flexion to extension, elevation to depression and external to 

internal rotation eccentric peak moment ratios, for both males and females, have ranged 

between 0.66-0.80, 0.70-0.86 and 0.66-0.79, respectively, at isokinetic velocities ranged 

between 60 - 180°-s'* (Tata et al., 1993; Shklar and Dvir, 1995). No statistically significant 

bilateral differences have been reported for these ratios.

In overhead athletes (baseball pitchers and tennis players) and swimmers the 

concentric external to internal peak moment ratio vary between 0.45 to 0.98. The lowest 

ERcon:IRcon ratios have been observed in water polo players (0.55-0.61) and swimmers 

(0.45-0.57) (McMaster et al., 1991, 1992). Ratios for both arms were lower than in non- 

athletic individuals, as a result of a greater internal compared to external rotator peak moment. 

The greater internal rotator strength obtained in these athletes was possibly attributed to the 

repetitive action of the internal rotators during the propulsive phase of the swimming stroke. 

The highest ERcon:IRcon peak moment ratios were reported by Sirota et al., (1997) in 

professional baseball pitchers. The more developed shoulder musculature together with the 

incorporation of isolated strengthening exercises for the external rotators to balance 

glenohumeral joint strength were some of the factors that may have contributed to the higher 

ratios observed in these highly competitive athletes. Chandler et al., (1992) observed a trend 

for ratios to be less on the dominant compared with the non-dominant arm at 60 and 300°-s’'. 

In agreement with these findings. Cook et al., (1987) and others (Hinton et al., 1988; Wilk et
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al., 1993; Codine et ah, 1997; Ellenbecker and Mattalino, 1997; Wang et al., 2000) have 

reported significantly lower ERconrlRcon peak moment ratios on dominant compared to non

dominant sides in unilateral overhead sporting activities. The lower ratios observed on the 

dominant side possibly indicated the selective concentric strength development of the internal 

rotators during pitching and tennis serving motion, without any concomitant increase in 

external rotator strength. However, other studies have shown that bilateral differences for 

ERcon:IRcon peak moment ratios were not significant for high school (Alderink and Kuck, 

1986), collegiate (Alderink and Kuck, 1986; Newsham et al., 1998) and professional baseball 

pitchers (Brown et al., 1988; Mikesky et al., 1995; Sirota et al., 1997), and tennis players 

(Codine e/fl/., 1997).

The eccentric antagonist to concentric agonist activity that occurs in the late cocking 

and follow through phases o f overhead actions has suggested quantification o f shoulder 

rotator muscle balance, using the eccentric external to concentric internal rotator 

(ERecc:IRcon) and the eccentric internal to concentric external rotator (IRecc:ERcon) ratios 

(functional ratios). The eccentric external to concentric internal peak moment ratio calculated 

for professional baseball pitchers ranged between 0.62-0.93 for both the dominant and non

dominant arm (Mikesky et al., 1995; Sirota et al., 1997). Research has also shown that 

fianctional ratios were more sensitive in detecting side-to-side differences than conventional 

ratios in ACL-deficient knees (Dvir et al., 1989). In a recent study, Bak and Magnusson 

(1997) have reported a similar finding for swimmers with non-traumatic shoulder pain. The 

differences between the injured and non-injured sides were 0.05 (0.83 vs. 0.78) and 0.07 (0.71 

vs. 0.78) for the ERconrlRcon and EReccrlRecc ratios, respectively. However, the 

EReccrlRcon ratio revealed a bilateral difference of 0.19 (1.08 vs. 0.89).

The concentric elevation to depression peak moment ratio for water polo players and 

swimmers ranged between 0.51-0.53 and between 0.42-0.48, respectively. These ratios were
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significantly lower than for non-active individuals primarily, due to the greater strength o f the 

depressors (McMaster et al., 1991, 1992). The greater strength of the shoulder extensors on 

the dominant side also resulted in lower concentric flexor to extensor peak moment ratios in 

comparison with the non-dominant arm in college-level baseball pitchers (Cook et al., 1987).
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AIM OF THE STUDY

Utilisation o f accurate and reliable tools for the assessment of scapulohumeral 

kinematics and muscle strength is very important in both the diagnosis o f shoulder 

dysfunction and in setting goals for rehabilitation purposes. Advance technology (six-degrees- 

of-freedom electromagnetic sensors, electrogoniometric linkage digitisers etc.) has enabled 

researchers to assess non-invasively and accurately 3-D shoulder motion. However, the 

problems encountered during assessment (subject’s positioning, identification of specific 

bony landmarks with palpation, long duration of assessment etc.), the inability to quantify 

parameters related to shoulder kinematics other than scapulohumeral rhythm (e.g. 

centralisation of humeral head), the high cost and the lack of availability of such equipment, 

are some of the disadvantages that prevent its clinical use. Goniometric and tape 

' measurements o f static scapular position may provide a gross estimate o f scapular and 

i humeral motion, however they lack sensitivity and reliability. Despite the invasiveness and 

i  the poor description of 3-D scapular motion (De Groot, 1999), X-ray radiography is probably 

the most widely available and low cost method that can be used for the assessment 

scapulohumeral kinematics in vivo.
1

i  Isokinetic testing procedures have also commonly been used in the quantitative
i
I

, assessment o f the shoulder musculature particularly the shoulder rotators and the shoulder 

j elevators. Anatomical and bio mechanical data have shown that isokinetic assessment of these 

muscles is optimised when is performed in the scapular plane, provided that both trunk and 

shoulders have been adequately stabilised. Research evidence suggest also that transient 

misalignment of the biological relative to the motor axis o f rotation, and transient moment 

oscillations should be taken into account particularly during isokinetic testing of shoulder 

elevation, as they may overestimate recorded moment data leading to erroneous conclusions
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about someone’s strength performance. Biceps brachii muscle plays a significant role in daily 

activities and in overhead throwing activities acting primarily as an elbow flexor and forearm 

supinator. Despite the conflicting fmdings regarding the biceps brachii contribution to 

glenohumeral joint stability, pathology of the long head of the biceps has been associated with 

shoulder injuries. Isokinetic assessment of the elbow flexors has been used in order to 

estimate biceps brachii fiinction in patients suffering from rupture o f the long head of the 

biceps. Strength balance between the shoulder musculature is necessary for the dynamic 

stability o f the shoulder joint allowing normal function and prevention of injuries in the 

shoulder region. The aim of the present study was to assess methodological aspects 

concerning shoulder function as they may provide useful information to clinicians for both 

diagnostic and rehabilitation purposes. Specific objectives of this study were:

• to examine the scapulohumeral kinematics using a low radiation radiographic technique

• to examine the reliability o f an isokinetic testing procedure for the internal and external 

rotators, and elevators of the shoulder

• to determine the error associated with isokinetic shoulder elevation as a result o f

misalignment between the glenohumeral centre of rotation and the centre of rotation of 

the dynamometer’s actuator arm

• to assess biceps brachii contribution to dynamic internal and external rotation o f the

shoulder

• to determine the optimum position for isokinetic assessment o f the elbow flexors

• to determine the strength balance among the shoulder musculature in the normal 

population

• to examine isokinetic strength changes o f the shoulder stabilisers after a progressive

resistance exercise programme.
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StudyI

Digital fluoroscopic assessment of scapulohumeral rhythm



Preface

Normal function of the shoulder joint requires the contribution of both the 

scapulothoracic and glenohumeral joints. Radiographic imaging and isokinetic dynamometry 

have been widely used in the assessment of the scapulothoracic and glenohumeral joint 

function, respectively. Study I investigates methodological aspects related to the function of 

scapulothoracic joint using digital fluoroscopic imaging. Methodological aspects related to the 

isokinetic assessment of the shoulder joint are investigated in studies II, II, IV, VI, VII and 

VIII. The information obtained in these studies may bring new insights to the procedures used 

in the assessment of shoulder function.



Digital fluoroscopic assessment of scapulohumeral rhythm

Abstract

Previous studies liave shown that abnormal rotation of the scapula is associated with shoulder 

pathology. Among the methods which have been proposed, planar x-ray radiography is 

probably the only method which enable clinicians to assess accurately and objectively the 

scapulohumeral function in vivo. The aim of this study was to develop a method for the 

assessment of scapulohumeral kinematics using digital fluoroscopic imaging. Anteroposterior 

images of the right glenohumeral joint were taken, in thirty-eight non-injured males, with the 

shoulder at rest, 30, 60, 90, 120, 150° and maximum elevation, in the scapular plane. The 

relative positions o f the scapula and the shoulder at the different degrees of elevation were 

determined based on measurements of the scapular angle (SA) and arm angle (AA), 

respectively. High inter- and intra-examiner reliability was observed for the SA and AA 

measurements (ICC = 0.92-0.99). The positioning of the shoulder at the proposed angles was 

also highly accurate (<2.3° misplacement) and reproducible (CV <5.3%). The mean radiation 

dose was 0.075 mSv (± 0.027 mSv). Based on SA and AA measurements at the resting 

position the scapula was in slight downward rotation (-2.4 ± 4.3°) and the shoulder in slight 

elevation (1.5 ± 6.6°). The mean maximum scapular rotation and shoulder elevation was 61.4 

(± 5.2°) and 162.4 (± 6.6°), respectively. A curvilinear relationship was found between the AA 

and the SA (P<0.001). The AA:SA ratio for the entire range of elevation was 2.5:1. The 

greatest contribution of the scapula (1.7:1) achieved at 30-60° of shoulder elevation. The high 

accuracy and reliability of the method presented in this study and the low radiation recordings 

suggests that digital fluoroscopy may be considered for further investigation of the 

scapulohumeral kinematics in both healthy and pathological shoulders.
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1. INTRODUCTION

The contribution of the scapula to normal elevation of the shoulder was first 

emphasised more than a century ago (Cathcart, 1884). Upward rotation of the scapula is 

necessary for proper congruency of the articular surfaces of the glenohumeral joint, prevention 

of impingement of the rotator cuflF tendon under the acromion and efficient length-tension 

relationship of the abductor muscles throughout shoulder elevation (Morrey et al., 1998). The 

balanced movement of the scapula is dependent on the axioscapular muscles, which act as 

force couples. In contrast, abnormal motion of the scapula as a result of weakness or 

uncoordinated function of the scapula rotators has been suggested as a possible cause of 

shoulder pathology (Kibler, 1991; Ozaki, 1989; Warner et al., 1992b).

Several methods have been proposed for the assessment of scapulohumeral function. 

Scapula motion and consequently the efficiency of the scapula rotators has been assessed with 

planar x-rays (Inman et al., 1944; Freedman and Munro, 1966; Poppen and Walker, 1976), 

motion analysis techniques (Bagg and Forest, 1988; Leroux et al., 1992), Moire topography 

j (Warner et al., 1992b), goniometric (Doody et al., 1970b) and static scapula position 

measurements (DiVeta et al., 1990; Kibler, 1991). The effectiveness of the axioscapular 

muscles has been examined also directly with electromyography (EMG) (Glousman et al.,

I 1988; Moseley et al., 1992), manual muscle testing (Gardiner et al., 1998) and isokinetic 

procedures (Davies and Dickoff-Hoffinan 1993). The invasiveness, the poor reliability and lack 

of practicality of these methods, were some of the restrictions, which prevented researchers 

using them for the clinical investigation of the scapulohumeral function. Despite the fact that 

planar x-ray measurements are dependent on a number of assumptions, they are probably the
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only widely available methods, which enable clinicians to assess accurately and objectively the 

glenohumeral and scapulothoracic motion in vivo.

The development of digital fluoroscopic radiography (DFR) has offered a wide range 

of capabilities in comparison to conventional radiography (Murphey, 1997). One of the major 

advantages of DFR is the reduction of radiation dose without reduction in diagnostic accuracy 

(Jonsson et al., 1996). The purpose of this study was to examine the scapulothoracic rhythm 

during shoulder elevation in the scapular plane, using digital fluoroscopic radiography.

2. METHODS

2.1. Subjects

Thirty-eight males without previous shoulder pathology or joint hypermobility and 

with a full range of shoulder elevation volunteered for the study. The mean age of the study 

sample was 24.6 years (range 18-34 years). The mean and standard deviation of their height 

and weight was 1.8 ± 0.1 m and 75.5 ± 10.4 kg, respectively. Subjects with a significant 

degree of scoliosis were excluded fi'om the study. Scoliosis was examined clinically, outlining 

the thoracic and the lumbar spine with palpation, observing if the tip of the acromion was 

level, and the posterior thorax for asymmetry or possible accentuation when the subject was in 

full flexion. Fluoroscopy was used to confirm scoliosis only when clinical signs were 

considered significant. All participants prior to the examination signed a consent form which 

explained the procedure in detail (Appendix A).

92



2.2. Introduction to digital fluoroscopic radiography (DFR)

Digital image intensifier radiology also known as digital fluoroscopic radiology (DFR) 

was introduced more than 15 years ago (Templeton et al., 1985). DFR uses an X-ray image 

intensifier and a television system with a digitised video signal (Figure I-l). A digital 

radiograph is a quantised representation of the spatial modulation of the X-ray beam after it 

passes through the patient (Buckwalter and Braunstein 1992).

Monitor

Video-
camera

Computer

100 mm camera 

Light distributor

Image intensifier

( ,  ) Patient

r~ ~ i x-ray

Figure I- l:  Principle of digital image intensifier radiography (digital fluoroscopic radiography). Adapted from 

Lehmann, KJ., Busch, HP. and Georgi, M. (1993) Digital fluoroscopic radiology: evaluation of the clinical 

impact. European Journal o f  Radiology, 17,3-7.

The individual sample points (pixels) are usually obtained in a rectangular pattern, 

with every spaced samples arranged in rows and columns. The number of pixels in the rows 

and columns determines the size o f the image matrix (most commonly available in 1024 x 

1024 pixels). The spacing of the pixels with respect to the original size o f the image 

determines the spatial resolution of the image. Each pixel has an assigned grey level and the 

range of available grey levels defines the image’s dynamic range, which is determined by the 

number o f bits per pixel (8, 10 or 12 bits/pixel). The distribution of the grey level values within
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the dynamic range is the contrast resolution. Digital images can be acquired either by 

converting a conventional radiograph to a digital image using an analog-to-digital converter or 

by digitisation of the X-ray image from an image intensifier. Imaging capabilities in DFR 

strongly depends on the size of the image intensifier input screen. With a constant matrix size 

of 1024 X 1024 the choice of a larger input screen decreases spatial resolution, therefore DFR 

is less suited for examinations requiring high spatial resolution in a large area (Buckwalter and 

Braunstein 1992).

Some of the advantages of DFR compared to fihn-screen radiography are the wide 

dynamic range, the decrease of dose, the “last image hold”, the immediate image display, the 

cine-mode as well as post-processing, digital storage and data transfer capabilities. The wide 

dynamic range and contrast enhancement are quite useful in barium contrast studies as in the 

examination of gastrointestinal tract and in other iodine-based contrast studies such as 

arthography and myelography (Lehmann et al., 1993). Imaging of the gastrointestinal tract 

using digital fluoroscopic radiography may result in a radiation dose reduction of 60-85% 

compared to film-screen radiography of speed 200 (Lehmann et al., 1993). A radiation dose of 

around 85 and 95% can be achieved in hysterosalpigography and obstetrical pelvimetry, 

respectively (Lehmann et al., 1993). Low radiation dose may also associate with “last image 

hold”. In this mode the last fluoroscopic image is stored in digital form. In some fluoroscopic 

controlled examinations as in the examination of cysto-urethrography in paediatric patients, a
i

“last image hold” provide adequate information requiring a low radiation dose and the 

acquisition of an additional image is no longer necessary (Lehmann et al., 1993). Immediate 

image display on the monitors allows the radiologist to perform a quick and safe examination, 

and reduces motion artefacts by allowing fast orientation and short examination time. 

Operation of DFR in a serial mode, with a frame rate of eight images per second, enables
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dynamic studies of the oesophagus while cineradiography has been used in the investigation of 

swallowing disorders.

Post-processing capabilities of DFR such as window adjustment of grey-scale values, 

edge enhancement and magnification may improve the quality of image demonstration 

allowing clinicians to evaluate easier poorly exposed areas and interactive measurements of 

distances and angles (e.g. pelvimetry) (Lehmann et al., 1993).

Most of the clinical applications of DFR deal with barium and iodine-based contrast 

studies. The most frequent examinations performed with DFR are those of the gastrointestinal 

tract as well as phlephography, cholecystography, arthography, pyelography, myelography 

hysterosalpigography and imaging of the chest. Skeletal imaging has also been performed with 

DFR particularly in emergency departments where the capabilities of DFR (e.g. immediate 

image display) enable immediate visualisation of skeletal trauma (Lehmann et ah, 1993).

2.3. Equipment

A digital fluoroscopic system (DFS, Toshiba, Japan) consisting of a full automatic 

table and serial device was used for the assessment of scapulohumeral rhythm. The DFS was 

connected to an in-room monitor with a last-image-hold capability allowing review of images 

during the examination. A PTW Diamentor M2 dose-area product (DAP) meter (PTW, 

Freiberg, Germany) recorded the radiation dose directly from the DFS for each subject. The 

DFS was connected to a processor (EPS 30, Toshiba, Japan) which allowed us to view the 

images on a reporting system. The reporting system consisted of a monitor, a keyboard and a 

console which provided capabilities to edit and improve images. A scanner interface device 

(SID, Sterling, UK) captured and stored the images temporarily and transmitted them to a 

standard computer (workstation) with a high-resolution monitor and a laser printer.
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Measurements were carried out on the workstation, where all images were stored 

permanently, using a software application (RadWorks PACS Viewer 2.1, Applecare, Holland).

2.4. Testing Procedure

Scapulohumeral assessment was performed with the table of the DFS perpendicular 

to the ground. A wooden apparatus which was constructed specifically for the testing 

purposes was placed between the table and the serial device. The apparatus consisted of a 

platform which was placed on the ground and a board which was fixed on the platform 

perpendicular to the ground (Figure I-2A).

Fluoroscopy was performed with each subject standing on the platform facing the 

fluoroscopic table at an angle of 30° anterior to the fi'ontal plane so that the plane of elevation 

was parallel to the plane of the roentgenogram (Figure I-2B). Consequently the beam was 

perpendicular to the plane of elevation. The participants stood close to the vertical board so 

the ventral aspect of the entire arm was in contact with the board throughout elevation. They 

were also instructed to elevate both arms simultaneously to avoid lateral flexion of the spine, 

and maintain their arms in the anatomical position. The elbows were maintained in full 

extension during the assessment (Figure I-2B). Anteroposterior images of the right 

glenohumeral joint were taken with the shoulders at rest, 30, 60, 90, 120, 150° and maximum 

elevation. The shoulder initially was placed at the proposed angles of elevation using a 

telescopic goniometer (Figure 1-3). Accurate positioning of the shoulder in the scapular plane 

was achieved by asking each subject to rotate slightly his trunk towards or away from the 

shoulder under investigation and considered “in place” when the anterior and posterior aspect 

of the glenoid rim was superimposed. A “last image hold” allowed the author to verify 

shoulder’s positioning in the scapular plane on the in-room monitor during screening and to
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confirm the position of the shoulder at the proposed angles using a standard goniometer. A 

digital exposure was only made when the scapula plane was “in place” and the shoulder was at 

the proposed positions or one to two degrees fi'om this. The same procedure was followed at 

each angle. The duration of the assessment made by the radiologist was 10-15 minutes 

approximately for each subject. The author and a qualified radiologist (B. McGlone) carried 

out the examination (detailed information regarding digital fluoroscopic radiography of the 

shoulder is provided on a videotape and is available by the author upon request).

Figure 1-2: Wooden structure (A) and subject’s positioning for screening at an angle of 120° of shoulder 

elevation (B). The fluoroscopic table is perpendicular to the ground with the wooden apparatus placed between 

the table and the serial device

AU participants wore gonadal protection. The examiners wore lead apron and thyroid 

shields. The fluoroscopic examination was carried out using a 2.5 mmAl filter. The applied



potential ranged between 60-70 kV. The effective dose (ED) was estimated from the dose- 

area product measurements for each volunteer (Hart et al., 1994) using the expression 

(Appendix B):

ED = Conversion CoeflBcient (mSv Gy ' cm'^) x Dose-area Product (Gy cm^).

Figure 1-3: Placement of the shoulder at 120° of elevation before screening (A), using the telescopic 

goniometer (B). The telescopic leg of the goniometer was placed vertically on the dorsal aspect of the shoulder 

with its centre aligned with the centre of rotation of the shoulder (approximately 3-cm below the acromion). 

The other leg of the goniometer was parallel to the humeral shaft

i
i
I 2.5. Data analysis

] The arm (AA) and scapular angles (SA) were measured on the plane image, relative

\ to the longitudinal axis of the body (Figure 1-4) to determine shoulder elevation and scapular
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rotation, respectively. The humeral angle (HA) was derived by subtracting the SA from the 

AA.

The inter- and intra- examiner reliability of the measuring procedure was assessed by 

measuring the angles of the arm and the scapula twice in 20 sets of images (total of 140 

images) using the intraclass correlation coefficient (ICC 2,1 and ICC 3,1, respectively). The 

mean and 95% confidence intervals of the between and within examiner differences of the AA 

and SA measurements were also calculated. The coefficient of variation (CV) was calculated 

to examine the repeatability of shoulder positioning at the proposed 

regression analysis was used to determine the relationship between the AA 

variables (d) were incorporated into the model to account for the fact that 

was measured at different angles. A test to assess the quadratic term in the 

was also performed.

y

SA)

Figure 1-4: Arm (AA) and scapular angle (SA) as they were measured on the plane image. The angles were 

measured relative to the longitudinal axis o f the body (y). The AA was formed by a line (E') which was drawn 

parallel to the humeral shaft and a line (E) which was parallel to the longitudinal axis o f the body. The line 

which connected the superior and inferior tips o f the glenoid cavity (e'), and the line (e) which was parallel to 

the longitudinal axis of the body formed the SA.

angles. Multiple 

and SA. Dummy 

the same subject 

regression model
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3. RESULTS

Of the thirty-eight subjects three were excluded from the study because clinically they 

had a significant degree of scoliosis. The clinical signs confirmed with fluoroscopy. One more 

subject was excluded from the study because the set of images was insuflSciently clear for 

accurate measurements. Sets of images from thirty-four subjects included in the analysis.

The AA and SA measurements were highly reliable. The ICC, the mean and the 95% 

confidence intervals of the inter-examiner and intra-examiner reliability of the AA and SA 

measurements are listed in Tables I-l and 1-2. Positioning of the shoulder at the proposed 

angles was also highly accurate and reproducible. The differences between the angles as they 

were determined before screening and the angles as they were measured on the plane image 

were less than 2.3°. The CV for shoulder positioning ranged between 1.3 - 5.3% for all 

positions.

The effective radiation dose was calculated separately for each individual, based on 

the applied potential that was used and the recorded dose-area product. The appropriate 

conversion coefficient for the applied potential and the filtration used, ranged between 0.030 

and 0.037 mSv Gy ' cm'^. The mean and the standard deviation of the calculated effective dose 

and screening time for the study group, was 0.08 ± 0.03 mSv (« 0.01 mSv per exposure) and 

0.9 ± 0.3 minutes, respectively.

The mean and standard deviation of the AA, the SA and the HA as they were 

measured on the plane image, are listed in Table 1-3. The mean and standard deviation of the 

arm and scapular movement and the AA to SA ratios (AA:SA) for each phase are listed in 

Table 1-4. The AA:SA was derived by the mean arm movement divided by the mean scapular 

movement for each phase. The AA:SA for the entire shoulder elevation was 2.5:1.
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Table I-l: Intraclass correlation coefficient (ICC 2,1), mean ( d ) and 95% confidence intervals 

(Cl) of the differences obtained between examiners for the arm and scapular angle 

measurements.

Shoulder elevation Arm angle Scapular angle

ICC (2,1) d 95% Cl ICC (2,1) d 95% Cl

Rest 0.98 -0.3 -0.6, 0.1 0.99 -0.4 -0.9, 0.1

0o

0.95 -0.1 -0.4, 0.1 0.99 -0.2 -0.9, 0.6

60° 0.95 -0.2 -0.4, -0.1 0.98 -0.4 -1.0, 0.3

90° 0.93 -0.2 -0.5, 0.0 0.96 -0.5 -1.3, 0.4

120° 0.95 0.0 -0.2, 0.3 0.97 -0.4 -1.0, 0.3

150° 0.93 0.2 -0.1, 0.4 0.96 0.2 -0.5, 0.9

Maximum 0.99 0.0 -0.2, 0.2 0.97 0.6 -0.1, 1.2

Table 1- 2 : Intraclass correlation coefficient (ICC 3,1), mean (d )  and 95% confidence 

intervals (Cl) of the differences obtained within the same examiner for the arm and scapular 

angle measurements.

Shoulder elevation Arm angle Scapular angle

ICC (3,1) d 95% Cl ICC (3,1) d 95% Cl

Rest 0.99 -0.1 -0.3, 0.1 0.99 0.5 -0.1, 1.0

OO

0.96 0.0 -0.2, 0.3 0.99 0.1 -0.4, 0.6

60° 0.92 0.0 -0.2, 0.2 0.99 -0.4 -0.1, 0.1

90° 0.97 -0.1 -0.2, 0.1 0.99 0.1 -0.4, 0.6

120° 0.92 0.0 -0.3, 0.3 0.98 0.0 -0.6, 0.6

150° 0.99 0.0 -0.2, 0.2 0.97 0.1 -0.6, 0.7

Maximum 0.99 0.0 -0.2, 0.3 0.98 0.2 -0.4, 0.8
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Table 1-3: Mean and standard deviation (in brackets) of the arm, the scapular and the humeral 

angle as they were measured on the plane image, at different angles of shoulder elevation.

Shoulder elevation “ Arm angle (°) Scapular angle (°) Humeral angle (°)

Rest 1.5 (4.3) -2.4 (6.2) 3.9 (6.4)

OO

29.8 (1.6) 10.4 (7.8) 19.4 (8.3)

60° 58.2 (1.3) 26.9 (7.5) 31.3 (7.7)

90° 89.3 (1.5) 37.8 (6.4) 51.5 (6.8)

120° 119.4 (1.5) 46.9 (5.4) 72.5 (5.7)

150° 147.7 (2.1) 57.0 (5.1) 90.6 (5.9)

Maximum 162.2 (6.6) 61.4 (5.2) 100.8 (7.6)

® Angles of elevation as they were determined by positioning the shoulder before screening

Table 1-4: Mean and standard deviation (in brackets) of the arm and scapular movement as 

they were measured on the plane image, and arm angle to scapular angle ratios (AA:SA) at 

different ranges of shoulder elevation.

Ranges of shoulder 

elevation “ Arm movement (°) Scapular movement (°) AA: SA

Rest - 30° 28.3 4.6 12.9 6.2 2.2 : 1

30° - 60° 28.4 1.7 16.5 6.8 1.7 : 1

60° - 90° 31.1 1.8 10.9 5.7 2.9 : 1

90° - 120° 30.1 1.6 9.1 4.9 3.3 : 1

120°- 150° 28.3 2.2 10.1 4.1 2.8 : 1

150°- maximum 14.5 6.6 4.4 4.2 3.3 : 1

“ Ranges o f elevation as they were determined by positioning the shoulder before screening
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The greatest variability in the SA among the subjects was observed at the resting 

position and at maximum elevation of the shoulder. The position of the scapula at rest ranged 

between -13.0 and 17.4° and the maximum elevation of the shoulder varied between 142.0° 

and 175.7°. The test which assessed the quadratic term on the regression line was significant 

(P<0.001), hence there was a curvilinear relationship between SA and the AA (Figure 1-5).
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Figure 1-5: Mean scapular angle, at different degrees of shoulder elevation, as they were measured on the 

plane image. The error bars demonstrate the standard deviation of the scapular angle.

The calculated regression line for predicting the SA fi"om the AA was:

y,- = -10.37 + aj dji + 0 2  d2 i +... + 0 3 3  dssi + 0.54x, - 0.00089x, ^

(Yj = the scapular angle, Xi = the arm angle as it was measured on the plane image, a = the 

intercept for each subject and di = the dummy variable for each subject, with i = 1 or 0).
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4. DISCUSSION

The aim of the present study was to examine the contribution of scapular rotation 

with the shoulder elevated in the scapular (neutral) plane. The present findings suggested that 

this method was more accurate regarding shoulder placement at specific angles of elevation 

compare to previous studies (Freedman and Munro, 1966; Poppen and Walker, 1976). 

Verification of the position of the shoulder before the image was taken, enabled us to obtain a 

more accurate position of the shoulder. The greatest misplacement (2.3°), was observed at 

150° of elevation. This position was one of the last tested, and it is possible that fatigue 

prevented subjects from maintaining their shoulder stable for the time required to capture the 

image. The identification of the individual scapular plane, in contrast to the standard 

positioning at 30° anterior to the frontal plane was one of the advantages of this study. This 

method may be proved very useful if the assessment of scapulohumeral rhythm is performed in 

individuals with differences in the contour of the thoracic wall (Steindler, 1955).

Radiation doses from similar investigations have not been reported in previous studies 

(Inman et al., 1944; Freedman and Munro, 1966; Poppen and Walker, 1976). Therefore, 

comparison between fluoroscopic and conventional radiography regarding assessment of the 

scapulohumeral kinematics was not possible. There is evidence however, which suggest that 

the exposure with conventional radiography could be twice the amount of the exposure that is 

recorded with digital fluoroscopic radiography (Jonsson et al., 1996).

The observations in this study confirmed previous findings regarding the position of 

the scapula at rest, the maximum scapular and glenohumeral rotation as well as the maximum 

elevation of the shoulder (Freedman and Munro, 1966; Poppen and Walker, 1976). The 

scapular rotation was highly variable in the first 60° of shoulder elevation and then decreased
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progressively. The variable position of the scapula at rest may contribute to the high variability 

of scapular rotation during that phase (Inman et al., 1944). The AA:SA ratio for the full range 

of shoulder elevation was also similar to the ratios which have been reported in previous 

studies (Freedman and Munro, 1966; Doody et al., 1970b; Poppen and Walker, 1976; Bagg 

and Forest, 1988). The AA:SA ratios, calculated for each phase, revealed that on average the 

scapula’s highest contribution to shoulder elevation was observed in the range 30-60° and 

progressively decreased as the shoulder approached 120° of elevation (Table 1-4). Doody et 

al. (1970b) reported that the greatest contribution of the scapula observed in the range 90- 

120°. However, their study was carried out in females and when an extra 4 or 6 pounds was 

added, the highest scapular contribution occurred at an earlier range of shoulder elevation. 

This investigation was performed on males and it is possible that their bulkier arms added 

more weight compared to the lighter females’ arms resulting in a similar response. A 

curvilinear relationship between the movements of the arm and the scapula was revealed in this 

study. Similarly, a curvilinear relationship between the glenohumeral (consequently the 

scapular) angle and the arm angle has been reported in an earlier study (Doody et al., 1970b). 

Other authors, however, reported a linear relationship between the two movements (Freedman 

and Munro, 1966; Poppen and Walker, 1976). Differences in the methods, which were used, 

may account for the different findings among studies. Freedman and Munro (1966) measured 

scapular rotation at 45° increments. The variation in the scapular rotation which we observed 

using 30° increments, may have been smoothed out or missed when greater ranges were 

examined. Poppen and Walker (1976) investigated the relationship of the two angles 

calculating the regression lines only for the range between 30° and maximum elevation. This 

relationship could have been somewhat different if they had included the first 30° of elevation 

in their regression model, where scapular rotation was minimal.



5. CONCLUSIONS

Several studies have shown that abnormal motion of the scapula is associated with 

pathologies such as instability and impingement (Ozaki, 1989; Warner et al., 1992b). The 

findings in the present study suggested that the assessment o f scapulohumeral kinematics using 

digital fluoroscopy was a highly accurate and reliable method with minimal exposure to 

radiation. Therefore, it may be considered for further investigation in patients with shoulder 

pathology.
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Study II

Reliability of isokinetic internal and external rotation of the shoulder in the 

scapular plane



Preface

The findings in study I suggested that digital fluoroscopic radiography allows 

accurate, reliable with low radiation dose assessment of the scapulohumeral rhythm. Useful 

information about the efficiency of scapular rotators may also be provided as upward rotation 

of the scapula depends entirely on the muscles surrounding the scapula.

In contrast to scapular rotators, the efficiency of shoulder rotators can be assessed 

using isokinetic dynamometry. Study II examines the reliability o f an isokinetic testing 

procedure for the shoulder rotators, as it is a basic prerequisite before this procedure, like any 

other testing procedure, is utilised in a clinical setting.



Reliability of isokinetic internal and external rotation of the shoulder in the 

scapular plane

Abstract

This study has investigated the reUability o f an isokinetic testing protocol for the shoulder 

rotators in the scapular plane to estimate the minimum variation of rotator moment needed to 

detect a significant change between two tests. Concentric and eccentric actions o f shoulder 

internal and external rotation were assessed in a group of 31 male students. Measurements 

were performed on the dominant and non-dominant sides, at 60 and 120°-s'*, using an 

isokinetic dynamometer. Each volunteer was assessed in the seated position, with the shoulder 

at 45° of elevation and 30° of horizontal adduction. The intraclass correlation coefficient (ICC 

3,1), the standard error of measurement (SEM) and the limits of agreement (LOA) were used 

to determine the reliability and the variability associated with fluctuations of gravity corrected 

peak and average moment over repeated isokinetic measurements (inter-session variability). 

Moderate to high ICC values (0.76-0.93) were observed for all measured variables. Inter

session variability for isokinetic strength of the shoulder rotators ranged between 3.9-13.3 

■ Nm. Both SEM and LOA revealed greater variability for peak compared to average moment, 

eccentric compared to concentric actions, and internal compared to external rotation. The 

I  findings o f the present study suggested that decline or improvement in isokinetic shoulder 

rotator moment should only be considered as a significant response to a pathology or an 

' intervention, when the moment data obtained in consecutive measurements is lower or greater 

than inter-session variation.
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1. INTRODUCTION

Isokinetic dynamometry has been widely used in the quantitative assessment of the 

shoulder musculature, particularly the rotator cuff muscles (Cahalan et al., 1991; Hageman et 

al., 1989; Ivey et al., 1985; Kuhlman et al., 1992; Connelly-Maddux et al., 1989; Mayer et 

al., 1994a, McMaster et al., 1991; Wilk et al., 1993). The various isokinetic dynamometers, 

the wide variety of measuring characteristics and the great mobility o f the glenohumeral joint 

has enabled researchers to examine the shoulder rotators using several different isokinetic 

procedures. Healthy, non-active individuals and athletes involved in overhead sporting 

activities have been examined seated upright or lying supine with the arm at 90° o f elevation 

in the frontal plane (Connelly-Maddux et al., 1989; Mayer et al., 1994, McMaster et al., 1991; 

Wilk et al., 1993). In addition to the more effective stabilisation of the subject’s trunk and 

shoulder under investigation (Dvir, 1995), this position was chosen because it was similar to 

the position of the arm in overhead throwing activities. However, anatomical and 

biomechanical data have suggested that isokinetic assessment and rehabilitation of patients 

with shoulder injuries should be performed with the patient seated (Dvir, 1995) and the 

shoulder at 45° of elevation in the scapular plane (Johnston, 1937; Rathbum and MacNab, 

1970; Poppen and Walker, 1976). The suggested position of the shoulder reduces the stress 

placed on the anterior capsuloligamentous structures, enhances vascularity o f the 

supraspinatus tendon and prevents impingement of the greater tuberosity under the acromion 

(Johnston, 1937; Rathbum and MacNab, 1970). It also provides better congruency between 

the articular surfaces o f the glenohumeral joint, optimum length-tension relationship of the 

rotator cuff muscles and more comfort to the injured subject (Johnston, 1937; Greenfield et 

al., 1990; Poppen and Walker, 1976; Kuhlman et al., 1992).
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The reliability o f isokinetic testing protocols for the shoulder rotator actions at 

various body/arm positions have been examined, using the Pearson product moment 

correlation coefficient (r) (Greenfield et al., 1990; Hageman et al., 1989; Tis and Maxwell, 

1996), the intraclass correlation coefficient (ICC) (Frisiello et al., 1994; Kuhlman et al., 1992; 

Malerba et al., 1993) and the coefficient of variation (CV) (Mayer et al., 1994). Several 

authors (Atkinson and Nevill, 1998; Gleeson and Mercer, 1996) have stressed the problems 

associated with the usage of these statistical methods, and the subsequent erroneous 

conclusions that may be drawn relating to the reliability o f a particular testing procedure. One 

of the disadvantages is that correlation-based indices provide an indication of how the 

variability of isokinetic moment over repeated measurements (inter-session variability) relates 

to the magnitude of the measured variable, and therefore are highly effected by the range of 

measured data. This is one of the reasons why the results o f these reliability studies cannot 

readily be extrapolated to new samples of individuals, or used for comparison with other 

reliability studies. Another major problem is in assessing the level to which a testing method 

can be accepted as reliable or not. The proposed cut-off levels have been chosen arbitrarily 

and there is no evidence in the literature to relate these values with inter-session variability of 

! isokinetic moment (Portney and Watkins, 1993). Although, methods such as the standard 

error of measurement (SEM) (Streiner and Norman, 1995) and the limits of agreement (LOA) 

(Bland and Altman, 1986, 1996) can be more informative regarding inter-session variability 

of a particular procedure, they have rarely been used in reliability studies. The LOA, unlike 

; the SEM method, require data examination for systematic bias (general trend of 

measurements to be either higher or lower in consecutive testing sessions) and 

heteroscedasticity/homoscedasticity (presence or absence of a relationship between inter

session variability and the magnitude of measured variable) (Bland and Altman, 1996). The 

systematic bias enables clinicians to identify carry-over effects (fatigue or learning effects)
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between repeated tests. Heteroscedasticity would also mean that a greater inter-session 

variability would be associated with isokinetic data of high-scoring individuals. Therefore, 

strength changes attributed to an intervention programme would be more difficulty to detect 

in these individuals, as they would be more likely to show smaller strength changes than low- 

scoring individuals (Atkinson and Nevill, 1998).

Calculation of variability associated with repeated measures of isokinetic shoulder 

rotator strength in healthy individuals, would enable clinicians to determine whether changes 

in isokinetic moment production occurred as the response to a particular intervention, or were 

attributed to the inter-session variation inherent in the testing procedure. The purpose of this 

study was to examine the test-retest reliability of an isokinetic testing procedure for the 

internal and external rotators of the shoulder in the scapular plane, using the ICC and to 

estimate the minimum variation of isokinetic moment data associated with repeated measures 

using the SEM and LOA.

2. METHODS

2.1. Subjects

Thirty-one male university students, without shoulder pathology or ongoing 

shoulder/neck pain, were enrolled into the study. None of the volunteers were familiar with 

isokinetic testing, and all were actively involved in non-overhead collegiate level sports (e.g. 

rowing, soccer, rugby). The mean age of the study sample was 23 years (range 18-34 years). 

The mean and standard deviation of their height and body mass were 1.8 ± 0.1 m and 77.0 ± 

10.0 kg, respectively.
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2.2. Equipment

Isokinetic testing was performed using a hydraulic computer controlled 

dynamometer (Kin Com II, Chattecx Corp. Chattanooga TN, USA) (Figure II-1), capable of 

force data acquisition during concentric and eccentric modes of exercise. The dynamometer 

measured force using a load cell (whetstone bridge strain gauge array) located on a metallic 

attachment, which was placed on the actuator arm (dynamometer’s lever arm). During force 

generation, an output voltage proportional to the magnitude of the applied force, was 

amplified using a precision strain gauge amplifier, converted from analogue to a digital and 

processed by a standard computer, for display and storage capabilities. Velocity and angle 

signals were also amplified converted to digital format and processed by the computer. The 

force, velocity and angle signals were used to control the accommodating resistance (force 

applied by dynamometer to resist movement) and velocity of the actuator arm which was 

radially rotated by a motor housed in the head assembly.

CHATTECX
COBPOBATION

Figure II-l. Schematic presentation of the Kin Com II, dynamometer (Chattecx Corp. Chattanooga TN, USA).

Servo valves located in the head assembly controlled the flow o f hydraulic fluid 

through the actuator motor and could change the force and/or velocity of the actuator arm 100
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times per second in order to compensate for any changes in the externally applied force or 

externally derived arm velocity. This was accomplished by the actuator arm either resisting 

the applied force (concentric mode) or overcoming the applied force (eccentric mode) 

generated by the subject’s limb.

A table, which could be moved in a horizontal direction for alignment purposes, was 

provided for subject positioning and stabilisation. However, a chair specifically constructed 

for the purposes of isokinetic assessment of the upper limb was used throughout isokinetic 

assessment. The chair which was fixed on a wooden base, consisted of two separate parts 

placed one on top of the other. The bottom part was placed on the floor. The chair was fixed 

to the top part and could be horizontally rotated about an axis, which passed through the 

middle o f the back legs of the chair (Figure II-2). The height of the seat of the chair was 

adjusted to the different body heights and experimental conditions using a wooden box 

(Figure II-2A).

Figure II-2: Chair specifically constructed for isokinetic assessment of the shoulder musculature positioned at 0 

(A) and 30° of rotation (B). The wooden box (a) was used to adjust the height of the seat of the chair to the 

different body heights and experimental conditions
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The dynamometer’s lever arm length could be adjusted to suit different subject arm 

lengths, by moving the metallic attachment on the actuator arm. Specific attachments such as 

a grip or a resistance pad could also be coupled with the load cell, for the various applications 

of the dynamometer. The head assembly was fixed in the middle o f dynamometer’s table. 

This arrangement required the subject to change sides for bilateral arm testing. Capabilities of 

the head assembly concerning, up or down movements and tih 45° in an anterior or posterior 

direction) were also provided, enabling the examiner to achieve correct alignment between the 

mechanical and biological axes o f rotation and isokinetic assessment in anatomical planes 

other than the vertical plane.

2.3. Testing procedure

Gravity corrected peak and average moment for concentric and eccentric internal and 

external rotator actions o f the dominant and non-dominant shoulder were assessed at 

isokinetic velocities of 60 and 120°-s’'. Tests were performed on two separate occasions, 6-7 

days apart at approximately the same time of day by an experienced physiotherapist. To 

minimise bias, limb dominance (dominant, non-dominant side) and internal/external rotator 

actions were randomised. The same order of testing was followed m the second session and 

all volunteers were advised to maintain their normal level of physical activities between 

testing sessions.

In order to maximise the stability o f the trunk, each volunteer was assessed in the 

seated position (Dvir, 1995), with the arm at 45° of elevation and 30° o f horizontal adduction 

(scapular plane) (Figure II-3). The arm was positioned at 45° of elevation, using a standard 

goniometer and aligned with the axis o f rotation of the dynamometer by tilting the head 

assembly to 45°. The height of the head assembly was adjusted so that the shoulders were 

horizontal. The scapular plane was determined by placing and securing a specially constructed
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chair at 30° anterior to the subject’s frontal plane (Figure II-3). The elbow was set at 90° of 

flexion and the forearm was pronated. The position of the chair relative to the isokinetic 

dynamometer, the distance between the axis of rotation of the head assembly and the floor, 

and the lever arm length were recorded for each individual, to achieve accurate re-positioning 

in the second testing session.

S i  i ■{
f f i  '

M  • «  •  t \
NO SMOKING 0  
NO D R IN K IN G ®  
NO EATWG ®

Figure D-3. Side (A) and front view (B) o f  subject’s positioning and stabilisation for isokinetic assessment of 

the shoulder rotators

Stability o f the shoulder was enhanced using two belts. One belt was placed 

horizontally aroimd the chest, at the level o f the mid-stemum, to minimise rotational 

movement of the trunk. A second belt was placed vertically around the shoulder under 

investigation (Figure II-3), to stabilise the shoulder against the back of the chair (Kramer and 

Ng, 1995). An additional belt was placed around the hips to secure the subject on the seat of 

the chair. The resistance pad was placed on the dorsal aspect of the forearm, one centimetre



proximal to the wrist, in order to measure external rotator actions. During internal rotator 

actions, the resistance pad was placed on the ventral aspect of the forearm. A Velcro strap 

around the wrist secured the lower part of the forearm onto the resistance pad and an 

additional strap stabilised the upper part of the forearm on the arm actuator. A V-shaped pad, 

which was modified by adding a metal plate to the posterior aspect, was used to support the 

elbow and prevent backward movement of the forearm. Shoulder rotators were tested between 

0° (horizontal level) and 60° of external rotation. The horizontal level was independently 

determined for internal and external rotator actions by placing a spirit level on the ventral and 

dorsal aspect of the forearm, respectively. Gravity correction was performed at the horizontal 

level in order to minimise the variation associated with this procedure (Hellwing and Perrin, 

1995).

Prior to the isokinetic testing, each volunteer performed a 10-min warm up exercise 

programme for the shoulders (5-min pedalling on an arm ergometer at a low workload and 5- 

min of specific shoulder mobility and stretching exercises). Three to five sub-maximal 

concentric-eccentric cycles, with at least one of the cycles, at/or near maximal effort were 

performed in order to familiarise the volunteer with isokinetic dynamometry. After a 1-min 

rest, each volunteer performed three maximal intermittent concentric-eccentric cycles, with 

15-s rest interval between each action. An attempt was deleted if the volunteer reported lack 

of effort or if a significant difference between two consecutive curves were observed on the 

screen. An additional attempt was given in this case. To minimise fatigue effects, a 2-min rest 

was allowed between velocities and actions tested and a 5-7 min rest was allowed to 

accommodate for repositioning and dynamometer adjustments between sides. The total 

duration o f each testing session was approximately 60-70 minutes. Verbal encouragement and 

visual feedback from the screen during the testing phase were not provided.
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2.4. Statistical analysis

The ICC (3,1) were calculated using the expression ICC = (BMS -  EMS)/[BMS + 

(k-l) EMS], where BMS and EMS were the between subjects mean square and the error mean 

square data, presented on the ANOVA tables and k the number o f assessments (Shrout and 

Fleiss, 1979). The 95% SEM were calculated using the expression 95% SEM = 1.96 x 2 x 

SD X (1-ICC) where SD were the standard deviations o f the mean peak or average moment 

data of the study sample, and ICC the intraclass correlation coefficients of the test-retest 

reliability (Streiner and Norman, 1995). The 95% limits o f agreement (95% LOA) were 

calculated using the expression 95% LOA = d ± 1.96 sd, where d and sd were the mean and 

the standard deviation of the test-retest peak or average moment differences (Bland and 

Altman, 1986). The systematic bias for each measurement was assessed using individual 

student’s T-tests and heteroscedasticity was examined using the Pearson product moment 

correlation coefficient (r) (Bland and Altman, 1996).

3. RESULTS

The mean peak and average moment data for internal and external shoulder rotators 

recorded in both test sessions are presented in Table II-1. The ICC (3,1) values, the 95% 

SEM, the mean between-session differences and the 95% LOA for each action and velocity 

are presented in Tables II-2 and II-3. The ICC values ranged between 0.76-0.93. Concentric 

data for both internal and external rotator actions of the shoulder were more reliable (ICC > 

0.80) than eccentric data (ICC > 0.76). The 95% SEM and 95% LOA ranged between 3.9 - 

12.4 Nm and 4.0 - 13.3 Nm, respectively. Inter-session variability of isokinetic shoulder 

rotator moment data calculated using the 95% SEM were always slightly lower (< 0.9 Nm) 

compared to variability obtained with the 95% LOA.
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Table II-l. Mean and standard deviation (in brackets) of average and peak moment (Nm) recorded in the T* and 2"“* testing sessions for the 

dominant (D) and non-dominant side (ND), at 60 and 120°-s*' (N = 31).

Movement Internal rotators External rotators

Mode Concentric Eccentric Concentric Eccentric

Velocity (°-s’') 60 120 60 120 60 120 60 120

Average moment

1®‘ session D 40.6 (8.5) 37.1 (7.8) 47.2 (9.5) 44.1 (8.8) 29.0 (5.9) 26.1 (5.6) 34.3 (6.3) 34.0 (5.7)

2"** session 39.2 (8.6) 36.8 (8.2) 43.7 (8.9) 43.1 (9.2) 29.0 (6.3) 26.4 (5.7) 34.2 (5.9) 34.2 (6.1)

1®* session ND 38.8 (9.4) 35.2 (7.8) 44.7 (8.6) 43.1 (7.4) 26.8 (4.8) 24.8 (4.7) 32.8 (5.9) 31.6 (5.4)

2"'* session 37.6 (9.0) 35.3 (8.5) 42.0 (9.2) 40.8 (9.0) 26.9 (5.4) 25.1 (4.8) 33.1 (6.2) 33.0 (6.1)

Peak moment

1®‘ session D 45.1 (9.4) 42.3 (9.0) 53.7(11.5) 52.2 (10.7) 33.4 (6.6) 30.5 (6.8) 38.6 (7.1) 39.7 (6.5)

2"  ̂session 43.9 (9.8) 41.9(8.8) 50.1 (10.3) 51.3 (11.4) 33.5 (6.9) 31.4 (6.4) 38.5 (6.3) 40.0 (6.3)

1®* session ND 43.2 (10.2) 40.6 (8.9) 50.9 (9.1) 51.0 (8.6) 31.9(6.4) 30.0 (5.8) 37.5 (7.4) 37.0 (6.5)

2"** session 41.6(10.0) 40.6 (9.9) 47.6 (10.2) 48.5 (11.0) 32.1 (6.5) 30.5 (5.8) 37.8 (7.8) 38.9 (7.1)

118



Table II-2; Intraclass correlation coefficient (ICC 3,1), 95% standard error o f measurement (95% SEM), mean between-session differences ( d ) 

and 95% limits o f agreement (95% LOA) for average moment o f all measurements (N = 31).

Movement Internal rotators External rotators

Mode Concentric Eccentric Concentric Eccentric

Velocity (°-s‘*) 60 120 60 120 60 120 60 120

Dominant side

ICC 0.92 0.89 0.86 0.90 0.85 0.91 0.86 0.88

95% SEM (Nm) ±6.6 ±7.1 ±9.2 ±7.7 ±6.3 ±4.6 ±6.1 ±5.5

d ± 95% LOA (Nm) 1.4 *’±6 .9 0.3 ±7.5 3.5 "± 9 .7 0.9 ± 7.7 0.0 ± 6.6 -0.3 ±4.6 0.1 ±6.3 -0.2 ± 5.8

Non-dominant side

ICC 0.80 0.81 0.77 0.83 0.92 0.89 0.88 0.86

95% SEM (Nm) ± 10.8 ±9.4 ±11.2 ±9.0 ±3.9 ±4.2 ± 5.6 ±5 .7

d ± 95% LOA (Nm)
a r\r\ 1 h r \ r  • - r -

1.2 ± 11.3 -0.1 ±9.8 2 .7 '’ ± 11.7 2.3 ” ±9.4 -0.1 ±4.0 -0.3 ± 4.4 -0.3 ± 5.9 -1.5 ” ±6.0

“ P<0.001;  ̂P<0.05 significant between-sessions differences
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Table II-3: Intraclass correlation coefficient (ICC 3,1), 95% standard error of measurement (95% SEM), mean between-session differences ( d ) 

and 95% limits of agreement (95% LOA) for peak moment of all measurements (N = 31).

Movement Internal rotators External rotators

Mode Concentric Eccentric Concentric Eccentric

Velocity (°-s’') 60 120 60 120 60 120 60 120

Dominant side

ICC 0.90 0.89 0.85 0.86 0.89 0.90 0.79 0.86

95% SEM (Nm) ±8.2 ±8.0 + 11.3 ±11.0 ±6.1 ±5.6 ±8.1 ± 6.4

d ± 95% LOA (Nm) 1.3 ±8.3 0.4 ±8.1 3.6 “± 11.9 0.9 ± 11.5 -0.1 ±6.3 -0.9 ± 5.6 0.1 ±8.4 -0.3 ± 6.6

Non-dominant side

ICC 0.80 0.81 0.76 0.77 0.93 0.90 0.89 0.86

95% SEM (Nm) ±11.8 ± 10.8 ± 12.3 ± 12.4 ±4.7 ±4.9 ±6.8 ±6.8

d ± 95% LOA (Nm)
a T-\ ^ r \  b  ^ /-V  r \ r -  •  _ • r» _

1.6 ± 12.7 0.0 ± 11.4 3.3 *’±13.1 2.6 *’± 13.3 -0.2 ± 4.6 -0.5 ± 5.2 -0.3 ±7.1 -1.8“ ±7.1

“ P<0.01; P<0.05 significant between-sessions differences
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Figure II-4. Isokinetic strength curves of the shoulder rotators for the dominant (a -  d) and n«i-dominant sides 

(e-h) in the first (A) and second (B) testing sessions. Strength curves were determined based on the mean of the 

maximum moment produced at the beginning and at 5° interval of the range of motion tested.
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Figure II-4 presents the isokinetic strength curves for all measurements on both 

testing sessions, presented as mean maximum torque produced at the begiiming and at 5° 

interval o f the range of motion tested.

Both 95% SEM and 95% LOA showed that inter-session variability for peak 

moment, eccentric actions and internal rotator action particularly on the non-dominant side 

were greater compared to average moment, concentric action and external rotator action, 

respectively. Figures II-5 and II-6 present sample graphic presentations o f systematic bias and 

heteroscedasticity/homoscedasticity, respectively for eccentric internal rotation data. A 

significant systematic bias was observed predominantly during eccentric internal rotator 

actions (see Tables 11-2 and II-3 for individual levels of statistical significance).
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Figure II-5. Sample scatterplot of individual mean moment versus the difference between the I®* and 2"'* testing 

sessions (Nm), for eccentric internal rotator actions on the dominant side at 60° s '. The bias line (dotted) and 

inter-session variatirai of measurement forming the 95% limits of agreement (dashed) are present on the plot (SD 

implies standard deviation).
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Correlation tests showed poor relationships (r = -0.08 -  0.40) between inter-session 

variability o f isokinetic moment data and the magnitude o f moment produced (homoscedastic 

data). The ICC, 95% SEM, mean difference between sessions and 95% LOA for gravity- 

correction moment for the dominant side were 0.36, ±1.6 Nm and 0.1 ±1.4 Nm, respectively. 

The equivalent indices for the non-dominant side were 0.41, ±1.9 Nm and -0.3 ±1.7 Nm.
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Figure II-6. Sample scatterplot of individual mean moment versus the absolute difference between the I®* and 

2"** testing sessions (Nm), for eccentric internal rotator actions on the dominant side at 60° s’'.

4. DISCUSSION

Correlation-based indices, such as ICC, have magnitude ranging between 0.0 and 

1.0. In general, excellent reliability is indicated when the magnitude of the ICC approaches
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unity. Portney and Watkins (1993) have proposed that the reliability o f a particular testing 

procedure is considered adequate when the computed ICC > 0.75. On this basis, the ICC 

values observed in this study showed that isokinetic assessment of the shoulder rotators in the 

scapular plane was reliable. Previous studies (Frisiello et al., 1994; Kuhlman et al., 1992; 

Malerba et al., 1993) have reported acceptable but lower ICC’s than those computed in the 

present study. The differences between studies probably resulted from the different 

dynamometers, sample characteristics and testing procedures used. The higher reliability 

scores computed in this study could have resulted from the fact that ICC’s were calculated 

using the model 3,1 instead of the model 2,1 which in general yields lower ICC values for the 

same data set (Shrout and Fleiss, 1979).

The 95% LOA and the 95% SEM indicated that the variation of isokinetic moment data 

over repeated measurements ranged between 3.9-13.3 Nm, depending on the measuring 

parameter used (average vs. peak moment), direction o f movement (internal vs. external 

rotation), action (concentric vs. eccentric) and side (dominant vs. non-dominant) tested. These 

findings suggest that strength changes resulted from injuries or after preventative or 

rehabilitation programmes designed to increase the strength of the shoulder rotators, when 

they are monitored longitudinally, should only be considered significant if they are lower or 

higher than inter-session variation of isokinetic shoulder rotator strength. Strength changes 

associated with shoulder pathology, such as impingement syndrome, can be easily detected, as 

the strength decline reported for peak concentric internal (23.3 Nm) and external rotator 

moment (11.1 Nm) (Leroux et al., 1994) was greater compared to the inter-session variability 

obtained in the present study for peak moment data (see table II-3). The present fmdings also 

revealed that inter-session variability of isokinetic measurements should be reported in real 

units rather than proportionally to the magnitude of moment data (homoscedastic data). 

Clinically, the absence of a relationship between inter-session variability and moment data
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suggest that strength changes following intervention, can be readily detected in individuals 

whose pre-intervention isokinetic scores are high and therefore are more likely to show small 

strength changes (Atkinson and Nevill, 1998).

Several authors have reported that sample and procedural - related factors might 

effect test-retest reliability o f isokinetic measurements (Sapega, 1990; Karmus, 1994; Dvir, 

1995). The mood and willingness of the participants to generate maximum effort in 

consecutive testing sessions, and the boredom due to a time consuming testing session were 

some of the factors that have previously been reported to effect the reliability of isokinetic 

data (Dvir, 1995; Malerba et al., 1993; Kannus, 1994). Stabilisation of the tested limb, is a 

basic requirement for reliable and valid isokinetic data (Sapega, 1990; Dvir, 1995). Despite 

thorough stabilisation, minimal movement of the shoulder and the trunk, particularly from the 

stronger individuals, may have effected the reliability o f the data. Inter-session variability 

associated with the gravity correction procedure also contributed to the total variability of 

measurements (< 1.7 Nm).

Changes in force generation capacity that usually follow eccentric exercise-induced 

muscle damage may have contributed to the lower reliability and the greater inter-session 

variation for eccentric compared with concentric shoulder rotators moment data. After 

cessation of a single bout of eccentric exercise by untrained muscles, maximal moment 

production decreases and may remain depressed for more than a week (Newham et ah, 1987). 

McCully and Faulkner (1986) have reported that muscular damage may be induced with as 

few as 15 eccentric actions. Both warm up and testing attempts resulted in a similar number of 

repetitions in this study. Additionally, the interval between the first and second testing session 

was 7 days. The reliability of isokinetic shoulder rotator moment could possibly have been 

enhanced if more days were allowed between the two sessions. Several researchers (Sapega 

1990; Mayer et al., 1994) have also stated that lack o f familiarisation with isokinetic

125



dynamometry and movements tested, particularly eccentrically, may enhance inter-session 

variability o f eccentric moment data. Repetitive eccentric actions are an inherent part of 

overhead sporting activities, such as baseball pitching and the tennis serve, where the internal 

and external rotators of the shoulder are flinctionmg eccentrically to decelerate the arm, 

during the late cocking and follow through phase of overhead motion. In addition, in isotonic 

strengthening exercise programmes, eccentric actions follow concentric actions for a 

particular muscle group. Electromyographic studies have shovm that repetitive movements 

improve synchronisation of motor units, resulting in a more efficient action during overhead 

throwing or weight lifting (Milner-Brown et al., 1975; Gowan et al., 1987). However, the 

participants in the present study were not involved in any overhead throwing activities and 

had not undertaken specific strengthening programmes for the shoulder rotators. In addition, 

this type of action was not very common in their daily activities. It is possible that the 

asynchronous and uncoordinated recruitment of muscle fibres prevented subjects from 

producing a similar moment data in the 2"** testing session. The fact that eccentric actions 

were not usually performed, particularly for the non-dominant side, may enhance inter-session 

variability.

The significant difference (systematic bias) between the two sessions regarding 

eccentric internal rotator peak and average moment (< 3.6 Nm) was similar to that reported in 

a previous study (< 4.0 Nm) (Malerba et al., 1993). However, the authors did not report 

whether this difference indicated a systematic bias or not. The systematic bias associated with 

the eccentric average and peak moment data for the internal rotators in the present study was 

possibly related to the range of motion examined. Anatomical studies have shown that 

external rotation of the shoulder was decreased when it was performed with the shoulder 

below 90° of elevation (Ferrari, 1990). In this study, shoulder rotation was performed at 45° 

of elevation, therefore the 60° range of movement that was examined, was located near the
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end of external rotation. As a result o f this, the stresses placed on the anterior 

capsulo ligamentous structures with eccentric actions of the internal rotators were increased as 

the arm approached this position. In contrast, eccentric action of the external rotators was 

completed at the mid-point of the rotational range of motion (0°). Here the stresses placed on 

the joint capsule and the ligaments were in general, lower. The unpleasant feeling and the 

possible fear of injury that was experienced during the 1 ** test session may have prevented 

participants from producing similar eccentric internal rotator moment in the 2"** testing 

session.

The lower reliability and greater inter-session variability observed for the internal (< 

13.3 Nm) compared to the external rotator moment (< 8.1 Nm) was probably related to the 

higher variability of these data obtained among the participants. Higher variability o f the 

internal rotators has been observed in several previous studies (Cahalan et ah, 1991; Hageman 

et al., 1989; Ivey et al., 1985). Similarly, higher variability and lower reliability has been 

reported for the knee flexor compared with knee extensor peak moment (Gleeson and Mercer, 

1994; Gleeson et al., 1994). Gleeson and Mercer, (1996) have stated that the inherently higher 

variability of muscle groups, such as the knee flexors, may reflect an unfavourable interaction 

of motor-unit recruitment, rate-coding, temporal patterning and co-contraction phenomena.

Keating and Matyas (1998) have stressed that variability among subjects who 

achieve high isokinetic moment was greater compared to individuals who achieved low 

isokinetic moment. Therefore inter-session variability of isokinetic strength in high scoring 

individuals might not be appropriate for comparison and interpretation of the inter-session 

variability obtained in low scoring individuals. Factors that may influence variability of 

isokinetic moment among subjects are gender and level o f impairment, as females and healthy 

individuals are likely to demonstrate less variability compared to males and injured 

individuals (Keating and Matyas, 1998). Test conditions that facilitate high isokinetic
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moment, as when using slow isokinetic velocities may also enhance subjects’ variability 

(Keating and Matyas, 1998). These observations suggest that the inter-session variability of 

isokinetic strength for the shoulder rotators obtained in the present study was limited to the 

specific sample and testing characteristics used.

5. CONCLUSION

Reliability indexes obtained in the present study suggest that isokinetic assessment of 

the shoulder rotators in the scapular plane could be used in clinical evaluation procedures. 

However, eccentric actions for both internal and external shoulder rotators, peak moment data 

and internal rotation moment revealed greater inter-session variability compared to concentric 

actions, average moment data and external rotators moment. Both SEM and LOA revealed 

inter-session variability of isokinetic shoulder rotator moment of similar magnitude. 

Nevertheless, the clinically related information (systematic bias, homoscedasticity 

/heteroscedasticity assessment) provided with the LOA suggested that this method was more 

advantageous compared to SEM. Sample characteristics such as gender, age, health status and 

previous experience with dynamic rotation o f the shoulder were some of the limitations in this 

study. The present fmdings are also limited to the angular velocities and the inter-session 

interval used between the repeated tests.
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Study III

Effect of transient moment-oscillations on the reliability of isokinetic shoulder 

elevation in the scapular plane



Preface

Study II has shown that the isokinetic procedure used to assess shoulder rotator 

strength was reliable. However, estimation of variability related to normal fluctuations of 

moment data over repeated isokinetic measurements suggested that identification of strength 

changes following an injury or intervention are depended on the measuring parameter, the 

side, the direction o f movement, the type of action and angular velocity used.

Study III investigates the reliability o f an isokinetic testing procedure for the 

shoulder elevators, as this muscle group plays an important role in shoulder function. It 

should be noted that the term “shoulder elevators” will be used in study III as well as in the 

following studies since the mechanism of elevation requires the contribution of both arm 

elevators and scapular rotators and their function in isokinetic dynamometry cannot be 

separated.
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Effect of transient moment-oscillations on the reliability of isokinetic 

shoulder elevation in the scapular plane

Abstract

The rehability o f gravity corrected average and peak isokinetic moment of the shoulder 

elevators in the scapular plane, was assessed in 22 male college students without shoulder or 

neck pathology. Measurements were performed on two occasions, 7 days apart, by the same 

examiner. Both dominant and non-dominant sides were examined at 60 and 120°-s'', using 

isokinetic dynamometry. Each volunteer was assessed in the seated position, elevating the 

shoulder between 30-90° with the elbow in extension and the forearm in pronation. 

Reliability for both non-free and free of transient moment-oscillations (TMO) peak and 

average moment data (data selected from the entire range and the range of motion where 

isokinetic velocity was constant and equal to the pre-selected angular velocity, respectively) 

was determined using the intraclass correlation coefficient (ICC 3,1). The variation of 

isokinetic moment data associated with normal fluctuations of strength performance over 

repeated measurements (inter-session variability) was determined using the standard error of 

measurement (SEM) and the limits o f agreement (LOA). The ICC (3,1) values ranged 

between 0.86-0.95. Inter-sessions variability of isokinetic moment data calculated with 95% 

SEM was similar to that obtained with the 95% LOA and was ranged between 8.9-15.9 Nm. 

Both SEM and LOA revealed lower variability for average compared to peak moment data, 

non-free compared to free of TMO average moment and for free compared to non-free of 

TMO peak moment data. Higher ICC values and lower variability was also obtained for peak 

moment data at the isokinetic velocity of 60 compared to 120°-s’' and for most of the moment 

data recorded on the dominant compared to the non-dominant side. The present findings 

suggest that strength changes observed over repeated isokinetic measurements of the shoulder 

elevators in the scapular plane, may be better identified under certain conditions but they 

should only be considered as significant changes if they are lower or greater than inter

session variability o f isokinetic moment data.
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1. INTRODUCTION

The quantitative assessment o f the shoulder elevators using isokinetic-testing 

protocols has been part o f the comprehensive assessment of the shoulder musculature in 

several studies. Isokinetic data for shoulder elevation has been gathered from non-athletic 

(Kuhlman et al., 1992; Connelly-Maddux et al., 1989; Cahalan et al., 1991; Shklar and Dvir, 

1995), athletic (Cook et al., 1987; McMaster et al., 1991; Wilk et al., 1995) and injured 

shoulders (Tsai et al., 1991; Kirschenbaum et al., 1993; Rokito et al., 1999), using a variety 

of testing characteristics and isokinetic protocols. However, difficulties related to the testing 

position (Connelly-Maddux et al., 1989; Whitcomb et al., 1995), stabilisation (Kuhlman et 

al., 1992; Whitcomb et al., 1995) and joint aligrmient (Whitcomb et al., 1995; Walmsley, 

1993a, 1993b) have made isokinetic assessment of the shoulder elevators one of the most 

demanding and challenging tasks. Research has shown that isokinetic shoulder elevation can 

be optimally assessed in the scapular plane, as opposed to the coronal or sagittal planes. The 

scapular plane, which is usually orientated 30-45° anterior to the coronal plane (Kondo et al., 

1984; Greenfield, et al., 1990), provides better congruency to the articular surfaces (Poppen 

and Walker, 1976), minimal tension on the antero-inferior glenohumeral static stabilisers 

(Johnston, 1937), optimum length-tension relationship of the deltoid and supraspinatus (Saha, 

1983; Johnston, 1937), and more comfort to patients during testing (Kuhlman et al., 1992).

Previous studies have shown that isokinetic moment data of the shoulder elevators 

requires careful interpretation and analysis, as moment-oscillations occurring at the initial or 

final phases of a forceful movement may be falsely considered as a subject’s maximum 

moment. Moment-oscillations recorded at the begirming of a movement represent the 

dynamometer’s response to decelerate the overspeeding limb (“moment overshoots”) (Sapega 

et al., 1982). Wilk et al. (1992) have also reported that an abrupt end-stop combined with a
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long lever arm may result in similar moment-oscillations at the end of a shoulder elevation or 

depression movement. It has been proposed that only using moment data from that portion of 

movement where the angular velocity remains constant and equal to the pre-set angular 

velocity will eliminate the effect of moment-oscillations (Ostemig et al., 1982) and enhance 

the validity and possibly the reliability o f isokinetic testing.

The reliability o f isokinetic shoulder elevation has been investigated in several 

studies (Kuhlman et al., 1992; Mayer et al., 1994a; Magnusson et al., 1995; Whitcomb et al., 

1995; Durall et al., 2000) using primarily correlation-based indices, such as the intraclass 

correlation coefficient (ICC) and Pearson’s product moment correlation coefficient (r). 

Several authors (Bland and Altman, 1986; Atkinson and Nevill, 1998) have stressed, that 

these indices may lead to erroneous conclusions concerning the reliability of a testing 

protocol, as they only provide an indication of the relationship between inter-session 

variability (variability related to the fluctuating nature of strength over repeated isokinetic 

measurements) and the magnitude of a measured variable (relative reliability). The coefficient 

of variation (CV) and the standard error of measurement (SEM) are methods that are 

commonly incorporated in reliability studies, to estimate inter-session variability o f isokinetic 

moment data (absolute reliability). A less popular method that has been proposed in the 

literature for the same purposes is the limits of agreement (LOA). This method unlike CV and 

SEM, requires examination for carry-over effects between the repeated tests (systematic bias) 

and for possible relationship between the inter-session variability o f isokinetic scores and the 

magnitude of the measured variable (heteroscedasticity). The systematic bias enables 

clinicians to identify carry-over effects (fatigue or learning effects) over repeated tests. 

Heteroscedasticity would also mean that a greater inter-session variability would be 

associated with isokinetic data of high-scoring individuals. Therefore, strength changes 

attributed to an intervention programme would be more difficulty to detect in these
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individuals, as they would be more likely to show smaller strength changes than low-scoring 

individuals (Atkinson and Nevill, 1998). The purpose of this study was to determine the 

reliability and estimate the minimum variation needed to detect a significant change over 

repeated measurements for non-free and free of transient moment-oscillations isokinetic data.

2. METHODS

2.1. Subjects

Twenty-two male university students participated in this study. All volunteers were 

involved in college level non-overhead throwing activities and had no history of recent 

shoulder pathology or present shoulder/neck pain. The mean and standard deviation o f the 

age, height and body mass of the study sample were 22.1 ± 3.1 yr., 1.8 ± 0.1 m and 77.3 ± 9.3 

kg, respectively.

2.2. Testing procedure

The concentric average and peak moment of the shoulder elevators were assessed at 

isokinetic velocities o f 60 and 120°-s'', using a Kin Com II dynamometer (Chattecx Corp. 

Chattanooga TN). Isokinetic assessment was performed twice, 6-7 days apart, at 

approximately the same time of day, by the same examiner. All subjects were advised to 

maintain their usual physical activities between the two testing sessions.

Shoulder elevation was performed with each volunteer seated and set at an angle of 

30° anterior to the frontal plane (scapular plane), so that the scapular plane was parallel to the 

plane of rotation of the dynamometer’s actuator arm (Figure III-l). Three straps were used to 

stabilise the trunk and shoulders. One strap was placed around the hips, securing the trunk in
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an upright position. Side flexion of the trunk and shrugging of the shoulders was minimised 

by using two more straps around the shoulders, proximal to the acromion.

Figure III-l: Front (A) and side (B) view o f subject’s positioning 

and stabilisation for the isokinetic assessment of shoulder 

elevators.

The trunk and shoulders were stabilised against the seat of the chair by lowering the 

back support below the level o f the shoulders. Shoulder elevation was performed with the 

elbow in extension and the forearm in pronation. Elbow flexion was prevented by using a 

cylindrical splint (length: 35 cm, mass: 0.7 kg), made from casting tape (Figure III-2). The 

splint was cast on the author’s right arm, according to standard procedure for casting a 

fracture. The arm initially was covered with stockinet and under cast padding. The splint was 

made using a 4 inches hard and soft, casting tape (Scotchcasf*^’̂  Plus, 3M, France). Two 

strips, which were consisted of four layers of hard casting tape, were placed 3 centimetres 

apart along the dorsal aspect o f the arm. The splint was completed using soft casting tape 

around the arm and it was split in order to fit in different arm girths. It was placed around the 

tested arm, so that the splint was approximately in the middle of the elbow. The splint was 

fastened around the elbow with three straps. The entire upper limb was finally secured on the
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resistance pad, which was placed on the distal third of the humerus, proximal to the elbow 

joint with a Velcro strap (Figure III-l).

Figure HI-2: Splint used for stabilisation o f the 

elbow

A specifically constructed aluminium calliper (Figure III-3) was used for the 

alignment of the centre of rotation o f the humerus with the centre of rotation o f the actuator 

arm. The calliper consisted of two parts. A cylindrical collar and a tubular bar bent at right 

angles, forming a bracket. The collar was fitted permanently onto the cylindrical part of the 

actuator arm. The proximal free end of the tubular bracket was fitted into a hole, which was 

previously drilled on the collar. An additional tube was fixed on the distal free end of the 

bracket using a right angle cormector. The calliper, was fixed onto the dynamometer’s arm, 

and calibrated before positioning, using an aluminium rod which was passed through the 

distal tube into the centre o f the dynamometer’ actuator arm (Figure III-3). When correct 

aligrmient was achieved, the bracket was secured on the collar by tightening a locking screw.

Figure III-3: Calliper’s calibration prior to isokinetic 

assessment
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The centre of rotation of the glenohumeral joint was identified prior to isokinetic 

testing and marked with a water-soluble marker. It was located at the intersection of a 

horizontal line passing 3-cm below the tip of the acromion (Figure III-4A) and a 

perpendicular line extending one third o f the distance between the most lateral point of the 

coracoid process and the acromion (Figure III-4B) (Walmsley, 1993b).

Figure III-4: Location of the centre of rotation of the glenohumeral joint at the intersection of a horizcmtal line 

passing 3 cm below the tip of the acromion (A) and a perpendicular line (white arrow) extending one third of the 

distance between the most lateral point of the coracoid process and the acromion (B)

Correct alignment between the shoulder and motor centres of rotation was achieved 

when an aluminium bar passing through the distal end of the calliper, placed against the pre

marked centre of rotation of the shoulder, when each subject was seated and strapped in the 

testing position (Figure III-5). The position of the dynamometer’s head assembly and the 

chair was adjusted as needed and the calliper was removed before isokinetic testing.
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Figure ID-5: Alignment between the

glenohumeral centre of rotation and the centre of 

rotation of the dynamometer’s actuator arm using 

the calliper.

I Measurements were performed between 30 and 90° of shoulder elevation. The mass
1

, of the upper limb was measured with the shoulder elevated to 90° (horizontal level) and

! determined by placing a spirit level on the dorsal aspect o f the arm. The lever arm length was

I  recorded for each individual, for accurate repositioning in the second testing session.
1

Each volunteer performed a 10-min warm up before isokinetic assessment. The 

I  warm up consisted of 5-min arm cranking at low workload and 5-min mobility and stretching 

exercises of the shoulder musculature. Three to five sub-maximal concentric actions, with at 

least one action at/or near maximal effort were performed, in order to familiarise the 

volunteer with isokinetic dynamometry. After a 1-min rest, each volunteer performed three 

maximum intermittent concentric actions, with 15-s rest interval between each action. An 

attempt was deleted if the volunteer reported a lack of effort, or if a significant difference 

I  between two consecutive curves was observed on the screen and an additional attempt was

undertaken. A 2-min rest was allowed between each velocity tested and a 10-min rest was

allowed between the assessment of the dominant and non-dominant side. Verbal 

encouragement and visual feedback from the screen during the testing phase were not 

' allowed, as inconsistent verbal cues and variable attention to the displayed curves may 

influence test retest reliability.
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2.3. Data analysis

The ICC (3,1) was calculated using the expression ICC (3,1) = (BMS -  EMS)/[BMS 

+ (^-1) EMS], where BMS and EMS were the between subjects mean square and the error 

mean square values, used in the calculation o f F-value from repeated measures ANOVA, for 

average or peak moment data and k the number of testing sessions (Shrout and Fleiss, 1979). 

The 95% confidence range of SEM was derived using the expression 95% SEM = 1.96 x 2 

X SD X (1-ICC) where SD the standard deviation of the mean average or peak moment data 

of the study sample, and ICC the intraclass correlation coefficient of the test-retest reliability 

(Streiner and Norman 1995). The 95% limits o f agreement (95% LOA) were calculated using 

the expression 95% LOA = d+1.96 sd, where d and sd were the mean and the standard 

deviation of the differences between the two sessions for average or peak moment data. The 

systematic bias for each measurement was assessed using individual student’s T-tests and 

heteroscedasticity was examined using the Pearson’s product moment correlation coefficient

W-

The absolute and relative reliability were determined for both non-free and free o f 

transient moment-oscillations (TMO) average and peak moment data, which were selected 

across the entire range of motion tested (30-90°) and from that portion of isokinetic curve 

where angular velocity was constant and equal to the pre-set angular velocity, respectively. 

The pre-set angular velocities o f 60 and 120°-s'' remained constant between 40-85° and 

between 55-80° of shoulder elevation, respectively. Repeated-measure ANOVA’s were used 

to examine differences between non-free and free of TMO average and peak moment data. 

For all statistical tests, values of P < 0.05 were considered significant.
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3. RESULTS

The mean and standard deviations for both non-free and free of TMO peak and 

average isokinetic moment data for shoulder elevation recorded during the 1 and 2"‘* testing 

sessions are Hsted in table III-l. Free of TMO average moment data were 2.8-3.5% and 4.9- 

6.6% greater compared to non-free of TMO average moment data (P<0.001) at 60 and 

120°-s'*, respectively, for both dominant and non-dominant sides and testing sessions. In 

contrast, free o f TMO peak moment data were 1.1-2.2% and 5.9-8.7% lower compared to 

non-free o f TMO peak moment data at isokinetic velocities o f 60 and 120°-s ’, respectively 

(see table III-l for individual post hoc tests). Figure III-6 demonstrates isokinetic moment 

curves of the shoulder elevators for the dominant side at 60 and 120°-s'’ for an individual 

subject.
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Figure III-6: Isokinetic moment curves of the shoulder elevators for the dominant side at 60 (A) and 120° s"‘ 

(B) for an individual subject.

139



Table III-l: Mean and standard deviations (in brackets) o f non-free and free o f transient moment-oscillations (TMO) isokinetic average and 

peak moment o f the shoulder elevators, for the dominant and non-dominant sides at 60 and 120°-s‘’

Average moment Peak moment

Non-free o f TMO data Free o f TMO data Non-free o f  TMO data Free o f TMO data

60 120 60 120 60 120 60 120

1®* session D 61.1 (12.2) 54.8(11.9) 63.3 (12.7)“ 58.2(12.6)“ 69.7(12.8) 67.3 (14.4) 68.9(13.2) 62 .7(13 .8)“

2"^ session 60.7(12.5) 56.0 (12.0) 62.4(12.9)® 58.8(12.7)“ 68.8(13.6) 69.1 (14.4) 67 .2(13 .1)“ 63.1 (13.9)“

1®* session ND 61.3 (14.4) 54.0(12.1) 63.4(14.9)“ 57.6(13.3)“ 69.4(16.1) 66.5 (14.4) 68.5 (15.2) 62 .4(13 .6)“

2"** session
a r t n i  . b

62.5 (14.9) 54.9(13.0) 64.3 (15.4)“ 57.9(13.5)“ 71.1 (16.9) 68.4(16.9) 70.0(15.8)*’ 62 .7(14 .6)“

® P<0.001; P<0.05 between non-free and free o f transient moment-oscillations average and peak moment data
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Figures III-7 and III-8 demonstrate the isokinetic moment curves o f the shoulder elevators for 

both dominant and non dominant side and testing sessions, presented as the mean maximum 

moment produced at the beginning and at 5° interval throughout the range o f motion tested at 

60 and 120°-s'‘, respectively.
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Figure UI-7. Isokinetic strength curves of the shoulder elevators for the dominant (D) and non-dominant side 

(ND) at the first (A) and second (B) testing sessions, at 60° s‘'. Strength curves were determined based on the 

mean of the maximum moment produced at the beginning and at 5° interval of the range of motion that was 

tested. The shaded area indicate the region in the range of motion tested where isokinetic velocity was constant 

and equal to the pre-set angular velocity (area free of transient moment-oscillations).
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Figure QI-8. Isokinetic strength curves of the shoulder elevators for the dominant (D) and non-dominant side 

(ND) at the first (A) and second (B) testing sessions, at 120° s'*. Strength curves were determined based on the 

mean of the maximum moment produced at the beginning and at 5° interval of the range of motion that was 

tested. The shaded area indicate the region in the range of motion tested where isokinetic velocity was constant 

and equal to the pre-set angular velocity (area free of transient moment-oscillations).

The ICC (3,1), 95% SEM and 95% LOA are presented in Table III-2. The ICC 

values ranged between 0.86-0.95. Inter-session variability o f  isokinetic moment scores 

calculated using either the 95% SEM or 95% LOA ranged between 8.9 -  15.9 Nm. Similar or 

lower ICC values and greater variability were obtained for free compared to non-free o f TMO 

average moment data. In contrast, the ICC values were greater and the variability lower for
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free compared to non-free of TMO peak moment data. These differences were more 

pronounced at the higher isokinetic velocity (see Table III-2). The ICC’s were also greater 

and inter-session variability calculated using both 95% SEM and 95% LOA were lower for 

average compared to peak moment data, regardless o f whether the data were free or non-free 

of TMO. Inter-session variation of both non-free and free of TMO peak moment data was 

lower at an angular velocity of 60 compared with 120°-s’' and for the dominant compared to 

the non-dominant side.

The differences for average and peak moment data between the 1®* and 2"‘* testing 

session were not statistically significant, indicating no systematic bias in the moment data. 

Pearson correlation coefficients ranged between -0.05 to -0.31, suggesting poor relationships 

between inter-session variation and the magnitude of isokinetic moment data (homoscedastic 

data). The ICC for the gravity-correction procedures were 0.85 and 0.89 for the dominant and 

non-dominant side, respectively. The 95% SEM, the mean difference between sessions and 

the 95% LOA for the gravity correction moment data were ± 3.6 Nm, 0.5 ± 3.6 Nm for the 

dominant, and ±3.0 Nm, 0.0 ± 3.1 Nm for the non-dominant sides, respectively.

4. DISCUSSION

Based on the ICC values obtained in the present study (0.86-0.95), isokinetic 

assessment of shoulder elevation in the scapular plane was reliable (Portney and Watkins, 1993) 

and therefore can be incorporated into clinical evaluation procedures. However, the variability of 

isokinetic scores obtained over repeated measurements (8.9-15.9 Nm) suggested that a strength 

deficit or improvement of the shoulder elevators should only be considered significant if the 

difference is lower or greater than the obtained inter-session variation.
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Table III-2: Intraclass correlation coefficients (ICC 3,1), 95% standard error o f measurement (95% SEM), mean between-sessions differences 

( d ) and 95% limits o f  agreement (95% LOA) o f non-free and free o f transient moment-oscillations (TMO) isokinetic average and peak moment 

o f the shoulder elevators, for the dominant and non-dominant sides at 60 and 120°-s’'

Average moment Peak moment

Non-free o f TMO data Free o f TMO data Non-free o f  TMO data Free o f TMO data

60 120 60 120 60 120 60 120

ICC D 0.91 0.92 0.91 0.92 0.92 0.87 0.93 0.92

95% SEM (Nm) 10.1 9.4 10.6 9.9 10.1 14.4 9.7 10.8

d ± 95% LOA (Nm) 0.4 ± 10.3 -1.3 ±9.2 0.9+10.7 -0.6 ±9.7 0.9 ± 10.6 -1.8 ±14.7 1.7 ±9.8 -0.4 ±10.6

ICC ND 0.95 0.91 0.95 0.88 0.94 0.86 0.94 0.92

95% SEM (Nm) 8.9 10.1 9.2 12.7 10.9 14.9 10.3 10.6

d ± 95% LOA (Nm) -1.2 ±8.9 -0.9 ±10.5 -1.0 ±9.4 -0.3 ±12.6 -1 .7±  11.6 -1.9 ±15.9 -1.4 ± 10.6 -0.3 ±11.3
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Sapega (1990) and others (Kannus, 1994; Dvir, 1995) have reported several factors 

linked to the examiner, the examinee or the testing protocol that may potentially effect test- 

retest measurements of isokinetic moment. Participants in the present study were collegiate 

athletes with minimal experience with isokinetic dynamometry. Familiarisation with the 

specific testing protocol was only allowed prior to isokinetic assessment as normally occurs 

in a clinical setting. Athletes highly motivated and familiarised with isokinetic dynamometry 

would have probably enhanced reliability and reduced inter-session variability o f isokinetic 

strength measurements. Minor changes in the position of the trunk and shoulder under 

investigation in the second session may also have effected variability of isokinetic scores, 

despite rigorous standardisation of subjects’ positioning, stabilisation and alignment of the 

biological and mechanical axes. A minor change in the inclination of the subject’s trunk 

relative to the load cell was possibly one of the factors that influence the weight of the upper 

limb, resulting in a less than 3.6 Nm variation between the two tests. Subsequently, the 

variation associated with repeated measurements for the gravity correction procedure 

accounted for a significant part of the total variability. Similarly, superior displacement 

(shrugging) of the shoulder under investigation during isokinetic assessment, as previously 

reported (Walmsley, 1993b), may alter the length-tension relationship of the shoulder 

elevators effecting moment output.

One o f the factors that may effect inter-session variability o f isokinetic scores was the 

greater variation obtained among participants for peak compared to average moment data. 

The great variation of peak moment data was probably related to the complex interaction of 

the shoulder musculature during shoulder elevation. Shoulder elevation requires contribution 

of the primary movers, as well as the stabilising function of the rotator cuff muscles to 

centralise the humeral head and avoid excessive translation on the face of the glenoid. In 

addition, the synergistic action of the scapular rotators is necessary to rotate the scapula
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upward, in order to provide maximum conformity on the articular surfaces, an optimum 

length-tension relationship for the deltoid muscle, and elevation of the acromion. Lack of 

synchronisation between the different muscle groups, particularly at the single point where 

peak moment occurred, may have increase variability between the two tests. The greater 

variation associated with shoulder elevators’ peak moment on the non-dominant side was 

possibly attributed to more asynchronous firing patterns of the involved muscles, as less 

movements of this shoulder were required in everyday activities. Furthermore, non-free of 

TMO average moment and free o f TMO peak moment were the most reliable isokinetic 

parameters used, with the former being more reliable than the latter. The obtained inter

session variation were 0.5 - 2.6 Nm lower for the non-free compared to free o f TMO average 

moment data and 1.0-4.6 Nm lower for the free compared to non-free of TMO peak moment 

data. These findings suggested great variability o f moment transient-oscillations over 

repeated isokinetic measurements for the shoulder elevators in the scapular plane, particularly 

at the higher isokinetic velocities (see Table III-3). Therefore, when monitoring longitudinal 

strength changes o f the shoulder elevators, it is recommended that isokinetic average and 

peak moment data should be gathered from the entire range and the range of motion where 

the pre-selected angular velocity was constant, respectively, in order to reduce inter-session 

variability.

Inter-session variability o f isokinetic moment scores calculated with either the 95% 

SEM or 95% LOA were similar. The maximum difference between the two methods was 

<1.0 Nm. The non-significant differences between the two sessions indicated that shoulder 

elevation moment data was not effected by fatigue or learning; therefore, can be assumed that 

inter-session variability o f isokinetic strength was only due to biological and/or procedural 

variability inherent to the study sample and the testing procedure. It is suggested that strength 

changes following injury or intervention should be either greater or lower than the obtained
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variation in order to be considered clinically significant. Isokinetic data were also 

homoscedastic indicating that the obtained inter-session variation of isokinetic scores was 

similar for high as well as for low-scoring individuals, and therefore should be reported in 

real units rather than proportionally to the magnitude of moment data. This finding implies 

that strength changes following strengthening exercise programmes can be as easily detected 

in non-athletic individuals as in individuals whose moment generation capacity is greater and 

are therefore more likely to display small strength changes (Atkinson and Nevill, 1998).

The ICC values reported in the present study were higher compared to those reported 

in previous studies (0.87-0.90) for peak moment produced during shoulder elevation in the 

scapular plane, at isokinetic velocities of 60 (Durall et al., 2000) and 90°-s‘‘ (Kuhlman et al., 

1992; Whitcomb et al., 1995). However, despite the higher correlation coefficients, the 

greater heterogeneity (variability) regarding isokinetic moment among participants in the 

present study (SD < 11.9) resulted in greater SEM’s compared to young males (SD = 9.4 Nm) 

and females (SD < 5.2 Nm) that participated in these studies (Kuhlman et al., 1992; 

Whitcomb et al., 1995; Durall et al., 2000). Keating and Matyas (1998) have stressed that 

variability o f isokinetic moment data is greater among high-scoring individuals compared to 

low-scoring individuals and when test conditions, particularly for the joints of the lower limb, 

facilitate high isokinetic moment such as low angular velocities. These are some of the factors 

that may effect subjects’ variability and hence inter-session variability o f isokinetic moment 

data. Mandalidis et al. (2001) have shown lower variability among the participants and 

subsequently lower inter-session variability for isokinetic moment data of the shoulder 

rotators at 120 compared to 60°-s’'. Apparently this rule did not apply to moment data of the 

shoulder elevators as inter-session variability of isokinetic average moment for the non 

dominant side and peak moment for both dominant and non-dominant sides was greater at the 

higher (120°-s'') compared to the lower isokinetic velocity (60°-s’’). Isokinetic performance at
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the higher angular velocity may not provide adequate time for effective contraction of the 

muscles surrounding the scapula preventing proper stabilisation o f the scapula on the thoracic 

wall. Consequently, the stable base that was required for effective function of the 

supraspinatus and deltoid, two of the most important elevators of the arm, was not provided 

increasing subjects’ and hence inter-session variability o f isokinetic moment data. Other 

factors that may effect variability of isokinetic data are gender, health status and direction of 

movement (Keating and Matyas, 1998). Therefore the inter-session variation obtained in the 

present study was limited to the sample characteristics and testing conditions used.

5. CONCLUSION

The present findings suggest isokinetic shoulder elevation can be reliably assessed in 

the scapular plane. Both SEM and LOA revealed similar variations o f isokinetic scores and 

can be used interchangeably provided that isokinetic data is homoscedastic. Inter-session 

variation weis lower for non-free compared to free of TMO average moment, free compared to 

non-free o f TMO peak moment, both non-free and free o f TMO peak moment at 60 compared 

to 120°-s’' and for the dominant compared to the non-dominant side. Clinically the findings of 

the present study suggest that isokinetic strength changes following an injury or intervention 

may only be considered significant if they are lower or greater than the variation of isokinetic 

moment data obtained over repeated isokinetic measurements. Furthermore, it should be 

noted that the variability between the two tests calculated in the present study was limited to 

the characteristics o f the sample (gender and health status) and the testing procedure 

(direction of movement, angular velocity) used.
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Preface

In agreement with the findings in study II, variability related to normal fluctuations of 

shoulder elevator strength over repeated isokinetic measurements was depended on the 

measuring parameter and the angular velocity used and the side tested. The presence or 

absence of transient moment oscillations also effected inter-session variability of shoulder 

elevators’ isokinetic moment data. However, the validity of moment data during isokinetic 

elevation of the shoulder can be highly compromised as previous studies have shown lack of 

alignment between the biological and motors axes o f rotation during elevation of the shoulder 

in the coronal and sagittal planes. Study IV investigates the effect of transient misalignment 

between the biological and motor axes of rotation on isokinetic moment data of the shoulder 

elevators in the scapular plane.
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Scapular plane isokinetic shoulder elevation: effect of shoulder and motor 

centres of rotation transient misalignment on moment data

Abstract

During isokinetic shoulder elevation in the coronal and sagittal planes, the centre of rotation of 

the glenohumeral joint was displaced 8-cm vertically relative to the centre of rotation of the 

dynamometer’s actuator arm. It was suggested that in order to account for this displacement, 

the recorded maximum moment values should be reduced by 12.5%. The aim of this study was 

to measure the displacement of the glenohumeral centre of rotation during isokinetic shoulder 

elevation in the scapular plane and to conduct an error analysis of the dynamometer’s moment 

recordings. The displacement of the glenohumeral centre of rotation was assessed in twenty 

healthy volunteers, during isokinetic concentric elevation of the left shoulder, in the scapular 

plane, using a two-dimension motion analysis system. Measurements were performed at 30, 60 

and 120° s ‘, between 30-90° of shoulder elevation and were analysed every 12°. The 

glenohumeral centre of rotation was superomedially displaced relative to the centre of rotation 

o f the actuator arm, throughout shoulder elevation (P<0.001). The effect of isokinetic velocity 

on the glenohumeral displacement was not significant. The glenohumeral displacement resulted 

also in changes o f humeral lever arm orientation and length relative to the pre-set orientation 

and length of the lever arm. As a result of these changes, dynamometer’s recordings 

underestimated corrected angle-based maximum moments by < 6.2%. The DGCR during 

isokinetic elevation of the shoulder in the scapular plane was probably attributed to normal 

kinematics of shoulder elevation that requires synchronous fimction of both the 

scapulothoracic and glenohumeral joints. The cutaneous markers and the use of a 2-D 

kinematic analysis system for the assessment of a 3-D shoulder motion may effect the precision 

in detecting movements of the shoulder under the skin. The present findings are also limited to 

the position, stabilisation method and range of motion tested.
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1. INTRODUCTION

The moment generation capacity o f a muscle in live subjects, is determined by the 

rotational (perpendicular) component of the applied force, which is exerted by a particular 

muscle or muscle group, and the distance from the point o f force application to the centre of 

rotation of the joint (limb's or segment’s lever arm) (Dvir, 1995). In isokinetic dynamometry, 

moment is calculated based on the pre-set lever arm length, which is defined as the distance 

between the location of the force sensor and the centre o f rotation of the dynamometer's 

actuator arm (Dvir, 1995). The sensor and limb lever arm lengths are considered equal, 

provided that the centres of rotation of the actuator arm and the body segment are accurately 

and constantly aligned throughout a range of motion.

Although the functional centre of rotation for many joints is not stable throughout a 

range of motion (Smidt, 1973; Poppen and Walker, 1976), in isokinetic dynamometry it is 

considered fixed for practical purposes, and maintained in line with the centre of rotation of 

the actuator arm by using stabilisation straps. Both alignment and stabilisation can be achieved 

with relative ease when isokinetic-testing procedures are performed in "hinge" type joints, such 

as the knee or the ankle (Dvir, 1995). In contrast, the location of the glenohumeral centre of 

rotation (GCR) and stabilisation of the upper limb is more complicated particularly during 

isokinetic assessment of the shoulder elevators (Walmsley, 1993a, 1993b). Normal shoulder 

elevation requires primarily upward rotation of the humerus and the scapula (Inman et al., 

1944; Dvir and Berme, 1978; Morey and An, 1990; Shoup, 1976). Several researchers have 

located the different centres of rotation of both the glenohumeral (Poppen and Walker, 1976; 

Kelkar, et al., 1992, 1993, 1994) and scapulothoracic joints (Poppen and Walker, 1976) as 

well as for the entire shoulder girdle (Shoup, 1976). Nevertheless, in isokinetic studies, it is the 

GCR that was usually aligned with the fixed centre of rotation of the dynamometer's actuator 

arm (Kuhlman et al., 1992; Tata et al., 1993; Whitcomb et al., 1995). Previous studies have
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shown that the GCR was vertically displaced relative to the centre of rotation of the actuator 

arm during isokinetic elevation of the arm, in the sagittal (Walmsley, 1993a) and coronal 

planes (Walmsley, 1993b). It was also proposed that in order to account for this displacement, 

the maximum moment data calculated by the dynamometer should be reduced by 12.5% 

(Walmsley, 1993a, 1993b). However, similar observations have not been carried out during 

isokinetic assessment of the shoulder elevators, in the scapular plane (plane orientated 30-45° 

anterior to the coronal plane) (Kondo, et al., 1984, Greenfield, et al., 1990). The scapular 

plane has been used in several isokinetic studies because it provides the optimum length- 

tension relationship for the arm elevators, namely the deltoid and supraspinatus, and requires 

minimal external rotation of the arm (Johnston, 1937). The purpose of this study was to 

measure the displacement of the glenohumeral centre of rotation (DGCR) during isokinetic 

elevation of the shoulder, in the scapular plane and to investigate the effect of the displacement 

on corrected isokinetic moment data.

2. METHODS

2.1. Subjects

Twenty healthy males without shoulder or neck pain participated in this study. The 

majority of the participants were involved in college level, non-overhead throwing activities. 

Their mean age was 22.3 years (range 18-28 years). The mean and standard deviation of 

height and body mass were 1.8 ± 0.1 m and 81.0 ± 9.7 kg, respectively.

2.2. Isokinetic testing procedure

The elevators of the left shoulder were assessed isokinetically in the scapular plane, 

using a Kin Com dynamometer (Chattecx Corp. Chattanooga TN, USA). For the purpose of
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the present study, the scapular plane was defined as one forming an angle o f 30° with the 

fi"ontal plane, and therefore a specially constructed seat was positioned accordingly, relative to 

the plane of the dynamometer's lever arm motion (Figure IV-1).

Figure IV-1. Subject’s positioning, stabilisation and alignment of the glenohumeral and dynamometer’s 

actuator arm centres of rotation, for the isokinetic assessment of shoulder elevators, in the scapular plane. The 

black dots indicate the location of the reflective markers (M) on the centre of rotation of the glenohumeral joint 

(M l), the bracket-shape extension (M2 and M3) and the dynamometer’s actuator arm (M4).

This setting ensured that the planes of rotation for both the humerus and the actuator 

arm were parallel. Each volunteer was seated and then stabilised on the chair, using three belts. 

One was placed around the hips and the two other around the shoulders proximal to the 

acromion, to secure the tritnk in an upright position and to minimise upward displacement
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(shrugging) of the shoulders, and possible compensatory movements of the trunk, respectively. 

The back support was placed below the level of the shoulders, in order to stabilise the trunk 

and shoulders against the seat of the chair. Elevation of the shoulder was performed with the 

shoulder in neutral rotation, the elbow in extension and the forearm in pronation. Elbow 

flexion was minimised using a light (0.7 kg) rigid cylindrical splint, made from casting tape and 

designed to fit arms of different girths. It was placed around the left elbow and tightened using 

three nylon straps, prior to subject’s positioning and stabilisation on the chair. The splint was 

finally fastened onto the resistance pad, which was placed proximal to the elbow joint, with a 

Velcro strap.

A specifically constructed aluminium calliper was used to align the GCR with the 

centre of rotation of the actuator arm. The GCR was located at the intersection of a horizontal 

line, passing 3-cm below the tip of the acromion and a perpendicular line, extending one third 

of the distance between the most lateral point of the coracoid process and the acromion 

(Walmsley, 1993b). It was identified prior to isokinetic testing and marked with a water- 

soluble marker. The calliper was attached to the actuator arm and calibrated before the subject 

was positioned, using an aluminium rod (Figure IV-2). After each volunteer was seated and 

stabilised, correct alignment was achieved by placing the aluminium rod against the pre- 

marked GCR (Figure IV-1). The calliper was removed before isokinetic testing.

Prior to the isokinetic testing, each volunteer performed a 10-min specific exercise 

programme to warm up the shoulder muscles, and 3-5 sub-maximum concentric actions, in 

order to familiarise them with the isokinetic dynamometer. The displacement of glenohumeral 

centre of rotation (DGCR) and the associated displacement of the lever arm was measured 

during three maximum, gravity corrected, concentric actions of the shoulder elevators, with 

20-s interval between each action. Isokinetic assessment commenced at 30° of shoulder 

elevation as the splint, which was placed around the elbow to keep it fiilly extended, prevented 

commencement of isokinetic testing at a lower angle. For consistency with isokinetic
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assessment of the shoulder rotators measurements were performed over a range of 60° 

(between 30-90° of shoulder elevation) in the scapular plane at isokinetic velocities of 30, 60 

and 120°-s''.

2.3. Kinematic analysis

The displacement of the glenohumeral centre of rotation was recorded using a two- 

dimension (2-D) motion analysis system (Mac Reflex, Qualisys AB, Sweden) and four 

reflective markers (M1-M4). The system consisted of an infrared video camera and a video 

processor, which processed the camera's images calculating the 2-D marker co-ordinates, and 

transmitted the co-ordinates to a Macintosh Performa, 450 computer. The Mac Reflex system 

was set up to record movement o f the markers, at a sampling frequency of 50 Hz and a 

sampling duration of 5-s. Figure IV-1 indicates the location and set up of the markers. The 

movement of the GCR was detected with M l. Two markers stationary on a bracket-shape 

extension fixed to the top right hand side of the chair (M2 and M3) were used for reference. 

The camera was placed 2-m away from M l, perpendicular to the subject’s coronal plane. The 

recorded traces were stored and analysed using a spreadsheet application programme (WingZ® 

for Mac Reflex 2.3). The displacement of the glenohumeral centre of rotation was determined 

by deducting the distances (horizontal and vertical) that were measured between Ml and M2, 

at 30° of shoulder elevation (starting position), from the between-markers distances measured 

at various degrees of shoulder elevation (Figure IV-3). The DGCR indicated the movement of 

the GCR relative to its location at the starting position, and consequently relative to the centre 

of rotation of the actuator arm, since the two centres were accurately aligned prior to 

isokinetic shoulder elevation. The DGCR was presented as position changes o f the markers 

relative to time. The marker (M4) on the dynamometer's actuator arm (see Figure IV-1) was
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used to indicate the starting and end point of the time frame, which corresponded to the 

duration of each action.

The sampling frequency that was used (50 Hz) for the kinematic analysis during 

isokinetic elevation of the shoulder over a range of 60° (range of motion tested) for the 

angular velocities of 30, 60 and 120°-s ' resulted in 100, 50 and 25 kinematic data points, 

respectively. Consequently, the horizontal and vertical displacements recorded every 20, 10 

and 5 kinematic data points were used to calculate the DGCR at five consecutive positions of 

the shoulder which effectively corresponded to 42, 54, 66, 78 and 90° of shoulder elevation. 

The kinematic data was also corrected for the fact that the DGCR was measured in the 

subject’s coronal plane and not in plane of shoulder elevation (scapular plane) (Appendix C).

M2 (►

M3 4

Figure IV-3. Measurement of the displacement of glenohumeral centre of rotation, at 90° of shoulder 

elevation, in the scapular plane. The horizontal and vertical glenohumeral displacement (h^* Vĝ ), was 

determined by deducting the distances (hjos v̂ o-) that were measured between the markers Mljo and M2, at 30° 

of shoulder elevation, from the distances (hpos \god measured between the markers M l9 0  and M2, at 90° of 

shoulder elevation.
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2.4. Statistical analysis

Analysis of variance for repeated measures was used for comparisons between 

different angles of shoulder elevation (42, 54, 66, 78 and 90°) and isokinetic velocities (30, 60 

and 120°-s '). The intra-individual reproducibility for the displacement of the glenohumeral 

centre o f rotation at various degrees of shoulder elevation was assessed using the coefficient of 

variation (CV).

3. RESULTS

Of the twenty subjects one was excluded from the study because the tracing of the 

GCR was not recorded throughout the tested range. Figure IV-4 demonstrates the DGCR 

traced during isokinetic testing of shoulder elevation, at 30, 60 and 120°-s''. As a result of 

DGCR, changes of humeral lever arm orientation and length occurred. The means and 

standard deviations of DGCR, the associated angular displacement of humeral lever arm 

(DHLA, angle a ' in  figure IV-5) and percentage change in humeral lever arm length (%Af) at 

various angles of shoulder elevation are presented in Table IV-1.

The DGCR, the DHLA and the %A^ increased progressively with shoulder elevation, 

at all velocities (P<0.001). Post hoc analysis revealed no significant change of the DHLA and 

the VoM between 66-78° and 78-90° of shoulder elevation, regardless of the angular velocity 

tested. The effect of isokinetic velocity on the DGCR was not significant. However, isokinetic 

velocity had a significant effect on the DHLA (P<0.01) and the %A£ (P<0.01). Post hoc 

analysis revealed that the DHLA was significantly lower and the VoM greater only at 30 

compared to 120°-s ' (?<0.05), regardless of the angle o f shoulder elevation.
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1 Figure IV-4. Displacement of the glenohumeral centre of rotation (GCR) at 42, 54, 66, 78 and 90° of shoulder 

elevation in the scapular plane, at 30, 60 and 120° s '.

The recorded moment data was corrected for the combined effect of DGCR and the 

associated DHLA, and humeral lever arm lengthening. The corrected moments produced by 

the shoulder elevators at various degrees o f elevation were 1.8-6.2% greater compared with 

angle-based maximum recorded moment, as a result of the displacement of glenohumeral 

centre of rotation and the associated changes in humeral lever arm orientation and length 

(Table IV-1). The percentage differences between the recorded and corrected moment 

increased progressively with shoulder elevation (P<0.001), except between 66-78° and 78-90°, 

regardless of the angular velocity tested. The percentage differences were also statistically 

significant greater only at 120 compared to 30°-s’' (P<0.05), regardless of the angle of 

shoulder elevation.
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Table IV-1. Mean and standard deviation (in brackets) of the displacement of glenohumeral 

centre o f rotation (DGCR), displacement of the humeral lever arm (DHLA), difference 

between the pre-set and actual humeral lever arm length (A^) and difference between the 

recorded and the applied moment (AM), at different angles of shoulder elevation and isokinetic 

velocities.

Velocity Shoulder elevation in the scapular plane (°)

°-s-' 42 54 66 78 90

DGCR (mm) 30 6.3 (3.0) 11.0 (4.3) 15.5 (5.6) 20.6 (6.9) 26.5 (8.1)

60 5.7 (1.7) 10.1 (2.5) 14.7 (3.6) 20.4 (5.2) 26.2 (6.9)

120 6.2 (2.1) 10.6 (2.8) 15.8(3.6) 21.2 (4.8) 26.1 (6.1)

DHLA (°) 30 1.0 (0.6) 1.9 (0.7) 3.0 (0.8) 4.3 (1.0) 5.9 (1.4)

60 0.8 (0.4) 1.6 (0.6) 2.7 (0.7) 4.1 (1.0) 5.7 (1.4)

120 0.5 (0.4) 1.4 (0.7) 2.5 (0.8) 3.9 (1.1) 5.5 (1.3)

A£ (%) 30 1.8 (1.6) 3.0 (2.6) 4.1 (3.4) 5.0 (3.7) 5.5 (4.0)

60 1.9 (1.2) 3.2 (1.6) 4.3 (2.2) 5.4 (2.6) 5.8 (3.0)

120 2.6 (1.1) 4.0 (1.6) 5.5 (1.9) 6.5 (2.3) 6.4 (2.8)

AM (%) 30 1.8 (1.6) 3.0 (2.6) 3.9 (3.4) 4.6 (3.7) 4.9 (3.8)

60 1.9 (1.2) 3.2 (1.7) 4.2 (2.2) 5.1 (2.6) 5.3 (3.0)

120 2.6 (1.1) 3.9 (1.7) 5.4 (1.9) 6.2 (2.3) 5.9 (2.8)

Figure IV-5 presents graphically the position of the OCR, the limb’s lever arm and the 

rotational component of the shoulder elevators’ force, before and after DGCR occurred. At 

30° of shoulder elevation both the GCR and the centre o f rotation of the dynamometer’s 

actuator arm, were in line through the point O (initial alignment). At this point, the rotational 

component of the shoulder elevators’ force (F) was perpendicular to the humeral lever arm (f).
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At an angle o f  shoulder elevation {&), the GCR was displaced to the point 0^, and the applied 

force Fg in this position was perpendicular to the displaced humeral lever arm {(.e)- Hence, the 

moment o f  the shoulder elevators, about the point O at 6 °  shoulder elevation (recorded 

moment), was the product o f  the resolved component o f  the force Fe perpendicular to the lever 

arm (£)  and the pre-set lever arm length £. The moment o f  the shoulder elevators about the 

point Od (corrected moment) was the product o f  the lever arm length £e and the force F®.

h -

GF
GF

Dynamometer’s 
actuator arm

50

GF

GF

Figure IV-5. Location of glenohumeral centre of rotation (O, Ô ), humeral lever arms (£, ( g ) ,  force of the 

shoulder elevators (F̂ o, Fg) and gravitational force (GFjo, GFg) before and after displacement occurred, at 30° 

(starting position) and 0°o f  shoulder elevation, in the scapular plane. Angle a  is the angle formed between the 

force vector F̂  and the perpendicular to the lever arm t, the angle a'(equal to the angle a) formed between the 

lever arm ( and £g indicates the displacement of the humeral lever arm; the lengths h and v are the horizontal 

and vertical displacements of the glenohumeral centre of rotation.
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The quantity cosa was calculated according to the mathematical expression:

cosa = {£ + y cosO - h sin^)/[f^ + + ĥ  + 2£{v cosO - h sin^)]

The length of the humeral lever arm £$ was calculated using the expression (Appendix D):

+ + ^  ( v cosd - h sin^)]

The sample mean CV for the DGCR at isokinetic velocities of 30, 60 and 120°-s ' ranged 

between 18.4-20.6% at 42°, 10.2-14.2% at 54°, 6.7-10.1% at 66°, 6.5-9.0% at 78° and 6.6- 

7.8% at 90° of shoulder elevation.

4. DISCUSSION

The accurate and constant alignment between the centres of rotation of the joint and 

the dynamometer's actuator arm over a range of motion, is a basic requirement for optimum 

and valid isokinetic moment measurements. Apparently, this prerequisite was not possible 

during isokinetic assessment of shoulder elevation in the scapular plane because of the high 

mobility of the shoulder girdle. The DGCR that was observed in the present study probably 

resulted from the synchronous upward rotation of the humerus and the scapula. During normal 

elevation of the shoulder the humeral head is almost centred on the glenoid cavity. Based on 

the humeral head bony surface curvature, the centre o f the humeral head demonstrated 

approximately 1-mm upward translation on the glenoid, after the first 30° of shoulder elevation 

in the scapular plane (Poppen and Walker 1976). However, Kelkar et al. (1992, 1993, 1994) 

have reported that the excursion of the humeral head was less than 1-mm when the curvature 

o f the humeral head cartilage surface was taken into account. In comparison to humeral head, 

scapula demonstrates a significant amount of axial as well as linear movements on the thorax 

throughout shoulder elevation. Data obtained with planar X-ray imaging as well as 3-D
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kinematic analysis of scapular movements have shown upward rotation and tilt of the inferior 

angle of the scapula towards or away from the thoracic wall. (Kondo et al., 1984, Barnett et 

al., 1999). Upward rotation of the scapula during free elevation of the shoulder in the scapular 

plane is greater after the first 30° o f shoulder elevation (Poppen and Walker, 1976; De Groot, 

1999; Doody et al., 1970b; Freedman and Munro 1966; McQuade and Smidt, 1998) and is 

increased when the shoulder is elevated against maximum resistance compared to passive or 

light resistive shoulder elevation (McQuade and Smidt 1998). Radiographic views of the 

acromion, the coracoid process and the glenoid cavity have also shown 8 to 10-cm superior 

displacement o f the scapula at 145° of shoulder elevation (Poppen and Walker, 1976; 

Kapandji, 1982). In a recent study, Barnett et al. (1999) supported these findings based on a 3- 

D kinematic analysis of shoulder motion. In addition to minimal posterior and lateral 

displacements, they reported a 3.5-cm superior displacement o f the scapula at 90° of shoulder 

elevation. Similar displacements of the shoulder were recorded during isokinetic elevation of 

the shoulder at 120 (8-cm) and 90° (3-cm) of elevation in a previous (Walmsley, 1993b) and 

the present study, respectively. Based on this evidence, it is possible that the DGCR recorded 

in the present study reflected the path o f upward movement o f the humeral head that followed 

the upward tilt of the glenoid cavity and the superior displacement of the scapula that 

accompanied scapular rotation.

The DGCR could also be the result of restricted scapular rotation and upward 

migration of the humeral head, due to the force couple developed by the stabilisation straps 

that were fastened around the shoulders and the superior shear force generated on the humerus 

by the shoulder elevators. A similar abnormal rotation of the glenohimieral joint has been 

observed in patients with shoulder instability and impingement syndrome (Poppen and Walker 

1976; Ozaki, 1989; Warner et al., 1992b). It is possible that, in these patients, upward 

migration of the humeral head may narrow the subacromial space, producing impingement
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signs. Such signs were not reported in the present study. Further research is needed to show 

whether the suggested isokinetic protocol increases impingement in patients with shoulder 

injuries.

Walmsley (1993b) has reported an 8-cm vertical displacement of the glenohumeral 

joint, when isokinetic shoulder elevation was performed between 20-120° of shoulder 

elevation, in the coronal plane. He suggested that the dynamometer’s moment data should be 

reduced by 12.5%, in order to correct for a reduction in the perpendicular distance between 

the point of force application and the centre of the glenohumeral joint. The lower displacement 

that was observed in the present study probably resulted from the fact that isokinetic shoulder 

elevation was performed in the scapular plane. The better contact of the articular surfaces 

(Poppen and Walker, 1976) and the more optimum length-tension relationship of the 

glenohumeral stabilisers in this plane (Johnston, 1937) may have resulted in a more efficient 

compression of the humeral head on the glenoid, and enhanced the stability of the 

glenohumeral joint. Additionally, the scapular plane enabled free elevation of the upper limb 

without additional external rotation of the shoulder. This was particularly important as the 

shoulder was maintained in neutral rotation, throughout the tested range. Elevation in the 

coronal plane required additional external rotation of the shoulder, which probably could not 

be achieved in Wahnsley’s study (Walmsley 1993b), as the upper limb was placed and 

maintained in a similar position for a greater degree of elevation. The position of the upper 

limb may cause the participants to shrug the shoulders, in order to avoid impingement of the 

greater tuberosity under the acromion. Scapular rotation and the associated DGCR were lower 

in this study, probably because the shoulder was only elevated up to 90°, instead of 120° 

(Walmsley 1993b). The range 30-90° of elevation was chosen because it could provide 

sufficient information, regarding the status of the shoulder elevators. Sharkey et al. (1994) in a 

cadaveric study have shown that the highest contribution of the entire rotator cuff muscles to
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shoulder elevation occurred during the first 90° of elevation. Kuhlman et al. (1992) reported 

that maximum moment was recorded between 37-49° in an isokinetic study. Moreover, the 

findings of the present study suggest that the dynamometer’s moment data should be increased 

by < 6.2% in order to estimate maximum moment of the shoulder elevators at different angles 

of shoulder elevation. The lower moment data recorded by the dynamometer may be attributed 

to the failure of the dynamometer to account for the slight lengthening of the himieral lever 

arm, and its inherent ability to measure only the perpendicular component of the force applied 

to the force sensor. The minor increase in humeral lever arm length that was observed in this 

study was probably the resuh of axial movement of the arm inside the splint that was used to 

maintain the elbow joint in fiill extension.

One of the factors that may effect the accuracy in detecting the underlying movements 

of the scapulohumeral joint in the present study was the use o f cutaneous markers. Skin 

slippage may effect the kinematic data obtained fi'om cutaneous markers which effectively 

detected the movements of the skin that followed the displacement of the scapulohumeral 

joint, but not the actual joint itself The fact that a 2-D instead of a 3-D kinematic analysis was 

used to examine a 3-D shoulder motion was another factor that may effect the accuracy of 

kinematic data. The superomedial DGCR reported in the present study was the result of 

shoulder movements in a vertical and horizontal directions (movements viewed in the plane of 

shoulder elevation). Despite the fact that the trunk and shoulders were stabilised against the 

seat and the back of the chair, it is possible that minimal movements of the shoulder in an 

anterior or posterior direction (movements viewed in a plane perpendicular to the plane of 

elevation), may effect the actual DGCR and consequently shoulder elevators’ moment data.

One of the limitations in the present study was the position used for isokinetic 

elevation of the shoulder. Shoulder elevation was performed in the scapular plane with the 

shoulder in neutral rotation, the elbow in extension and the forearm in pronation. This position
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optimised the alignment of the deltoid and supraspinatus relative to the glenoid fossa 

(Johnston, 1937; Saha, 1971) reduced the stress placed on the capsulo ligamentous structures 

surrounding the shoulder joint (Johnston, 1937) and minimised the possibility for impingement 

signs throughout the range of shoulder elevation tested. However, isokinetic elevation of the 

shoulder in the scapular plane with the shoulder fully internally rotated (position that enhances 

activation of the supraspinatus) (Connelly-Maddux et al., 1989) may be awkward and 

uncomfortable for the individual under investigation. This position may cause the participants 

to shrug the shoulders, in order to avoid impingement o f the greater tuberosity under the 

acromion increasing the DGCR. In contrast to the present study study, isokinetic elevation of 

the shoulder without using stabilisation straps around the shoulders may also effect DGCR by 

allowing compensatory movements of the trunk and shrugging of the shoulders. Furthermore, 

the DGCR and the associated changes in the angular displacement and length of humeral lever 

arm obtained in the present study were limited to the range of motion and angular velocities 

tested. These changes had a significant effect on the recorded moment data. Isokinetic 

elevation of the shoulder more than 90° and use of higher angular velocities may effect DGCR 

and hence humeral lever arm orientation and length to a greater extend increasing fiirther 

recorded moment data.

5. CONCLUSIONS

The findings of this study showed that as a result o f the complex mechanism of 

shoulder elevation, during isokinetic assessment of the shoulder elevators in the scapular plane, 

the GCR displaced approximately 3-cm relative to its location at the start position of shoulder 

elevation (30°) and consequently relative to the centre of rotation of the dynamometer’s 

actuator arm. Maximum moment data should be increased by < 6.2% depending on the angle
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of shoulder elevation, in order to account for this displacement. It is suggested that the 

proposed correction should be taken into account for more valid interpretation o f the moment 

produced by the shoulder elevators in the scapular plane, or when these data are compared 

with data produced at different isokinetic velocities or other anatomical planes. The cutaneous 

markers and the 2-D kinematic analysis used in this study to examine a 3-D shoulder motion 

were some of the factors that may effect the accuracy in detecting the actual DGCR. The 

present findings were also limited to the characteristics of the testing procedure used such as 

the position, the stabilisation method, the range of motion and angular velocities tested.
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Study V

Electromyographic activity of the biceps brachii during isolated dynamic rotation 

of the glenohumeral joint



Preface

The findings in study IV revealed that moment data o f shoulder elevators in the 

scapular plane should be increased by as high as 6.9% in order to correct for the transient 

misalignment between the biological and motor axes of rotation. The moment of shoulder 

elevators corrected for this effect should be taken into account when shoulder elevators 

(abductors) to shoulder depressors (adductors) reciprocal muscle ratios are calculated.

Isokinetic assessment of the elbow flexors may provide useful information regarding 

shoulder function, as has already been shown in patients with shoulder injuries. Isokinetic 

assessment of the elbow flexors is justified based on the fact that the long head of the biceps 

brachii, a major flexor of the elbow, contributes significantly to the stability and partially to 

the mobility of the glenohumeral joint. However, evidences regarding biceps brachii 

contribution to glenohumeral joint stability, particularly during rotator movements o f the 

glenohumeral joint, have been based primarily on anatomical, biomechanical and 

electromyographical data, gathered during simultaneous function of biceps brachii at both the 

shoulder and elbow joints. Study V investigates the contribution of biceps brachii during 

voluntary isolated rotator movements of the shoulder joint in order to further justify isokinetic 

assessment of elbow flexors as part of a comprehensive assessment o f shoulder function.
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Electromyographic activity of the biceps brachii during isolated dynamic 

rotation of the shoulder joint

Abstract

The purpose of this study was to determine the lEMG activity o f the biceps brachii during 

isolated concentric and eccentric shoulder rotator actions at various degrees of shoulder 

elevation and isokinetic velocities. Seventeen college students actively involved in non

overhead collegiate level sports, without shoulder pathology participated in this study. EMG 

activity for biceps brachii was recorded during isokinetic internal and external rotator actions 

with the shoulder at 45 and 90° of elevation in the coronal plane. Shoulder rotator actions 

were performed between 20-80° of external rotation, at 60 and 180°-s''. Integrated EMG 

(lEMG) activity of the biceps during shoulder rotation was normalised based on the lEMG 

activity produced during the standard manual muscle test for the biceps brachii. The lEMG 

activity of biceps brachii was significantly higher during eccentric compared to concentric 

actions, for both internal and external rotator movements regardless o f shoulder position or 

isokinetic velocity (P<0.001). Significantly higher lEMG activity of the biceps was observed 

at 90 compared with 45° o f shoulder elevation during concentric (P<0.05) and eccentric 

external rotator action (P<0.001), at both isokinetic velocities. The lEMG activity of the 

biceps brachii was significantly higher during eccentric internal rotator action at 180 

compared to 60°-s'* at both 45 (P<0.01) and 90° (P<0.05) o f shoulder elevation. The fmdings 

of this study showed that biceps brachii was moderate to highly active during voluntary 

isokinetic rotator actions of the elevated shoulder, suggesting a potential function as a 

glenohumeral stabiliser.
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1. INTRODUCTION

The role o f the rotator cuff muscles in glenohumeral joint stability has been 

established more than half a century ago (Inman et al., 1944). Several investigators have 

reported that the long head of the biceps may also play a significant role in the anterior 

(Pagnani et al., 1996; Malicky et al., 1996) posterior (Blasier et al., 1997), superior (Kumar et 

al., 1989; Warner et al., 1995) and inferior (Soslowsky et al., 1997) stability of the 

glenohumeral joint. Other authors (Itoi et al., 1993, 1994; Rodosky et al., 1994) have shown 

that the biceps may contribute significantly to the stability o f the glenohumeral joint when the 

shoulder is at 90° o f elevation and 90° of external rotation (overhead position). It has been 

reported also that the stabilising function of the biceps is even more important in the unstable 

shoulder (Itoi et al., 1994). These observations have brought new insight to rehabilitation and 

surgical treatment of disorders related to long head of the biceps, particularly in overhead 

throwing athletes. However, EMG studies have presented conflicting findings regarding 

biceps brachii contribution to shoulder movements. Biceps brachii was either inactive or 

active during free and against resistance shoulder elevation, suggesting minimal or significant 

function as a humeral head depressor (Basmajian and Latif, 1957; Furlani, 1976; Yamaguchi 

et al., 1997; Sakurai et al., 1998). Other studies have also shown variable activity o f the 

biceps during rotation of the shoulder. Pauly et al. (1967) have reported that biceps brachii 

was inactive during internal and external rotation of the shoulder at 0° of shoulder elevation 

but that activity was increased when rotator movements were forced. In a similar study, 

Furlani (1976) reported that biceps brachii was inactive during free and against resistance 

external rotation, while during internal rotation only the short head of the biceps showed 

some activity. Several electromyographic studies during baseball pitching and the tennis 

serve have shown that biceps was active during the various phases of overhead activities
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(Gowan et al., 1987; Glousman et al., 1988; Ryu et ah, 1988). However, these findings were 

inconclusive regarding biceps brachii function at the glenohumeral joint since the recorded 

EMG signal was overlapped by the simultaneous function of the biceps at both the elbow and 

shoulder joint. Based on the evidence in the literature, the contribution o f the biceps brachii to 

isolated voluntary rotator movements of the elevated shoulder has not been examined. The 

aim of this study was to investigate the activity of the biceps brachii during maximum 

concentric and eccentric rotation of the shoulder, at different degrees of shoulder elevation 

using an isokinetic dynamometer.

2. METHODS

2.1. Subjects

Seventeen healthy males without previous shoulder or neck injuries volunteered for 

the study. The majority of the participants were involved in college level non-overhead 

throwing activities. The mean and standard deviation of the volunteers’ age, height and body 

mass were 24.3 ± 4.3 yr, 1.8 ± 0.1 m and 77.8 ± 11.4 kg, respectively.

2.2. Isokinetic procedure

Isokinetic assessment o f the shoulder rotators was performed using a Kin Com 

dynamometer (Chattecx Corp. Chattanooga TN, USA), each volunteer was seated on a 

specially constructed chair, which provided maximum stability to the shoulder and trunk. 

Concentric and eccentric internal and external rotator actions o f the right shoulder were 

measured at 45 and 90° of shoulder elevation in the frontal plane, at isokinetic velocities of 

60 and 180°-s''. Shoulder positioning at 45° of elevation was achieved using a standard 

goniometer and by tilting the dynamometer head 45° to the vertical. Positioning of the

170



shoulder at 90° of elevation was achieved by placing a spirit level firmly on the dorsal aspect 

of the humerus. The height of the dynamometer’s head assembly was adjusted and the chair 

was moved so that the shoulders were level, and the centre o f rotation of the actuator arm was 

aligned with the humeral shaft (axis of rotation of the glenohumeral joint). Each individual 

was stabilised on the chair using one strap around the hips. Two additional straps were placed 

around the chest and the shoulder which was to be tested, proximal to the acromion, to 

prevent compensatory rotation of the trunk and forward movements of the shoulder, 

respectively. A resistance pad was used to eliminate action o f the wrist flexors and was 

placed on the dorsal and ventral aspect of the mid-positioned forearm for external and 

internal rotation respectively, one centimetre proximal to the wrist, allowing full dorsal and 

palmar flexion of the hand. The elbow was rested on a V-shaped pad and was stabilised on 

the resistance pad and the actuator arm at 90° of flexion, using two straps around the wrist 

and the upper part of the forearm. Gravity correction measurements were performed at 0° 

(horizontal).

NO SMOKH
MO D R N a

*

NO EATMG (S)

Figure V-1: Subject’s positioning and stabilisation for 

' * isokinetic assessment o f shoulder rotators at 45 (A) 

and 90° (B) o f shoulder elevation in the coronal plane.
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The horizontal level was determined prior to isokinetic testing using a standard spirit 

level. Shoulder rotation was examined between 20 and 80° of external rotation. This range 

was chosen because rotator movement could be carried out at both 90 and 45° of shoulder 

elevation, as external rotation with the shoulder below 90° of elevation may be significantly 

restricted by the coracohumeral ligament (Ferrari, 1990). Anatomical findings have also 

shown that the tendon of the long head of the biceps brachii was located posterior or anterior 

to the humeral head when the shoulder was externally rotated more or less than 60°, 

respectively (Itoi et al., 1993). Subsequently, the range between 20-80° of external rotation 

may provide usefiil information about the function of biceps brachii during rotator actions of 

the elevated shoulder, particularly at 90° o f elevation. Furthermore, biceps brachii displaced 

minimally under the skin, and hence under the surface electrodes, over the range of motion 

tested effecting minimally EMG recordings.

Prior to isokinetic assessment, each volunteer performed 5-min of arm cranking on 

an arm cycle ergometer at a low workload and 5-min of specific mobility and stretching 

exercises, to warm up the shoulder musculature. Three to five sub-maximal isokinetic 

concentric-eccentric cycles, with the last one at near maximum effort, were allowed for 

familiarisation. After a 1-min rest, three intermittent maximal concentric-eccentric cycles 

with 30 seconds rest interval between each action were performed with simultaneous EMG 

data recordings from the biceps. The same procedure was repeated for the internal and 

external rotators at both shoulder positions and isokinetic velocities, with a 2-min rest 

between each movement, shoulder position and velocity tested. Testing sequence between 

subjects was randomised across actions, shoulder positions and isokinetic velocities.
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2.3. Introduction to electromyography (EMG)

“Electromyography or EMG is the study of muscle function through analysis o f the 

electrical signal the muscle emanates” (Basmajian and De Luca, 1985). The main use of 

EMG is in differentiation of various types of conditions which affect the neuromuscular 

system. Electromyography has been used in both clinical and kinesio logical studies. In 

general, the areas o f clinical EMG are: lesions o f the motor unit to differentiate neurogenic 

from myogenic lesions, studies o f muscle weakness, fatigue, pareses, paralysis, studies for 

measuring motor and sensory nerve conduction velocity (Clarys and Cabri, 1993). It has also 

been used as a diagnostic tool and in functional electrical stimulation as a rehabilitation tool. 

Analysis o f muscular function and co-ordination in different movements and postures, 

complex sports and occupational or rehabilitation movements, evaluation of functional 

anatomical muscle activity, fatigue studies and so on are some of the areas in kinesiological 

EMG research (Clarys and Cabri, 1993).

In kinesiological EMG the myoelectric signal, its characteristics and processing 

procedures can be considered as a multiple unit system comprising the musculoskeletal, the 

recording the processing and the information systems (Figure V-2).

KECOftl>IN<rSYStEM Data  pb o c bssin g  sy stem
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KINE510LOG1C 
INFORMATION

NEUROMUSCULAR SYSTEM

Figure V-2: Multiple unit system of kinesiological electromyography (Cabri, J. (1989). The influences of 

different doses of alprazolam on muscle activity, in function and cardiovascular responses to concentric and 

eccentric isokinetic movement conditions. Doctoral thesis, Vrije Universiteit Brussel).
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The recorded EMG signal is the manifestation of the action potentials caused by 

depolarisation of the post-synaptic membranes of the underlying motor fibres. Detection of 

EMG signals is achieved with needle, fme wire and surface electrodes. However, in 

kinesiological studies surface electrodes are used because of their non-invasive character. 

Myoloectric signals are picked up from the skin using conducting material, such as simple 

silver or silver chloride discs. Before recording with surface electrodes, the electrical 

impedance of the skin must be decreased by shaving the area of electrode placement and by 

applying rubbing alcohol or abrasive pastes to remove dead cells and oils. The recording 

electrodes are then attached using electrode gel and slight pressure is applied to improve 

contact between the electrodes and the skin. Typically, EMG signals are obtained using a bi

polar configuration. A bi-polar configuration implies that there are two electrical contacts 

used to measure a potential, each relative to a common ground electrode. The two potentials 

measured by each of the electrodes are then sent to a differential amplifier, which determines 

(and amplifies) the voltage difference between the two electrodes. The signal’s output is the 

result of a series of transformation according to Ohm’s law: E = I-R (Winter et al., 1980; 

Basmajian and De Luca, 1985). The action potentials arise from the current flow (I) by the 

resting membrane potential (E) acting against a rapidly changing membrane resistance (R). 

Signal detection may be influenced by several factors such as placement of the electrodes 

(location on the muscle belly, inter-electrode distance), “cross-talk” (detection of EMG 

signals from other muscles due to the large pick up area) and electrical properties of the skin.

With surface EMG, individual spike potentials are summed to produce peak voltages 

around 1-2 mV. Problems associated with measurement of such low aptitude EMG signals 

are overcome using specific amplifiers. These amplifiers have sufficiently high frequency 

limit to detect the most rapid changes occurring in the EMG signal, as in surface EMG the 

recorded signal has a limited range of frequencies containing the usefril information (up to
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3000 Hz). Additionally low frequency limit (5-20 Hz) is required in order to contain as much 

information as possible, without reducing the quality o f the signal (by amplifying low 

frequency artefacts). Such problems are overcome using special low-pass, high-pass and band 

filters to control the frequency response of the amplifier and to ensure that the recorded signal 

contains minimal noise (Basmajian and De Luca 1985).

Evaluation of the EMG signal in its actual form (raw EMG signal) can be done only 

quantitatively. However, several techniques have been utilised to quantify EMG signals. The 

two major techniques that have been used are those related with time domain processing 

(quantification o f EMG signals on a time basis) and frequency domain processing 

(examination of muscle fatigue). EMG signal processing in the time domain requires signal 

rectification, smoothing and integration. Rectification is the process by which either all the 

negative values o f the EMG signal are eliminated from the analysis procedure (half-way 

rectification) or only the absolute magnitudes of the signal are considered (fiill-wave 

rectification). Typically, full-wave rectification is preferred since it retains the entire signal. 

This procedure is necessary, as any type of averaging the raw EMG signal in the time domain 

will yield a value of close to zero. The rectified signal still contains the high-frequency 

content of the raw signal. Smoothing is the procedure which eliminates the high-frequency 

content of the EMG records in order to better relate the EMG signal to contractile features of 

the muscle. Elimination of the high-frequency content of the EMG signal is accomplished 

using any type of low-pass filtering approach. Integration of the EMG signal is performed on 

the rectified form of the signal and refers to the mathematical integration of the EMG-time 

records with respect to time. Therefore, integration is the equivalent to calculating the area 

under the rectified EMG-time curve. Another indicator of the magnitude of the EMG signal is 

the root mean square (RMS). RMS-values are calculated by summing the squared values of 

the raw EMG signal, determining the mean of the sum and taking the square root of the mean.

175



An integral part of data processing is normalisation of EMG signals. Due to the high 

variability of EMG signals between subjects as well as between different trials several 

methods have been used for normalisation of EMG signals. One of the most common 

procedures is to normalise based on the EMG signal recorded during a maximum isometric 

voluntary contraction. However, due to the fact that some dynamic activities have exceeded 

the maximal isometric effort, other techniques such as normalisation based on EMG signals 

recorded during dynamic conditions, have been developed in kinesiological studies.

2.3. EMG recordings

The EMG signals from the biceps were recorded using a MacLabMs A/D converter

(MacLab® System, ADInstruments Pty Ltd., NSW, Australia), which was coupled with the 

dynamometer. The MacLab/4s consisted of four analog input amplifiers connected to opto-

coupled bio-amplifiers (MacLab® System, ADInstruments Pty Ltd., NSW, Australia), 

specifically designed to record biological signals. Each amplifier had an independently 

computer-controlled gain (x 5000), filtering and AC/DC coupling.

Disposable, self adhesive, Ag-AgCl electrodes - 4.4 cm diameter (Red Dot™ 

Paediatric Micropore'*''^ electrode, 3M Health Care, St Paul, MN) were used to record the 

EMG activity of the biceps brachii. The electrodes were placed above and below the visual 

midpoint of the “contracted” muscle (Clarys and Cabri, 1993), in the direction of muscle 

fibres and with an inter-electrode distance of 25 mm. The positive electrode was always 

superior and the ground electrode positioned on the opposite wrist. The skin was shaved, 

lightly rubbed with a piece of sandpaper and cleaned with alcohol. The EMG signals were 

recorded at a sampling frequency of 2000 Hz and transmitted to a standard computer 

(Macintosh Performa 5200) where they could be viewed during the assessment and saved to a 

disc for later review and analysis using a software application programme (Chart v3.5.2/s).
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High- and low pass frequency filters (bandwidth 10-1000 Hz) and a 50 Hz notch filter were 

used to remove movement artefacts and power line interference. The amplitude range for 

EMG recordings was set at 5 mV. Raw signals were analysed using the root mean square 

method with a time constant o f 20 ms. The biceps activity that corresponded to each 

movement was identified based on the velocity curve that was produced during clockwise 

(positive voltage) and anti-clockwise (negative voltage) movements o f the actuator arm, and 

displayed on the computer screen along with the EMG signal. This setting enabled us to omit 

the portion of the EMG signal that occurred prior to or after the isokinetic action (Figure 

V-3).

MVC ERcon at 60° s ’ ERecc at 180° s’’

Velocity

EMG signal

Time (s)

lEMG signal

~ T "
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Figure V-3: Sample of velocity curves and biceps’ raw and integrated EMG (lEMG) activity recorded during 

maximum voluntary contraction (MVC), concentric external rotation (ERcon) at 60° s’' and eccentric external 

rotation (ERecc) at 180° s '. The dashed vertical lines indicate the portion of the lEMG signal that corresponded 

to the isokinetic movement and were included in the data analysis.

The biceps brachii lEMG activity recorded during shoulder rotation was normalised 

based on the lEMG activity produced during a maximum isometric voluntary contraction
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(MVC), and data during shoulder rotation are reported as %MVC activity. Using the resting 

signal as a baseline (non-contracted biceps brachii), the MVC action was determined as the 1- 

s interval that demonstrated the greater electrical activity from three repetitions each of 3-s 

duration. The MVC was induced prior to isokinetic testing using the standard manual muscle 

test for the biceps brachii (Daniels and Worthingham, 1980).

2.4. Data Analysis

The variability of intra-individual lEMG and moment data were examined using the 

coefficient of variation (CV). Three-way repeated-measures ANOVA was used to determine 

lEMG and average moment differences between shoulder actions (IRcon, IRecc, ERcon, 

ERecc), shoulder positions (45 and 90°) and isokinetic velocities (60 and 180°-s'*).

3. RESULTS

The sample mean CV for lEMG and moment data ranged between 9.3-16.9% and 

4.6-11.0% respectively (Table V-1). In general, lEMG activity of biceps brachii was 

significantly different between the actions o f the shoulder rotators (P<0.01). Post hoc analysis 

revealed that biceps brachii lEMG was higher during eccentric compared to concentric 

actions for both internal and external rotator actions (P<0.001).

Significantly higher lEMG activity o f the biceps was observed at 90 compared with 

45° of shoulder elevation during concentric (P<0.05) and eccentric external rotator action 

(P<0.001), at both 60 and 180° s‘‘. The lEMG activity of the biceps brachii was also 

significantly higher during eccentric internal rotator action at 180 compared to 60°-s’' at both 

45 (P<0.01) and 90° (P<0.05) of shoulder elevation (see figure V-4).
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Table V-1: Sample mean and standard deviation (in brackets) of the percentage coefficient of 

variation for biceps brachii lEMG and shoulder rotator moments during concentric and 

eccentric internal (IRcon, IRecc) and external rotator (ERcon, ERecc) actions at 45 and 90° of 

shoulder elevation and isokinetic velocities.

Velocity lEMG (CV) Moment (CV)

Shoulder elevation (°) Shoulder elevation (°)

°-s-' 45 90 45 90

ERcon 60 10.1 (7.9) 13.4 (9.4) 8.7 (4.5) 6.2 (2.3)

IRecc 12.9 (6.7) 15.6 (8.1) 6.6 (3.4) 6.0 (2.5)

IRcon 11.0 (6.2) 11.7 (9.8) 6.8 (2.3) 6.0 (3.3)

ERecc 11.8 (7.7) 12.9 (7.8) 5.0 (2.7) 5.6 (2.5)

ERcon 180 10.9 (9.2) 14.1 (7.1) 11.0 (5.8) 7.2 (3.7)

IRecc 9.3 (5.3) 12.8 (5.3) 6.7 (2.6) 5.6 (2.6)

IRcon 16.3 (9.2) 16.9 (8.4) 8.6 (4.4) 7.8 (4.5)

ERecc 15.4 (7.3) 11.6 (7.3) 5.2 (2.3) 4.6 (2.3)

The moment (Nm) data recorded during concentric and eccentric internal and 

external rotator actions were significantly different (P<0.001). Post hoc analysis revealed that 

eccentric moments were significantly greater than concentric moments (P<0.001). Concentric 

and eccentric external rotator actions resulted in greater moment production at 90° compared 

to 45° of shoulder elevation (P<0.001), at both isokinetic velocities tested. Concentric and 

eccentric internal, and concentric external rotator moments were significantly reduced at 180 

compared to 60°-s'‘, at both shoulder positions tested (P<0.001) (see figure V-5).

179



■  4 5 ” 0 9 0 °

ERcon IRecc IRcon ERecc ERcon IRecc IRcon ERecc

60° s'* 180°s‘‘

Figure V-4; Mean and standard deviations (error bars) of biceps lEMG activity recorded during concentric and 

eccentric internal rotator (IRcon, IRecc) and external rotator (ERcon, ERecc) actions at 45 and 90° of shoulder 

elevation at 60 and I80° s'' (“ Ecc > Con, ERcon and ERecc at 90° > ERcon and ERecc at 45°, '  IRecc at 

I80° s‘‘ > IRecc at 60° s ').

4. DISCUSSION

The fiinction of a muscle about a particular joint is depended on the size (cross-sectional 

area), orientation and level o f activation of the specific muscle (Morrey and An, 1987). The 

contribution (4%) of both heads o f the biceps brachii to the total cross-sectional area o f the 

muscles crossing the shoulder joint is relatively small (Bassett et al., 1990). However, the 

orientation of the short head anteriorly and the long head either anteriorly or posteriorly to the 

centre of glenohumeral joint depending on the degree of rotation, indicate that biceps brachii 

function as both an internal and external rotator of the shoulder.
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■  45“

ERcon IRecc IRcon ERecc ERcon IRecc IRcon ERecc

60“ s'* 180“ s’*

Figure V-5: Mean and standard deviations (error bars) of moment data recorded during concentric and eccentric 

internal rotator (IRcon, IRecc) and external rotator (ERcon, ERecc) actions at 45 and 90° of shoulder elevation 

at 60 and I80° s ' (“Ecc > Con, ERcon and ERecc at 90° > ERcon and ERecc at 45°, ‘ IRcon, IRecc and ERcon 

at I80° s ‘ < IRcon, IRecc and ERcon at 60° s ')

The lEMG activity recorded in this study during maximum voluntary rotation of the 

elevated shoulder support previous observations suggesting that biceps brachii may also be a 

potential glenohumeral stabiliser. The stabilising function of the biceps brachii around the 

glenohumeral joint depended primarily on, its orientation relative to the humeral head and 

interaction with the connective tissue structures. Anatomical observations have shovm that 

when the shoulder is at 90° of elevation and more than 60° of external rotation, the tendon of 

the long head of the biceps brachii is located posterior to the humeral head (Itoi et al., 1993). 

Muscular contraction in this position, enable biceps to act as a barrier to posterior translation 

of the humeral head, and as a humeral head depressor, reducing the stress placed on the 

anterior band of the inferior glenohumeral ligament (Itoi et al., 1993; Rodosky et al., 1994). 

Conversely both heads of the biceps are located anterior to the humeral head when the
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shoulder is internally rotated (< 60° external rotation). In this case, biceps may prevent 

anterior translation of the head of the humerus (Itoi et al., 1993), and possibly helps to 

diminish the stress placed on the posterior capsule and the posterior band of the inferior 

glenohumeral ligament.

Several authors support the hypothesis that the activity of the long head of the biceps 

brachii, is regulated by a complex mechanism providing information about the stresses placed 

on the capsuloligamentus structures and increased protective muscle responses, in order to 

avoid injury (Knatt et al., 1995; Guanche et al., 1995). The role o f capsuloligamentous and 

musculotendinous proprioceptors is very important in this process, with the former providing 

most of the information at the extreme positions and the latter at the various intermediate 

positions of movement (Nyland et al., 1998). Changes in the tension of the anterior and 

posterior parts of the capsule and the glenohumeral ligaments occurring during internal and 

external rotation of the shoulder (Turkel et al., 1981; Terry et al., 1991; Warner et al., 1992a) 

may enhance stimulation of peripheral mechanoreceptors increasing biceps action potentials. 

The tensile stress applied by the tendinous insertions o f the rotator cuff muscles to the 

glenohumeral joint capsule may be fiirther increased during eccentric rotator actions. At 90° 

of shoulder elevation, the posterior capsule and the inherently stiffer posterior band of the 

inferior glenohumeral ligament (Bigliani et al., 1992) were more stretched than at 45° 

(Ovesen and Nielsen, 1986b; Warner et al. 1992a). Ultimately these structures were subjected 

to higher stress as the shoulder internally rotated by a significantly greater eccentric moment 

of the external rotators. Whilst the tensile stresses were not measured, a more effective 

muscular contraction of the long head of the biceps was probably required to depress the 

humeral head into the glenoid reducing the harmful anterior and posterior shear forces 

developed in the glenohumeral joint during eccentric actions (Fleisig et al., 1995) and the 

possibility for tissue damage. The higher lEMG activity developed at 90° compared with
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45°of shoulder elevation also indicated more efficient function of the biceps as an external 

rotator of the shoulder. The more optimum orientation of the muscle fibres, and the line of 

action of the long head of the biceps relative to the centre of rotation of the shoulder were 

some of the factors that may influence biceps brachii activity, in this position (Bassett et al., 

1990). Moment and lEMG recordings demonstrated an inverse relationship as isokinetic 

velocity increased. The concentric and eccentric moments of the shoulder rotators were 

decreased, while biceps lEMG activity was increased at higher isokinetic velocity (see figures 

V-4 and V-5). Differences in the recruitment of slow and fast twitch motor units, and the 

contribution of the inhibitory mechanism that prevent damage to joint structures by reducing 

maximum voluntary efforts were possibly some of the factors that may have contributed to 

moment reduction at the higher isokinetic velocity (Hannerz, 1974; Stauber, 1989). The 

higher lEMG activity o f the biceps brachii at 180°-s'' compared with 60°-s'' was probably the 

result of the high firing rates produced by the fast twitch motor units that were recruited at the 

higher isokinetic velocity. Fast twitch motor units are activated during brief rapid concentric 

actions, as well as during eccentric actions (Nardone et al., 1989). Biceps brachii performed 

similar actions during isokinetic concentric and eccentric rotator movements of the shoulder.

The findings in the present study confirmed previous studies that have shown biceps 

brachii to be active during both rotation and elevation against resistance (Furlani, 1976; 

Sakurai et al., 1998). In addition, lEMG patterns of the biceps brachii during isokinetic 

actions of the shoulder rotators were similar to those reported in on-field studies during 

various phases o f baseball pitching (Glousman et al., 1988) and tennis serve (Ryu et al., 

1988). However, the level o f activation under isokinetic conditions, particularly during 

eccentric external rotation was higher compared with the lEMG recorded during the follow 

through phase in overhead throwing. These differences may be attributed to the fact that, field 

based electromyographic studies have recorded biceps brachii lEMG activity due to both
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elbow and shoulder joint functional actions. Furthermore, during the follow through phase of 

the overhead throwing motion, the loads placed on the glenohumeral joint are shared by the 

trunk, which function eccentrically to decelerate the body parts (Lee, 1995). The experimental 

setting of this study required stabilisation of the elbow at 90° of flexion in order to isolate 

shoulder movements. Shoulder rotation was performed with the trunk secured in an upright 

seated position, increasing the stresses placed on the passive stabilising structures of the 

glenohumeral joint. The present findings possibly imply that failure to bend the trunk forward 

during the follow through phase of throwing may prevent efficient force absorption and 

increase the tension developed by the long head of the biceps on the glenoid labrum. This has 

been reported as a contributing factor to glenoid labrum tears (Andrews et al., 1985). The 

lack of experience in overhead throwing actions was another possible factor that may have 

effected the lEMG data observed in the present study. Gowan et al. (1987) have shown that 

biceps brachii was more active in amateur compared with professional pitchers, who were 

able to throw a ball in a more skilled and efficient marmer.

5. CONCLUSIONS

lEMG activity recorded in the present study suggested that biceps brachii may be a 

potential stabiliser of the glenohumeral joint during voluntary concentric and eccentric 

rotation of the elevated shoulder. In agreement with previous findings it is suggested that 

strengthening exercises for the biceps brachii should be incorporated into intervention 

programmes for prevention and rehabilitation of the injured shoulder. A less obvious finding 

is that inefficient forward movement of the trunk during the follow through phase may 

increase tensile stress on the superior part of the glenoid increasing the possibility of glenoid 

labrum lesions.
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Study V I

Isokinetic strength of the elbow flexors with the forearm in supination and in the 

neutral position



Preface

The findings in study V revealed that biceps brachii contribution during rotator 

movements of the glenohumeral joint was depended on the direction of movement (internal 

external rotation), action (concentric, eccentric), angular velocity (60, 180°-s"') and shoulder 

elevation (45, 90°). Furthermore biceps brachii pathology, particularly o f the long head, may 

effect the stability o f the shoulder joint as well as the fiinction of the elbow flexors, as it is the 

only muscle among the other elbow flexors that fimction to both shoulder and elbow joints. 

These findings support that in addition to shoulder rotation and shoulder elevation, isokinetic 

assessment of elbow flexion may provide useful information for shoulder fiinction. However, 

isokinetic assessment o f elbow flexors may vary with the position of the forearm and as with 

any other muscle group should be examined in a position that allows proper alignment 

between the biological and motor axes o f rotation, adequate stability for the trunk and the 

proximal joints and minimal strain on the joint under investigation. Study VI investigates the 

maximum moment generation capacity o f the elbow flexors with the forearm in two different 

positions.
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Isokinetic strength of the elbow flexors with the forearm in supination and 

in the neutral position

Abstract

Peak and average moment of concentric elbow flexion was assessed in 30 males without 

previous elbow or shoulder injuries. Isokinetic assessment was performed with the forearm in 

supination and in the neutral position, at isokinetic velocities o f 30, 60 and 120°-s'' for both 

the dominant and non-dominant sides. Eight volunteers were examined twice to determine 

test-retest reliability and the variability of isokinetic moment associated with normal 

fluctuations of strength over repeated measurements (inter-session variability) using the 

intraclass correlation coefficient (ICC 3,1) and the 95% standard error of measurement (95% 

SEM). The ICC values and 95% SEM ranged between 0.74-0.99 and 3.3-16.2 Nm, 

respectively. The findings of this study revealed higher reliability and lower variability for 

average compared to peak moment data, the dominant compared to the non-dominant side 

and at angular velocity o f 120 compared to 30 or 60°-s‘'. The elbow flexors were significantly 

stronger with the forearm in supination compared to the neutral position (P<0.001) for both 

dominant and non-dominant sides. Isokinetic strength of elbow flexion was decreased, as 

velocity increased (P<0.001). The dominant side was also stronger compared to the non

dominant side (P<0.001). The results of this study suggest that elbow flexors can be reliably 

assessed with an isokinetic dynamometer. Consistent positioning of the forearm is necessary 

when isokinetic elbow flexion is monitored in longitudinal studies. A bilateral difference of 

less than 5% should be taken into account when the contra-lateral is used for comparison as in 

pre and post-injury or rehabilitation situations.
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1. INTRODUCTION

Several authors have stressed the role o f the elbow flexors in the stability of the 

elbow and shoulder joint and its contribution to proper overhead throwing mechanism 

(Fleisig et al., 1995, 1996; Glousman et al., 1988; Itoi et al., 1993, 1994; Morris and Bartlett, 

1996; Rodosky et al., 1994). Fleisig et al. (1996) has suggested that the effective action o f the 

elbow flexors is required to counterbalance the excessive stress applied on the ulnar collateral 

ligament at the end of cocking phase. High EMG activity of the elbow flexors has been 

recorded also during the acceleration phase, just before ball release and during the 

deceleration phase of throwdng, indicating the contribution o f these muscles in the stability of 

the elbow joint (Fleisig et al., 1995). Cadaveric (Itoi et al., 1993, 1994; Rodosky et al., 1994) 

and electromyographic studies (Glousman et al., 1988) have also shown that biceps brachii 

may contribute to glenohumeral joint stability, particularly when the shoulder is in the 

vulnerable abducted and externally rotated position. In addition, Kumar et al. (1989) have 

stressed that one of the important fiinctions o f the intra-articular portion of the long head of 

the biceps is to stabilise the humeral head on the glenoid during powerful elbow flexion and 

supination of the forearm by the biceps brachii. Weakness or fatigue of the flexor muscles 

may contribute to an ineffective throw and increase the possibility o f elbow and shoulder 

injury (Itoi et al., 1993, 1994; Kumar et al., 1985).

Biomechanical and electromyographic data have shown that function of the elbow 

flexors varies with rotation of the forearm (Larson, 1969; Steward et al., 1981; An et al., 

1981). However, the findings regarding in vivo strength measurements of the elbow flexors 

with the forearm in different positions are conflicting. Several authors using isometric testing 

procedures have found that elbow flexors were stronger when the forearm was in supination 

(Beevor, 1955; Wells, 1955) while others (Elkins and Wakim, 1951; Downer, 1953;
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Leighton, et al., 1995) reported greater strength when the forearm was in the neutral position. 

The moment generation capacity o f the elbow flexors may also be effected by the length- 

tension relationship of the muscles that are inserted on the radius (biceps brachii). It has been 

postulated that biceps brachii is more stretched when the forearm is in pronation compared to 

supination resulting in a more efficient action of elbow flexors (Kapandji, 1982).

Isokinetic dynamometry has been utilised in several studies for the quantitative 

assessment of elbow flexors. Elbow flexors have been examined isokinetically, in both 

healthy individuals (Alfredson et al., 1998; Callister et al., 1990; Roemmich and Sirming, 

1996 Mikesky et al., 1995) and patients with shoulder (Sturzenegger et al., 1986) and elbow 

injuries (Davison et al., 1996; Leighton et al., 1995) with the forearm in supination and in the 

neutral position. However, the position of the forearm, that enables maximum moment 

generation capacity o f the elbow flexors, has not yet been determined isokinetically. The aim 

of this study was to compare the isokinetic moment of the elbow flexors with the forearm in 

supination and in the neutral position for both the dominant and non-dominant sides.

2. METHODS

2.1. Subjects

Thirty males without elbow or shoulder pain participated in this study. The mean age 

of the study group was 24 years (range 19-34 years). The mean and standard deviation of 

their height and body mass was 1.8 ± 0.1 m and 78.6 ± 9.9 kg, respectively. The majority of 

the volunteers were recreational athletes. Twenty-eight of the volunteers were right-handed 

and two left-handed.
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2.2. Positioning and stabilisation

Isokinetic assessment of elbow flexion was carried out using an isokinetic 

dynamometer (Kin Com II, Chattecx Corp. Chattanooga TN, USA). Testing was performed 

with each volunteer seated and strapped onto a chair specifically constructed for isokinetic 

testing of the elbow and shoulder (Figure VI-1). The shoulder was placed at 90° of forward 

flexion and rested on a metal base, which was covered with a pad and was attached to the 

dynamometer’s table. The centre of rotation of the elbow joint was identified, approximately 

on the lateral epicondyle (Morrey and Chao, 1976) and it was aligned with the centre of 

rotation of the actuator arm visually.

Each volunteer was stabilised for the isokinetic assessment using Velcro straps 

(Figure VI-2). Two straps were used to prevent forward movements of the trunk and 

shoulder. One was placed around the chest at the level o f sternum and a second placed 

vertically aroimd the shoulder which was to be tested proximal to the acromion. An additional 

strap proximal to the elbow stabilised the arm on the metal base.

■» a

Mis I

Figure VI-1: Subject’s positioning for isokinetic assessment of the elbow flexors with the forearm in the neutral 

position. A similar position was used for the assessment of the elbow flexors with the forearm in supination.
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Action o f the flexors and extensors o f the wrist was prevented by using the 

resistance pad. The pad was placed on the ventral aspect o f  the forearm one centimetre 

proximal to the wrist, allowing full palmar flexion o f the hand. A strap around the wrist 

secured the lower part o f the forearm onto the resistance pad.

Figure VI-2: Straps around the chest (1), the shoulder (2), the distal half of the humerus (3) and the wrist (4) 

that were used for stabilisation during the isokinetic assessment of the elbow flexors. Wooden blocks placed on 

both aspects of the wrist and secured on the resistance pad with the wrist strap (4) (see detail in Figure VI-3).

Two wooden blocks ( 4 x 6  cm) were used to prevent supination when the elbow 

flexors were examined with the forearm in the neutral position (Figures VI-2 and VI-3).

Figure VI-3: Wooden blocks (A) placed on the dorsal and palmar aspect of the wrist (B) to prevent supination 

of the forearm during isokinetic assessment of the elbow flexors with the forearm in the neutral position. A 

Velcro strap was used to stabilise the on the wooden blocks on the wrist.
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The blocks were covered with foam to cushion them and wrapped with leather. They 

were placed on the ventral and dorsal aspects o f the wrist and fastened using a Velcro strap. 

Additional adjustments of the chair, the metal base and the resistance pad were made after 

stabilisation was completed to achieve proper alignment of the shoulder, the elbow and the 

wrist. Elbow flexion was tested over a range of 60° (20° - 80° o f elbow flexion). Gravity 

correction was made at 20° of elbow flexion. No verbal encouragement was given and no 

visual feedback from the screen was allowed during isokinetic testing.

2.3. Testing procedure

A 10-min warm up was performed before each testing session consisting of 5-min 

arm cranking on an arm cycle ergometer at a low work load and 5-min of specific mobility 

and stretching exercises o f the shoulders. Three to five sub-maximum concentric actions were 

allowed for familiarisation, with at least one o f the action at/or near maximum effort. After 1- 

min rest, each volunteer performed three maximum intermittent concentric actions (20-s 

interval between actions). An attempt was deleted if the volunteer reported a lack of effort or 

if a significant difference was observed on the screen between two consecutive moment 

curves. In this case, an additional attempt was allowed. This procedure was repeated with 2- 

min rest at isokinetic velocities o f 30, 60 and 120°-s''. Five minutes break was allowed 

between each side tested. The position of the forearm, the side and the speed, which was 

tested first, was randomly assigned to avoid learning effects and bias of measurements due to 

fatigue. Eight volunteers were tested one week after the first assessment following the same 

order of testing, to determine test-retest reliability of the testing procedure.
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2.4. Data analysis

The reliability of the testing procedure was assessed using the intraclass correlation 

coefficient (ICC 3,1) (Shrout and Fleiss, 1979). Standard error of measurement (SEM) was 

used to calculate variation o f elbow flexor isokinetic moment associated with normal 

fluctuations o f strength over repeated measurements (inter-session variation) (Streiner and 

Norman, 1995). Three-way repeated-measures ANOVA were used to determine average or 

peak moment differences between forearm positions (neutral and supination), isokinetic 

velocities (30, 60 and 120°-s'') and sides (dominant and non-dominant sides).

3. RESULTS

The ICCs and 95% SEMs for the isokinetic strength of the elbow flexors are 

presented in Table VI-1. The ICC values were in general higher for the dominant (0.93-0.99) 

compared to the non-dominant side (0.76-0.94). Similarly inter-session variation calculated 

with 95% SEM was lower for average compared to peak moment data, dominant compared to 

the non-dominant side and at 120 compared to 30 or 60°-s'*.

The mean and standard deviation of peak and average moment of elbow flexors of 

the dominant and non-dominant side at different isokinetic velocities with the forearm in 

supination and neutral positions are presented in Table VI-2. Statistically significant greater 

peak (P<0.01) and average moment (P<0.001) of the elbow flexors was obtained with the 

forearm in supination compared to the neutral position for both dominant and non-dominant 

sides and isokinetic velocities (see Table VI-2 for individual comparisons). However, less 

than one third of the participants demonstrated greater isokinetic moment for the elbow 

flexors with the forearm in the neutral position compared to supination for average and peak 

moment, both sides and angular velocities tested. Isokinetic moment was also greater on the
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dominant compared to the non-dominant side regardless the position of the forearm and 

isokinetic velocity (P<0.05). Moment output was significantly decreased as isokinetic 

velocity increased at both forearm positions and sides (P<0.001).

Table Vl-1: Intraclass correlation coefficient (ICC 3,1) and 95% standard error of 

measurement (Nm) (in brackets), for average and peak moment of the elbow flexors with the 

arm in supination and in neutral position at 30, 60 and 120°-s'' (N = 8).

Velocity Dominant side Non - dominant side

(°-s‘’) Supination Neutral Supination Neutral

Average moment 30 0.95 (9.5) 0.96 (7.2) 0.88 (11.2) 0.81 (11.1)

60 0.94 (9.3) 0.97 (6.2) 0.80 (14.5) 0.85 (12.8)

120 0.99 (3.3) 0.98 (4.9) 0.92 (7.6) 0.87 (9.0)

Peak moment 30 0.93 (12.2) 0.93 (11.0) 0.88 (11.0) 0.82 (11.7)

60 0.93 (11.6) 0.96 (7.8) 0.76 (16.2) 0.81 (15.6)

120 0.99 (3.8) 0.99 (4.1) 0.94 (7.4) 0.80 (12.3)

4. DISCUSSION

The higher moment output recorded in the present study with the forearm in 

supination compared to the neutral position was probably the result of a more optimum lever 

arm length and length-tension relationship of the elbow flexors. In general, the moment 

generation capacity of a muscle or a muscle group is improved when its lever arm achieved 

maximum length. An et al. (1981) have shown that the lever arms of the major elbow flexors 

were maximised when the forearm was in supination. The rotation of the radius around the 

ulna during pronation and supmation of the forearm may also change the overlap between the 

actin and myosin filaments of the biceps brachii, a strong supinator of the forearm and flexor
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of the elbow. The length-moment generation capacity o f the biceps brachii was probably 

optimised (maximum overlap between the actin and myosin filaments without any 

overlapping between the actin filaments) when the forearm was in supination, increasing 

moment output of the elbow flexors (Gordon, 1966; Lieber, 1994).

Table VI-2: Mean and standard deviation (in brackets) of average and peak moment (Nm) of 

the elbow flexors for the dominant and non-dominant sides with the forearm in supination 

and neutral position at 30, 60 and 120°-s''

Velocity Dominant side Non - dominant side

°-s-‘ Supination Neutral Supination Neutral

Average moment 30 51.6(11.8) 49.2(12.3)“ 49.2 (9.9) 46.5 (8.8)“

60 50.2 (12.6) 48.0(12.2)“ 47.3 (9.5) 45.6(10.2)'’

120 44.2 (10.2) 42.8(10.9)*= 42.4 (8.7) 40.1 (8.5)“

Peak moment 30 56.0(13.3) 53.8 (13.6) 53.4(10.6) 50.9 (9.4)“

60 55.3 (14.9) 53.1 (13.7)” 52.2(10.7) 50.8 (10.9)

b /M
120

C T \  ^ / \  r k r "  -x £

50.1 (12.1) 48.7 (12.7) 47.9 (9.9) 45.7 (9.5)

“P<0.001,P<0.01, P<0.05; Moment of the elbow flexors with the arm in supination greater 

compared to the neutral position

The fmdings of the present study were in agreement with previous studies that 

reported higher EMG activity and greater isometric strength of the elbow flexors with the 

forearm in supination compared to the neutral position (Larson, 1969; Steward et al., 1981). 

However, other investigators have shovm greater isometric strength during elbow flexion 

with the forearm in the neutral position (Elkins and Wakim, 1951; Downer, 1953; Leighton, 

et al., 1995). The differences between studies regarding isometric strength of the elbow
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flexors were possibly related to the particular angle that was used to perform strength 

measurements.

Bilateral comparisons revealed <5% greater isokinetic strength for the dominant 

compared to the non-dominant side. These findings confirmed previous observations that 

shown 5-7% greater isokinetic strength on the dominant side, for the elbow flexors (Gallagher 

et al., 1997) as well as for shoulder rotators, abductors/adductors and flexors/extensors 

(Perrin et al., 1987; Shklar and Dvir, 1995). Sapega (1990) has also reported that bilateral 

differences for many muscle groups in the upper extremity are not uncommon. Findings 

reported for the lower extremities suggest a difference of 10% or less should be considered as 

normal (Sapega, 1990). The findings in this study suggest that bilateral differences should be 

taken into account when the contralateral side is used for comparisons in the assessment of 

strength deficiencies or in setting goals for rehabilitation piuposes.

Dvir (1995) has stressed that the force-velocity and the moment-angular velocity 

relationships are principles, which govern in vitro and in vivo muscle behaviour respectively, 

with similar validity. The lower concentric moment data observed at 120 compared to 30 and 

60°-s ‘ for both dominant and non-dominant sides were probably attributed to the different 

recruitment patterns of slow and fast twitch motor units (Hannerz, 1974).

Test-retest assessment of the elbow flexors revealed higher ICC values and lower 

95% SEM for average compared to peak moment data, dominant compared to the non

dominant side and at 120 compared to 30 or 60°-s’’. Several authors have stressed that 

familiarity of the subject with the movement under investigation and equipment, are some 

potential sources of inter-session variability in isokinetic dynamometry (Sapega, 1990; 

Kannus, 1994; Dvir, 1995). Elbow flexor actions are movements that occur in several daily 

living activities such as dressing, feeding, personal hygiene and lifting tasks (Morrey, et al., 

1981, Safaee-Rad, et al., 1990), and in sports particularly overhead throwing activities
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(Glousman et al., 1988). Milner-Brown et al. (1975) showed that repetitive movements 

improved synchronisation of motor units’ function, resulting in a more efficient action during 

weight lifting. The poor co-ordination and neuromuscular control of the non-dominant elbow 

as a result of less use may contributed to the lower reliability and greater variability 

associated with isokinetic test-retest of the elbow flexors for the non-dominant compared to 

the dominant side (Schmied et al., 1994). Peak moment reflects the single (peak) joint angle 

where the mechanical advantage and inter-muscular co-ordination is optimised. Van Zuylen 

et al., (1988) has stressed that the activity o f the muscles that are crossing the elbow joint 

may vary with the mechanical advantage of the individual muscle. The greater variation 

associated with peak compared to average moment data may be attributed to the greater 

variability in the activation of motor units within a muscle, and the muscles within a 

particular muscle group at the joint angle where peak moment occurred (Van Zuylen et al., 

1988). Keating and Matyas (1998) have also reported that higher variability between scores 

may result from situations that facilitated higher isokinetic moment, as in the assessment of 

strong individuals or when using slow isokinetic velocities. The present fmdings supported 

these observations showing lower variability of isokinetic measurements at the faster 

isokinetic velocity. The reliability of the isokinetic procedure that we used was better when 

compared to a previous study (Griffin, 1987). The sample, the positioning and stabilisation 

procedures of the trunk and the elbow and the interval between the two measurements were 

some of the factors that may have improved the reliability in this study.

Finally it has to be noted that isokinetic assessment of the elbow flexors with the 

forearm in supination requires full range of forearm rotation and normal valgus angle o f the 

elbow. Limited supination and excessive valgus angle may prevent proper positionmg and 

alignment of the limb under examination. In fiiture studies, researchers should examine the 

forearm’s rotational range of motion before they measure elbow flexion isokinetic moment
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with the forearm in supination. The results o f this study were limited also to the specific 

testing position that we used. Although elbow flexors were not challenged maximally with 

the shoulder at 90° of flexion (Kapandji, 1982), this position provided sufficient stability to 

the trunk and the elbow that was to be tested. Isokinetic assessment with the shoulder in a 

different position may improve both moment values and reliability of the procedure.

5. CONCLUSIONS

The findings o f the present study suggest that elbow flexors are stronger with the 

forearm in supination and this position should be used in order to optimise strength 

performance. Researchers should report the position of the forearm when they examine elbow 

flexors isokinetically. Inconsistent positioning may result in poor reliability and false 

indication of strength or weakness particularly in pre- and post-rehabilitation/operation 

conditions. The use of the contralateral side for comparisons should be performed provided 

that a less than 5% difference has been taken into account.
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S tu d y  VII

Inter-muscular relationships in the upper limb



Preface

Study VI revealed that generation of maximum isokinetic moment of elbow flexion 

could be achieved with the forearm in supination compared to the neutral position. However, 

this position should be utilised only when fiill range of forearm rotation and normal valgus 

angle of the elbow is available.

The strength balances and possible relationships between the muscle groups 

surrounding the shoulder joint is an important issue in the isokinetic assessment of shoulder 

musculature. Such information may be very useful particularly when isokinetic moment data 

is used to examine pathological conditions of the shoulder joint or in monitoring progress of 

shoulder function after an intervention. Study VII is an independent study, which investigates 

these relationships, based on the testing procedures used in the previous studies (study II, III 

and VI).
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Inter-muscular relationships in the upper limb

Abstract

Inter-muscular relationships o f the shoulder musculature were determined in 40 healthy 

sedentary and recreationally active males. Gravity corrected peak and average moments of the 

shoulder rotators, shoulder elevators and elbow flexors were measured at isokinetic velocities 

o f 60 and 120°-s’’ for both dominant and non dominant sides. Shoulder rotator actions were 

measured with the shoulder at 45° of elevation in the scapular plane. Shoulder elevators were 

examined in the scapular plane with the elbow ftilly extended and the forearm in pronation. 

Elbow flexors were measured with the shoulder at 90° of flexion and the forearm in the 

neutral position. Greater isokinetic strength was recorded on the dominant compared to the 

non-dominant side. Moment ratios ranged between 0.42-1.75. Moderate to high relationships 

revealed between concentric and eccentric shoulder rotator actions, between shoulder 

elevation and external rotator movements and between elbow flexion and shoulder elevation 

movements. Inter-muscular relationships were stronger on the dominant compared to the non

dominant side. Isokinetic moment data reported in the present study provide a baseline for 

comparisons and proper interpretation of strength changes associated with injuries or sport 

participation (e.g. patients with shoulder injuries, overhead throwing athletes) and set goals 

for rehabilitation purposes.
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1. INTRODUCTION

The mobility and merely the stability o f the shoulder joint are depended on the 

surrounding musculature. Shoulder elevation requires the balanced and co-ordinated function 

of the scapular rotators and arm elevators in order to position the arm within the visual 

workspace. The synchronous action of the rotator cuff muscles is necessary for the stability as 

well as the rotator movements o f the glenohumeral joint and is become more important when 

the glenohumeral joint is overloaded, such as in manual work tasks (Sporrong et al., 1995, 

1996) and in overhead throwing activities (Jobe et al., 1990). Similarly, elbow flexors are 

activated in daily activities, such as in feeding tasks and in weight lifting, and at the various 

phases of overhead throwing motion (Fleisig et al., 1995, 1996; Glousman et al., 1988; 

Morris and Bartlett, 1996). Furthermore, the long head of the biceps, a strong elbow flexor 

and forearm supinator, plays a significant role to the stability o f the glenohumeral joint, 

during powerftil elbow and forearm movements (Kumar et al, 1989), and during overhead 

rotator movements of the shoulder (Itoi et al., 1993, 1994; Rodosky et al., 1994; Glousman et 

al., 1988). Weakness or imbalance between the shoulder stabilisers may result in inefficient 

depression and abnormal translation o f the humeral head onto the glenoid, leading to shoulder 

pathologies such as instability and impingement syndrome (Glousman et al., 1988; Warner et 

al., 1990).

Several authors have used isokinetic-testing procedures to quantify the strength 

balance between the muscles o f the shoulder joint. In most studies the strength balance was 

determined based on the moment generation capacity o f the shoulder rotators and expressed 

as concentric (Reid et al., 1989; Tata et al., 1993; Codine et al., 1997) or eccentric (Tata et 

al., 1993) antagonists to agonists peak moment ratios (conventional ratio). Other investigators 

have proposed that the eccentric antagonist to concentric agonist moment ratio (fiinctional
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ratio) is probably a better indicator of glenohumeral joint stability, particularly for athletes 

involved in overhead sporting activities. Overhead throwing motion requires eccentric action 

of the antagonists to decelerate the forceful external and internal rotation of the shoulder 

during the late cocking and follow-through phase of throwing, respectively. Functional ratios 

have also been proven more sensitive than conventional ratios in detecting bilateral strength 

differences in patients with ACL-deficient knees (Dvir et al., 1989) and in athletes with 

symptomatic shoulders (Bak and Magnusson, 1997). Functional may also be considered as 

the shoulder internal or external rotation to shoulder elevation moment ratios. The rotator cuff 

muscles act synergistically with the deltoid during shoulder elevation by depressing the 

humeral head into the glenoid. It has been proposed that weakness of the rotator cuff muscles 

and a more efficient superior pull by the deltoid may result in inefficient stabilisation and 

upward migration of the humeral head onto the glenoid, narrowing the subacromial space and 

producing impingement signs (Weiner and MacNab, 1970).

Bilateral isokinetic assessment of healthy individuals is necessary, in order to 

establish a baseline for comparisons with specific groups (e.g. athletes, patients with shoulder 

injuries) and set goals for rehabilitation purposes. The aim of this study was to determine the 

strength balance required for glenohumeral joint stability and inter-muscular strength 

relationships in a healthy male population.

2. METHODS

2.1. Subjects

Isokinetic measurements of the shoulder stabilisers were performed in forty male 

university students, without shoulder pathology or present shoulder/neck pain. Only 21 of 

these volunteers were available for isokinetic assessment of the shoulder elevators and elbow
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flexors in addition to shoulder rotators. All volunteers were involved in non-overhead 

throwing activities at the college’s various sporting clubs. The mean age of the study sample 

was 25.1 years (range 17-35 years). The mean and standard deviation of their height and body 

mass were 1.8 ± 0.1 m and 76.0 ± 9.7 kg, respectively.

2.2. Isokinetic testing procedure

Gravity corrected peak and average isokinetic moments were measured at 60 and 

120°-s'', using a Kin Com II dynamometer (Chattecx Corp. Chattanooga TN, USA). All 

measurements performed by the same examiner. Concentric and eccentric isokinetic strength 

of the internal and external rotators of the shoulder were measured over a range of 60° with 

each volunteer seated and the shoulder at 45° of elevation and 30° o f horizontal adduction 

(scapular plane) (Figure II-3). The elbow was at 90° of flexion and the forearm in pronation. 

The centre of rotation of the dynamometer’s actuator arm was in line with the longitudinal 

axis o f the humeral shaft and the acromion. The stability o f the trunk and shoulder was 

enhanced with belts around the chest, the shoulder under investigation proximal to the 

acromion and the hips.

Shoulder elevators were assessed in the scapular plane, by positioning the chair 30° 

anterior to the frontal plane (Figure III-l). Isokinetic elevation of the shoulder was measured 

over a range of 60° (30-90° of elevation) with the shoulder in neutral rotation, the elbow in 

extension and the forearm in pronation. Stabilisation was provided with belts around the hips 

and the shoulders. A rigid cylindrical splint was used to maintain elbow in extension. 

Alignment of the glenohumeral centre of rotation with the centre of rotation of the actuator 

arm was achieved using a specifically constructed aluminium calliper.

Elbow flexors were examined with each volunteer seated and stabilised, using belts 

around the chest, the shoulder under investigation, the arm and the wrist. The shoulder was
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placed at 90° of forward flexion and the forearm midway between supination and pronation. 

Elbow flexion was tested over a range of 60° (20° - 80° of elbow flexion) (Figure VI-1). The 

centre of rotation of the elbow joint was identified, approximately on the lateral epicondyle 

and it was aligned with the centre of rotation of the actuator arm visually. Verbal 

encouragement and visual feedback from the screen during the testing phase were not 

provided in all isokinetic measurements.

Prior to the isokinetic testing, each volunteer performed a 10-min exercise 

programme consisting of 5-min arm cranking at low workload and 5-min specific mobility 

and stretching exercises, to warm up the shoulder musculature. Three to five sub-maximal 

actions with at least one of the action, at/or near maximal effort were performed in order to 

familiarise the volunteer with isokinetic dynamometry. After a 1-min rest, each volunteer 

performed three maximal intermittent actions, with 15-s interval between each action. To 

minimise fatigue effects, a 2-min rest was allowed between velocities and actions and a 5-7 

min rest was allowed between muscle groups and sides tested to accommodate for 

repositioning and dynamometer adjustments. Movements, isokinetic velocities (60 and 

120°-s’’) and limb dominance (dominant and non-dominant side) were randomised, in order 

to minimise bias.

2.3. Data analysis

Isokinetic strength of the shoulder elevators was analyses based on the average and 

peak moment data corresponded to that portion in the range of motion tested were angular 

velocity was constant and equal to the pre-set angular velocity (isokinetic data free of 

transient moment-oscillations) (see study III, page 132). Two-way repeated-measures 

ANOVA were used to determine average, peak or moment ratio differences between 

isokinetic velocities (60 and 120°-s’') and sides tested (dominant and non-dominant side).
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3. RESULTS

3.1. Bilateral differences

The mean and standard deviation o f  isokinetic measurements are presented in Table 

VII-1. Eccentric internal and external rotator actions were significantly greater than 

concentric actions at both isokinetic velocities and sides (P<0.001). Isokinetic moment data 

was in general < 5% greater on the dominant compared to the non-dominant side. Statistically 

significant differences revealed for most bilateral comparisons regarding average and peak 

moment data at 60°-s‘‘. Most bilateral comparisons at 120°-s’’ revealed statistically significant 

greater average moment and non-statistically significant greater peak moment for the 

dominant compared to the non-dominant sides (see Table VII-1 for statistical levels o f  

bilateral comparisons).

3.2. Isokinetic moment ratios

The mean and stand2ird deviation o f  conventional and functional ratios are listed in 

Table VII-2. The differences between sides and isokinetic velocities for the ERconTRcon and 

ERecc:IRecc average and peak moment ratios were not statistically significant. Bilateral 

comparisons for the functional ratios were also not statistically significant. The IRecc:ERcon 

average and peak moment ratios were significantly increased at a higher isokinetic velocity 

for both the dominant and non-dominant sides. Similarly, the ERecc:IRcon average and peak 

moment ratios were increased at the faster isokinetic velocity, but the differences were 

significant only for the dominant side. The concentric internal and external rotator actions to 

shoulder elevation ratios were the same or increased at the higher isokinetic velocity (see 

Table VII-2 for statistical levels o f  individual comparisons).
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Table VII-1: Mean and standard deviation (in brackets) of isokinetic average and peak 

moment (Nm) of the shoulder internal and external rotators (n = 40), shoulder elevators and 

elbow flexors (n = 21) for the dominant and non-dominant sides at 60 and 120°-s‘*

Side Dominant Non-dominant

Velocity (°-s‘') 60 120 60 120

Average moment 

IRcon 37.7 (8.4) 35.1 (7.6)“ 36.2 (8.6)“ 34.4 (7.8)"’“

IRecc 41.6(11.1) 39.6 (9.4)“ 40.3 (9.8)*’ 39.0 (8.9)"

ERcon 25.7 (6.4) 23.7 (5.6)“ 24.8 (6.2)'’ 22.9 (5.4)"’“

ERecc 30.6 (6.6) 30.0 (6.0) 29.4 (7.6) 28.9 (6.7)*’

SEcon 52.8 (12.4) 48.9(10.5)“ 49.8(10.7)*’ 46.7(10.9)"’"

EFcon 40.8 (9.8) 37.0 (9.3)“ 38.8 (8.2)" 34.7 (7.2)“’“

Peak moment

IRcon 42.3 (9.2) 40.5 (8.7)" 40.4 (9.4)“ 39.6 (8.9)

IRecc 47.6(13.4) 46.8(11.8) 45.8(11.0)*’ 46.1 (10.5)

ERcon 29.7 (6.8) 27.6 (6.0)“ 29.5 (7.4) 27.8 (6.4)“

ERecc 34.5 (7.8) 34.4 (7.2) 33.3 (9.0)*’ 33.8 (8.2)

SEcon 58.0(14.7) 52.6(11.1)“ 55.0(12.5)" 50.6(11.8)“

EFcon 46.0 (10.8) 42.6(11.0)“ 44.7 (8.7)" 41.0 (8.2)*’’“

con: concentric, ecc: eccentric;

“ P < 0.001, ** P < 0.01, ‘̂ P < 0.05: significant bilateral differences;

‘‘P < 0.001, ® P < 0.01: significant differences between isokinetic velocities
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Table VII-2: Mean and standard deviation (in brackets) of conventional and functional 

average and peak moment ratios for the dominant and non-dominant sides at 60 and 120°-s’'.

Side Dominant Non-dominant

Velocity (°-s’') 60 120 60 120

Average moment

ERcon:IRcon 0.69 (0.10) 0.68 (0.12) 0.69 (0.11) 0.68 (0.14)

ERecc:IRecc 0.75 (0.13) 0.77 (0.13) 0.74 (0.13) 0.75 (0.13)

IRecc:ERcon 1.64 (0.31) 1.71 (0.36)" 1.66 (0.35) 1.75 (0.36)*’

ERecc:IRcon 0.82 (0.12) 0.87 (0.15)*’ 0.82 (0.15) 0.85 (0.17)

IRcon:SEcon 0.64 (0.16) 0.66 (0.17) 0.65 (0.17) 0.67 (0.19)

ERcon:SEcon 0.42 (0.07) 0.42 (0.07) 0.41 (0.08) 0.43 (0.10)

Peak moment

ERcon:IRcon 0.70 (0.10) 0.69 (0.12) 0.74 (0.11) 0.71 (0.15)

ERecc:IRecc 0.74 (0.12) 0.75 (0.12) 0.73 (0.13) 0.74 (0.12)

IRecc:ERcon 1.61 (0.27) 1.72 (0.35)“ 1.59 (0.31) 1.69 (0.33)"

ERecc:IRcon 0.82 (0.11) 0.86 (0.15)" 0.83 (0.15) 0.86 (0.16)

IRcon:SEcon 0.67 (0.16) 0.73 (0.19)” 0.65 (0.17) 0.71 (0.20) *’

ERcon:SEcon 0.46 (0.10) 0.47 (0.08) 0.46 (0.09) 0.49 (0.12)"

IR: internal rotation, ER: external rotation, SE: shoulder elevation, con: concentric, ecc: 

eccentric

“ P < 0 . 0 0 1 , P < 0.01, 'P  < 0.05, significant differences between isokinetic velocities

3.3. Moment/angular velocity relationship

Concentric average and peak moment of the shoulder musculature were significantly 

greater at 60 compared to 120°-s’* for both isokinetic velocities and sides tested (except for 

internal rotator peak moment on the non-dominant side). Significantly greater average
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moment was also obtained at 60 compared to 120°-s‘‘ for eccentric internal rotator actions. 

The differences between isokinetic velocities for peak moment data of eccentric internal 

rotator actions and for peak and average moment data o f external rotator actions were not 

statistically significant (see Table VII-1 for statistical levels of bilateral comparisons).

3.4. Inter-muscular relationships

The relationships between the average and peak moment generated by the shoulder 

musculature ranged between 0.91-0.99 (P<0.001). High correlation coefficients were also 

revealed (0.85-0.97) between the average or peak moment recorded at 60 and 120°-s‘* 

(P<0.001). Table VII-3 presents the inter-muscular strength relationships for both the 

dominant and non-dominant sides. Pearson’s product correlation coefficients, with few only 

exceptions, were greater for the dominant compared to the non-dominant side. A highly 

significant relationship was revealed between the concentric and eccentric rotator actions of 

the shoulder. The relationship between the shoulder elevators and shoulder rotators was also 

significant. However the relationship between the shoulder elevators and external rotators 

was greater compared to the internal rotators. Shoulder elevators were also significantly 

related with elbow flexors (see Table VII-3 for statistical levels o f bilateral comparisons).

4. DISCUSSION

4.1. Bilateral comparisons

The present study revealed statistically significant differences between the dominant 

and non-dominant side for average moment data of the shoulder musculature. In contrast, the 

majority o f bilateral comparisons using peak moment data were not statistically significant.
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Table VII-3: Inter-muscular average and peak moment relationships (r) at 60 and 120° s'' (in 

brackets) for the dominant (D) and non-dominant sides (ND) (con: concentric, ecc: eccentric 

IR: shoulder internal rotation, ER: shoulder external rotation, SE: shoulder elevation, EF: 

elbow flexion)

IRcon IRecc ERcon ERecc SEcon

Average moment

IRecc D

ND

0.88“ (0.86)“ 

0.69“ (0.76)“

ERcon D

ND

0.69“ (0.66)“ 

0.63” (0.57)*’

0.64” (0.64)” 

0.40 (0.29)

ERecc D 0.69“ (0.51)‘ 0.65” (0.55)” 0.83“ (0.86)“

ND 0.56*’ (0.52)*= 0.54" (0.44)" 0.75“ (0.72)“

SEcon D 0.45" (0.36) 0.51" (0.52)" 0.65” (0.66)” 0.57” (0.64)”

ND 0.45*= (0.45)*= 0.33 (0.36) 0.71“ (0.61)” 0.76“ (0.75)“

EFcon D 0.50*̂  (0.52)" 0.53" (0.55)” 0.55” (0.59)” 0.58” (0.58)” 0.88“ (0.86)“

ND 0.49" (0.34) 0.29 (0.30) 0.45" (0.35) 0.68“ (0.53)" 0.62” (0.66)”

Peak moment

IRecc D

ND

0.85“ (0.84)“ 

0.63” (0.71)“

ERcon D

ND

0.77“ (0.77)“ 

0.74“ (0.57)”

0.68“ (0.73)“ 

0.51" (0.34)

ERecc D 0.79“ (0.68)“ 0.79“ (0.82)“ 0.82“ (0.84)“

ND 0.63” (0.55)" 0.54" (0.43) 0.71“ (0.69)“

SEcom D 0.53" (0.33) 0.53" (0.57)” 0.55” (0.63)” 0.57” (0.64)”

ND 0.54" (0.43)" 0.41 (0.32) 0.67“ (0.57)” 0.77“ (0.74)“

EFcon D 0.48" (0.46)" 0.54" (0.63)” 0.50" (0.57)” 0.62” (0.64)” 0.86“ (0.87)“

ND 0.50" (0.38) 0.24 (0.27) 0.34 (0.24) 0.67“ (0.46)" 0.58” (0.63)”

® P<0.001, P < 0.01, < 0.05; significant relationships
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Previous studies have reported both significant and non-significant bilateral differences for 

isokinetic strength of the shoulder rotators in healthy non-athletic individuals. Ivey et al. 

(1985) and others (Connelly et al., 1989; Reid et al., 1989; Mayer et al., 1994; Shklar and 

Dvir, 1995) have shown that concentric internal and external rotator peak moment were not 

significantly greater on the dominant compared to the non-dominant side. In contrast, the 

dominant side has demonstrated statistically significant higher isokinetic peak moment 

(Warner et al., 1990; Cahalan et al., 1991), moment acceleration energy, average power and 

total work than the non-dominant side (Perrin et al., 1987). Regardless o f the level of 

statistical significance, both the present and previous studies have shown that the dominant 

side was always 5-7% stronger compared to the non-dominant side for various isokinetic 

strength parameters (Perrin et al., 1987; Shklar and Dvir, 1995). The conflicting findings 

reported in the literature have raised the question of whether statistically significant bilateral 

differences have also indicated clinically significant differences. The present findings 

suggested that bilateral differences should be taken into account, when the contralateral side 

is used as a control in unilateral injured individuals, or for making decisions about 

longitudinal changes of the shoulder rotator isokinetic strength.

4.2. Isokinetic moment ratios

The ERconrlRcon and EReccrlRecc ratios calculated in the present study ranged 

between 0.68-0.77. Similar ratios have been reported in several previous studies, where 

shoulder rotators were examined in various trunk/shoulder positions (0.61-0.78). 

Conventional peak and average moment ratios calculated previously with the shoulder at 45° 

of elevation in the scapular plane, at isokinetic velocities o f 60 and 90°-s'* were also similar to 

these data (Tata et al. 1993; Shklar and Dvir, 1995; Codine et al., 1997). However, Tata et al. 

(1993) reported higher ratios at 180 compared to 90°-s’' (0.83-0.86 vs. 0.74-0.78). Similarly,
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Codine et al. (1997) calculated higher ERcon:IRcon peak moment ratios, at isokinetic 

velocities of 180 and 300°-s'' compared to 60°-s'', for the non-dominant side, in a group of 

non-athletic individuals. Bilateral differences in this study were also significant at 180° s‘'. 

The different characteristics o f the dynamometer, sample and testing procedure used in these 

studies were some of the factors that may contribute to the higher ratios obtained at the faster 

isokinetic velocities tested.

The IRecc:ERcon ratio, which was used as an indication of the functional strength 

balance of the shoulder rotators, was derived from a significant higher eccentric internal 

rotator moment compared to concentric external rotator moment. In contrast, a lower 

eccentric external rotator moment compared to concentric internal rotator moment revealed a 

greater than one ERecc:IRcon peak and average moment ratio. Both IRecc:ERcon and 

ERecc:IRcon moment ratios were increased as isokinetic velocity increased, primarily due to 

the fact that at the higher isokinetic velocity concentric external and internal rotation moment 

reduced to a greater extent compared to eccentric moment. The relationship between the 

eccentric antagonist to concentric agonist ratio has been examined previously in only a few 

studies. Bak and Magnusson (1997) have shown that ERecc:IRcon peak moment ratios 

corrected for body weight in healthy volunteers and the uninjured side of unilaterally injured 

swimmers was 0.86 and 0.89, respectively. These ratios were similar to those reported in the 

present study. Shklar and Dvir (1995) using the same dynamometer, testing position and 

isokinetic velocities, have found higher IRecc:ERcon (1.85 - 2.04) and lower ERecc:IRcon 

peak moment ratios (0.75 - 0.81), compared to the present study. These ratios were probably 

derived from a lower concentric and eccentric external rotator moment, as the concentric and 

eccentric internal rotator moment obtained in the two studies were approximately the same. 

Asymptomatic volunteers participated in boxing and at least one unilateral overhead sporting 

activity demonstrated higher EReccTRcon (1.05-1.08) and IRecc:ERcon moment ratios
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(2.15-2.39), at isokinetic velocity o f 90°-s'* (Scoville et al. 1997). Differences in data analysis 

may effect the functional ratios obtained in this study as calculations o f moment ratios were 

based on the concentric and eccentric moment that corresponded to the end ranges of the 

tested arc. Subjects’ ability to generate greater eccentric moment may also influence 

ERecc:IRcon and IRecc:ERcon ratios as they were more trained compared to the participants 

in the present study. In a more recent study Hartsell (1998/1999) had also found higher 

IRecc:ERcon (2.44 - 3.03) and lower ERecc:IRcon peak moment ratios (0.57 -  0.58) 

compared to the ratios reported in this study. The different dynamometers used were probably 

attributed to the different ratios obtained in the two studies. Hartsell (1998/1999) used a 

Cybex dynamometer, which in general yields greater shoulder rotator peak moments 

compared to the Kin Com dynamometer, with greater differences obtained for the internal 

compared to external rotator moments (Walmsley and Dias, 1995). Furthermore the author 

did not specify whether the reported functional ratios were derived from groups consisting of 

males, females or both males and females.

The shoulder internal or external rotation to shoulder elevation moment ratios has 

not been routinely used as an indication of strength balance at the shoulder joint. However, it 

has been reported that a strong pull o f the deltoid would migrate the humeral head superiorly 

if it was inefficiently compressed into the glenoid by the rotator cuff muscles. The Cybex- 

induced higher internal and external rotator moment data compared to the Kin Com 

dynamometer (Walmsley and Dias, 1995) was a possible reason for the greater IRconrSEcon 

(0.84-0.88) and ERcon:SEcon (0.58-0.64) peak moment ratios reported in the literature (Reid 

et al., 1989). The different planes used for isokinetic assessment of the shoulder rotators and 

elevators may also have contributed to the greater ratios obtained in this study. Reid et al. 

(1989) in a previous study reported IRcon:SEcon and ERcon:SEcon peak moment ratios 

based on isokinetic measurements o f the shoulder elevators and rotators performed in the
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coronal plane. In the present study, isokinetic assessment was performed in the scapular 

plane, where both rotators and elevators of the shoulder maximise moment production.

4.3. Moment / angular velocity relationship

The average and peak moment data obtained at the faster isokinetic velocity 

confirmed only partially Hill’s in vitro force/velocity relationship. Concentric moment data 

was in general lower at 120 compared to 60°-s'* for both internal and external rotators, 

shoulder elevators and elbow flexors on both the dominant and non-dominant sides. These 

differences were probably attributed to the different recruitment patterns o f slow and fast 

twitch motor units between the slower and faster isokinetic velocity (Hannerz, 1974). In 

contrast, the relationship between eccentric moment data and angular velocity for the 

shoulder rotators deviated from the classical in vitro model; in general eccentric moment data 

showed significant or minimal reduction at 120 compared with 60°-s‘'. The inability o f the 

shoulder rotators to generate greater eccentric moment at the higher isokinetic velocity could 

partly be explained by the inhibiting action of a mechanism, preventing excessive elongation 

and muscle rupture, and controlled by the central nervous system. This mechanism is 

triggered when a muscle during an eccentric action exceeds 40% of the maximum force that 

can be generated during a concentric action (Stauber, 1989). In addition, the inhibiting role of 

the peripheral mechanoreceptors and the co-activation of the antagonists when the agonists 

are working eccentrically may also contribute to the lower eccentric moment output at the 

faster velocity (Stauber, 1989). Similar fmdings have been reported in previous studies for 

eccentric actions o f the shoulder rotators in healthy untrained individuals (Hageman et al 

1989; Shklar and Dvir, 1995). However, other investigators (Mikesky et al., 1995; Sirota et 

al., 1997) have shown that professional baseball pitchers increased eccentric moment at a 

faster isokinetic velocity. The ability of these highly trained athletes to generate greater
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eccentric moment at higher isokinetic velocities was probably associated with different levels 

of neuromuscular adaptation, as repetitive eccentric actions o f the shoulder rotators 

performed at very high angular velocities is a basic component of the overhead throwing 

action.

4.4. Inter-muscular relationships

A possible reason for the significant correlation coefficients obtained between the 

shoulder internal and external rotators was that both muscle groups are activated during 

shoulder movements in order to stabilise the humeral head into the glenoid (Kronberg et al. 

1990; Sharkey et al. 1995). The findings in the present study also revealed that isokinetic 

assessment of the concentric rotator actions provide sufficient information for the eccentric 

moment generation capacity. This finding is very important as the loads placed on the 

capsulo ligamentous structures during eccentric rotator actions are high and such 

measurements are usually avoided in individuals with shoulder pathology. The involvement 

of supraspinatus to both elevation and external rotation of the shoulder was one of the factors 

that may have contributed to the higher relationship between the shoulder elevators and 

external rotators compared to internal rotators. The high correlation coefficients obtained 

between isokinetic moment data of the elbow flexors and shoulder elevators may attributed to 

the synchronous function of the biceps brachii at both the elbow and shoulder joints. The long 

head of biceps brachii, function as a shoulder elevator particularly when the shoulder is in 

external rotation (Lucas, 1973). Anatomical data also suggest that the long head of biceps 

brachii may contribute significantly to the stability of the shoulder joint during flexion of the 

elbow and supination of the forearm as well as during elevation of the shoulder by centring 

the humeral head into the glenoid (Kumar and Balasubramaniam 1985; Itoi et al., 1993; 

Rodosky et ah, 1994. The high relationship between elbow flexors and shoulder elevators
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may also resulted from the fact that biceps brachii and brachialis, two of the strongest flexors 

of the elbow, and deltoid, the most important elevator of the shoulder, are innervated from the 

musculocutaneous and axillary nerves both derived from C5-C6 spinal roots. Strength 

assessment of the elbow flexors may also provide sufficient information for the shoulder 

elevators when the strength of the latter muscle group can not be measured as in patients with 

shoulder pathology. The significant but lower relationships between the rotators and elevators 

of the shoulder on the non-dominant side may reflect the more asynchronous action of these 

muscles during shoulder movements.

5. CONCLUSIONS

A <5% difference should be taken into account when the shoulder rotators, shoulder 

elevators and elbow flexors o f the contralateral side is used for pre- and post-injury 

assessment and in post-rehabilitation comparisons with the injured side. Conventional and 

functional moment ratios were within the range reported in previous studies. Moderate to 

high relationships were also revealed between the muscle surrounding the shoulder joint. 

These fmdings may provide usefiil information in the interpretation of strength changes 

associated with injuries or sport participation.
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Study VIII

Isokinetic strength changes for the shoulder musculature following an 

individualised progressive resistance exercise programme



Preface

The findings in study VII provided information regarding bilateral comparisons and 

strength balances between the muscles surrounding the shoulder joint. The moderate to high 

correlation coefficients particularly between shoulder internal and external rotators, between 

shoulder elevators and shoulder rotators, and between shoulder elevators and elbow flexors 

suggested a strong relationship between the muscle groups that function at the shoulder joint.

Isokinetic strength changes following an intervention require critical interpretation as 

variability related to normal fluctuations o f isokinetic moment over repeated measurements 

may account for a significant part of the obtained changes. Studies II, III and VI have shown 

that detection o f strength changes in isokinetic dynamometry is highly dependent on the 

direction of movement, the type of action, the angular velocity, the side, the measuring 

parameter used and the presence or absence of transient moment-oscillations on moment data. 

Study VIII examines the effect of an individualised progressive resistance exercise 

programme on isokinetic strength of the shoulder musculature.
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Isokinetic strength changes for the shoulder musculature following an 

individualised progressive resistance exercise programme

Abstract

The purpose of this study was to assess isokinetically the effectiveness of an individualised 

progressive resistance strengthening exercise programme for the shoulder musculature. 

Isokinetic strength changes for the shoulder internal and external rotators, shoulder elevators 

and elbow flexors were monitored in 13 healthy individuals who undertook the exercise 

programme, and 8 individuals who served as controls, using specific testing positions at 

angular velocities of 60 and 120°-s'*. The training programme consisted of exercises for the 

scapular rotators, shoulder rotators, elevators and flexors, and elbow flexors, which repeated 

three times per week for eight weeks. Set repetitions ranged between 8-12 for each exercise 

using resistance corresponded to 8-RM (approximately 80% o f 1-RM). Participants classified 

as having unsuccessful intervention if average moment changes were lower than standard 

error of measurement (SEM). Average moment changes >SEM and >95%SEM classified as 

moderate and significant, respectively. The progressive resistance exercise programme had a 

significant effect only for shoulder elevation and elbow flexion average moment. However, 

only few subjects demonstrated moderate or significant isokinetic average moment changes. 

Chi-square analysis revealed that between group differences in the number of subjects having 

moderate or significant moment changes were not statistically significant. Personality 

characteristics and environmental settings (e.g. lack of supervision and external motivation) 

were some of the factors that may influence participants’ compliance with the training 

programme and hence its outcome. Minimal strength changes may also obtained because 

strength training was performed isotonicaly whereas strength assessment performed 

isokinetically.
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1. INTRODUCTION

Normal function of the shoulder joint requires the efficient and co-ordinated action 

of the glenohumeral stabilisers, the scapular rotators and the arm elevators. The glenohumeral 

stabilisers, namely the rotator cuff and the biceps brachii, enhance the stability o f the 

glenohumeral joint by compressing the humeral head and preventing its translation onto the 

glenoid during arm movements. Arm elevators (deltoid, supraspinatus) and scapular rotators 

(serratus anterior, trapezius) fiinction also synchronously in order to maintain the optimum 

length tension relationship of the deltoid and elevate the acromion to avoid impingement of 

the supraspinatus tendon.

Quantitative assessment of the shoulder musculature has been predominantly 

performed with isokinetic-testing procedures (Cahalan et al., 1991; Hageman et al., 1989; 

Ivey et al., 1985; Kuhlman et al., 1992; Mayer et al., 1994, McMaster et al., 1991; Wilk et 

al., 1993). Isokinetic dynamometry has also been used when strength changes are monitored 

longitudinally such as before and after intervention (Hagerman et al., 1989; Pavlik et al., 

1996). However, isokinetic strength is subjected to a certain amount of variability which 

related to the normal fluctuations of strength over repeated measurements (inter-session 

variability) and is dependent on the direction of movement, angular velocity, level of 

impairment and gender (Keating and Matyas, 1998). Studies II, III and VI have also shown 

that variability o f isokinetic strength for the shoulder musculature may range between 3.9- 

16.2 Nm depending on the muscle group, type of action (concentric and eccentric) and 

measuring parameter (average and peak moment). Based on this evidence, the effectiveness of 

an exercise programme may only be considered significant when isokinetic moment changes 

are greater than inter-session variability o f isokinetic measurements (Atkinson and Nevill, 

1998).
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Exercises for the shoulder musculature have been commonly used in the prevention 

and rehabilitation o f shoulder injuries. Overhead throwing athletes are usually advised to 

include in their training programme, specific strengthening exercises for the shoulder 

musculature in order to avoid shoulder problems such as instability and impingement. The 

effectiveness o f such exercise programmes has been examined qualitatively, particularly in 

patients with shoulder dysfiinction, using grading systems (Young and Rockwood, 1991; 

Burkhead and Rockwood, 1992; Brox et al., 1993; Arciero et al., 1994; Pavlik et al., 1996). 

However, the effectiveness of such exercise programme has not been investigated 

quantitatively. The purpose of the present study was to quantify the effectiveness o f a 

progressive resistance exercise programme for the shoulder musculature in healthy male 

individuals using isokinetic-testing procedures.

2. METHODS

2.1. Subjects

Twenty-one healthy males without shoulder or neck pain participated in this study. 

Thirteen subjects volunteered to perform an individualised progressive resistance exercise 

programme, specifically designed to improve the strength of the shoulder musculature. Four 

participants were non-active and nine were leisure athletes involved in non-overhead 

throwing activities (e.g. soccer, cycling, running). A group of eight individuals (five sedentary 

and three leisure athletes involved in non-overhead throwing activities) were used for 

comparison. All participants were advised to maintain their usual daily activities and to avoid 

any exercise that might influence the strength of the shoulder musculature. Anthropometric 

data of the participants in the present study is presented in Table VIII-1.
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Table VIII-1: Mean and standard deviation (in brackets) of age, height and body mass for the 

study groups

Group Age Height Body mass

Experimental (n = 13) 26.8 (5.2) 1.8 (0.1) 76.0(12.1)

Control (n = 8) 25.1 (3.6) 1.8 (0.1) 81.9 (8.4)

2.2. Training apparatus

Exercises performed using two specifically constructed wooden handrails and a 

pulley system (“over-door”) designed for home-based use. Each handrail was fixed on two 

wooden bases of different heights. The height to the centre of the handrail from the ground 

was 50 and 80-mm. The length of each handrail was 200 mm.

The “over-door” pulley system consisted of two separate elements (Figure VIII-3). 

The top element (Element A in Figure VIII-3A) was an inverted U-shape bracket constructed 

from 4-mm mild steel. One arm of the U-shape bracket had a 90° bend 150-mm from one end. 

The other arm was truncated 85-mm from the centre of the U-shape bracket. On the longer 

arm at distances of 25 and 110-mm from the end, two galvanised steel free miming pulleys 

were secured using 3-mm countersink bolts 20-mm in length. A 5-mm braided nylon cord 3- 

m in length run over the pulley wheels. A second inverted U-shape bracket constructed from 

4-mm mild steel, had on one arm a pulley wheel secured using a 6-mm rod, 60-mm in length 

(Element B in figure VIII-3A and B). A metal spacer secured the pulley wheel, 40 mm from 

the outer face of the U-shape bracket. On the opposite arm, a threaded adjustable shaft was 

secured. The adjustable shaft was used to secure element B at different heights (Figure VIII- 

3B). The second element was secured on the unhinged upright of the door at a height to suit 

the individual exercise. A wooden handgrip with 5 mm braided nylon cord attached. A 

standard wooden stop was used to secure the door. A one way 2-inches solid stamless steel
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ratcheted clip was used to attach the weights. Figure VIII-4 presents the “over-door” pulley 

system as was fixed on a door for strength training o f the shoulder musculature.

Element B

Figure VIII-3: Element A and element B of the 

“over-door” pulley system (A). Shaft used to secure 

element B on the unhinged upright of the door (B).

Figure VIII-4: “Over-door” pulley system fixed on a door for strength training of shoulder musculature.
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2.3. Exercise programme

The exercise programme consisted o f specific strengthening exercises for the 

scapular (push up with a plus, press up, rowing) and glenohumeral stabilisers (shoulder 

internal and external rotation, shoulder flexion, shoulder elevation-“scaption” and elbow 

flexion) (Moseley et al., 1992 Townsend et al., 1991) (Figures VIII-1 and VIII-2). Each 

training session consisted of 10-min specific mobility and stretching exercises to warm up the 

shoulders (Appendix E). Push-ups with a plus and press-ups exercises were also performed in 

three sets of ten repetitions each, using two wooden handrails (Figure VIII-I). A l*/2-min rest 

was allowed between sets and 3-min break between exercises.

Figure VIII-1: Push up with a plus (A) and press up (B) exercises performed using the wooden handrails

Strengthening exercises for the shoulder rotators, flexors and elevators, the elbow 

flexors and rowing (scapular retractors) were performed using the “over-door” pulley system. 

The weight used for each one of these exercises was individually determined prior to the 

commencement of the training programme and was equal to the weight that allowed 

participants to perform 8 repetitions. This weight was roughly estimated as the 80% of the 

one repetition maximum (1 RM - weight that allowed at least one repetition). Three sets for 

each exercise were carried out in each training session with 1 ‘/2 -min rest between sets and 3- 

min break between exercises. In the first, second, third, fourth and fifth training session.

221



participants instructed to perform sets of 8, 9, 10, 11 and 12 repetitions, respectively. They 

were advised to repeat this cycle five times adding 0.5-1 kg, depending on the muscle group, 

in the first session of each cycle. A total of 25 training sessions were performed. Set 

repetitions and resistance was progressively increased in order to increase the training 

stimulus.

Figure VIII-2: Subject’s positioning for strength training of the shoulder internal (A) and external rotators (B), 

shoulder flexors (C), scapular retractors-“rowing” (D), shoulder elevators-“scaption” (E) and elbow flexors (F).
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2.4. Isokinetic testing procedure

The pre and post-training strength of the shoulder stabilisers was measured using an 

isokinetic dynamometer (Kin Com, Chattecx Corp. Chattanooga TN, USA). Shoulder internal 

and external rotators, shoulder elevators and elbow flexors were measured for both dominant 

and non-dominant side, at angular velocities of 60 and 120°-s''. Pre- and post-training 

assessment performed by the same examiner, approximately at the same time of day. 

Movements, isokinetic velocities (60 and 120°-s ') and limb dominance (dominant and non

dominant side) were randomised, in order to minimise bias. The same order of testing was 

followed in the post-training assessment.

Concentric and eccentric isokinetic strength of the internal and external shoulder 

rotators was measured over a range of 60° with each volunteer seated and the shoulder at 45° 

of elevation and 30° of horizontal adduction (scapular plane) (Figure II-3). The elbow was at 

90° o f flexion and the forearm in pronation. The centre o f rotation of the dynamometer’s 

actuator arm was in line with the longitudinal axis of the humeral shaft and the acromion. The 

stability of the trunk and shoulder was enhanced with belts around the chest, the shoulder 

under investigation proximal to the acromion and the hips. Correction for the effect of gravity 

was performed with the forearm parallel to the ground.

Shoulder elevators were assessed in the scapular plane, by positioning the chair 30° 

anterior to the frontal plane (Figure III-l). Assessment was performed between 30-90° of 

elevation with the shoulder in neutral rotation, the elbow in extension and the forearm in 

pronation. Three beks were used to stabilise the hips and the shoulders and a rigid cylindrical 

splint was used to maintain the elbow in extension. Alignment of the glenohumeral centre of 

rotation with the centre of rotation of the actuator arm was achieved using a specifically 

constructed aluminium calliper. Gravity correction was performed at 90° o f shoulder 

elevation with each subject in the testing position prior to isokinetic testing.
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Elbow flexors were examined with each volunteer seated and stabilised using straps 

for the chest, the shoulder under investigation, the arm and the wrist, which was to be tested 

proximal to the acromion. The arm was placed at 90° o f forward flexion and the forearm was 

midway between supination and pronation. Elbow flexion was tested over a range of 60° (20° 

- 80° of elbow flexion) (Figure VI-1). The centre of rotation of the elbow joint was identified, 

approximately on the lateral epicondyle and it was aligned with the centre of rotation of the 

actuator arm visually. Gravity correction was made at 20° of flexion. Verbal encouragement 

and visual feedback from the screen during the testing phase were not provided.

Prior to the isokinetic testing, each volunteer performed a 10-min exercise 

programme consisting of 5-min arm cranking at low workload and 5-min specific mobility 

and stretching exercises, to warm up the shoulder musculature. Three to five sub-maximal 

actions with at least one of the action, at/or near maximal effort were performed in order to 

familiarise the volunteer with isokinetic dynamometry. After a 1-min rest, each volunteer 

performed three maximal intermittent actions, with 15-s rest interval between each action. To 

minimise fatigue effects, a 2-min rest was allowed between velocities and actions tested and a 

5-7 min rest was allowed to accommodate for repositioning and dynamometer adjustments 

between sides.

2.5. Reliability study

The reliability and variability of isokinetic moment data obtained over repeated 

measurements o f shoulder internal and external rotator, shoulder elevator and elbow flexor 

actions had been determined in previous studies (Studies II, III and VI), using the Intraclass 

Correlation Coefficient (ICC 3,1) and the standard error o f measurement (SEM). The ICC, 

SEM and 95% SEM data for all isokinetic-testing procedures are presented in Table VIII-2.
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Table VIII-2: Intraclass Correlation Coefficient (ICC 3,1), standard error of measurement 

(SEM) and 95% SEM for repeated isokinetic measurements o f all muscle groups tested at 60 

and 120°s'*.

60°-s'‘

Isokinetic velocity

O o

ICC SEM 95%SEM ICC SEM 95%SEM

Internal rotation Con 0.92 3.4 6.6 0.89 3.6 7.1

Ecc 0.86 4.7 9.2 0.90 3.9 7.7

External rotation Con 0.85 3.2 6.3 0.91 2.3 4.6

Ecc 0.86 3.1 6.1 0.88 2.8 5.5

Shoulder elevation Con 0.91 5.2 10.1 0.92 4.8 9.4

Elbow flexion Con 0.97 3.2 6.2 0.98 2.5 4.9

2.6. Data analysis

Two-way repeated measures ANOVA was used to determine whether isokinetic 

strength changes between groups were significant. Subjects classified as having unsuccessful 

intervention, moderate or significant isokinetic strength changes if average moment changes 

were <SEM, >SEM or >95%SEM, respectively. A chi-square analysis was performed to 

determine whether there was a difference between groups in the number o f subjects who were 

classified as having moderate or significant isokinetic moment changes.

3. RESULTS

Only eight of the thirteen subjects who performed the exercises completed the entire 

training programme. Two subjects were injured and three subjects withdrew from the study
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because they failed to perform the exercises regularly. The mean and standard deviation of the 

pre- and post-training isokinetic average moment and average moment per body weight ratio 

for all muscle groups examined, is presented in Table VIII-3 and VIII-4. The progressive 

resistance strengthening exercise programme had a significant effect on average and average 

per body weight moment data only for shoulder elevation at both 60 and 120°-s’' and for 

elbow flexion at 60° s'' (P<0.05). However, post hoc analysis revealed significant differences 

between pre- and post-training assessment for both shoulder elevation and elbow flexion at 

both isokinetic velocities. Post hoc analysis also revealed non-significant differences between 

the two groups regarding average moment and average moment per body weight ratio for the 

internal and external rotator actions prior to the commencement of the training programme. 

However, average moment was significantly greater in the control compared to the 

experimental group for isokinetic shoulder elevation and elbow flexion at both isokinetic 

velocities. Average moment per body weight ratio was greater in the control group only for 

shoulder elevation at both 60 and 120°-s‘‘ (see Table VIII-3 and VIII-4 for individual 

comparisons).

Table VII-5 is a contingency table of the frequency of successfiil and unsuccessful 

intervention in each group. Moderate or significant average moment changes were more 

common for the shoulder elevator and elbow flexor actions compared to the internal rotator 

actions. In general, the total number of subjects classified as having moderate or significant 

strength changes in the experimental group remained unchanged at the higher isokinetic 

velocity. However, in some cases (internal rotator actions) more participants demonstrated 

isokinetic average moment changes at 120 compared to 60°-s''. Chi-square analysis revealed 

that group differences in the number of subjects having successfiil intervention regarding 

isokinetic strength of the shoulder elevators and elbow flexors was not significant.
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Table VIII-3: Mean and standard deviation (in brackets) o f concentric (Con) and eccentric (Ecc) average moment for the shoulder internal and 

external rotators, shoulder elevators and elbow flexors at 60 and 120°-s'*

Isokinetic velocity

60°-s'‘ 120°-s‘‘

Experimental group Control group Experimental group Control group

Pre-training Post-training Pre-training Post-training Pre-training Post-training Pre-training Post-training

Internal rotation Con 33.5 (6.7) 35.0 (7.6) 34.9 (9.2) 33.8 (9.4) 32.1 (5.1) 33 .8 (7 .5 ) 34.0 (9.0) 32.9 (7.7)

Ecc 34.4 (5.8) 36.5 (7.0) 36 .4(10 .2) 35.8 (9.3) 32.5 (4.3) 35.6 (8.9) 34.5 (8.4) 35.0 (6.9)

External rotation Con 21.3 (4.3) 23.1 (5.3) 22.3 (3.1) 24.3 (4.0) 20.4 (3.5) 21.3 (5.3) 21.9 (4.7) 22.5 (3.7)

Ecc 26.4 (4.9) 26.9 (4.8) 26.8 (5.9) 28.4 (6.0) 25.1 (4.0) 26.6 (5.8) 26.3 (5.7) 27.8 (4.9)

Shoulder elevation Con 46 .8 (11 .5 ) 52.4 (6.3) “ 56.3 (5 .4)'’ 54.1 (8.9) 41.5 (9.7) 47.1 ( 5 .8 )“ 51.6 ( 4 .7 ) ’’ 49.9 (7.8)

Elbow flexion
a Tfc r \ r .  • 'x r

Con 38.3 (7.3) 45.6 (9.7) * 45.5 (9 .1 )“ 44.1 (9.2) 33.8 (7.4)
C -n ^ r \  f \ i  d

40.4 (8.3) “ 4 1 .6 ( 8 .3 ) “= 41.4 (9.4)

® P<0.05; significant differences between pre- and post-training assessment, P<0.001; '  P<0.01 P<0.05; significant differences between the

experimental and control groups
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Table VIII-4: Mean and standard deviation (in brackets) of concentric (con) and eccentric (ecc) average moment per body weight ratio for the 

shoulder internal and external rotators, shoulder elevators and elbow flexors at 60 and 120°-s‘’

60° •s''

Isokinetic velocity

120°-s-‘

Experimental group Control group Experimental group Control group

Pre-training Post-training Pre-training Post-training Pre-training Post-training Pre-training Post-training

Internal rotation Con 0.45 (0.09) 0.46 (0.08) 0.43 (0.10) 0.41 (0.09) 0.43 (0.09) 0.45 (0.08) 0.42 (0.10) 0.40 (0.08)

Ecc 0.46 (0.06) 0.48 (0.08) 0.44 (0.11) 0.43 (0.09) 0.43 (0.06) 0.47 (0.09) 0.42 (0.09) 0.43 (0.07)

External rotation Con 0.28 (0.05) 0.30 (0.05) 0.27 (0.03) 0.30 (0.03) 0.27 (0.03) 0.28 (0.05) 0.27 (0.06) 0.27 (0.040

Ecc 0.35 (0.06) 0.36 (0.05) 0.33 (0.06) 0.34 (0.06) 0.33 (0.05) 0.35 (0.05) 0.32 (0.06) 0.34 (0.04)

Shoulder elevation Con 0.61 (0.09) 0.70 (0.07) “ 0.69 (0.06)' 0.66 (0.09) 0.54 (0.08) 0.63 (0.09) “ 0.63 (0.05) *’ 0.61 (0.08)

Elbow flexion
& T\ r\r. •

Con 0.51 (0.09) 0.60 (0.11)* 0.56 (0.10) 0.54 (0.11)
b  r%  - C 1

0.45 (0.10) 0.54 (0.12)“ 0.51 (0.10) 0.51 (0.11)

“ P<0.05; significant differences between pre- and post-training assessment, P<0.01; P<0.05; significant differences between the experimental 

and control groups
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Table VIII-5: Contingency table of frequency data for unsuccessfiil intervention, moderate and significant strength changes between groups at 

isokinetic velocities o f 60 and 120°-s’'

Isokinetic velocity

60°-s'' 120°-s‘'

Experimental group Control group Experimental group Control group

UI “ MSC *’ SSC'  UI MSC SSC UI MSC SSC UI MSC SSC

Internal rotation Con 5 3 0 7 1 0 5 1 2 8 0 0

Ecc 6 2 0 8 0 0 5 1 2 6 2 0

External rotation Con 5 2 1 6 2 0 5 3 0 7 1 0

Ecc 6 1 1 6 2 0 6 1 1 6 0 2

Shoulder elevation Con 4 2 2 8 0 0 4 2 2 8 0 0

Elbow flexion
a  T TT T T  __ ^ . 1

Con 3 1
b » :

4 6 1 1 2
C

2 4 5 2 1

“ UI = Unsuccessful intervention (<SEM), MSC = Moderate strength changes (>SEM),'  SSC = Significant strength changes (>95%SEM)
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4. DISCUSSION

The purpose of this study was to investigate whether strength changes following an 

individualised progressive resistance strengthening exercise program for the shoulder 

musculature could be detected isokinetically. One of the main fmdings was that shoulder 

rotators did not demonstrate significant isokinetic strength changes after the training 

programme. In contrast, isokinetic strength of the shoulder elevators and elbow flexors was 

significantly increased after intervention in the experimental group. The greater isokinetic 

strength for shoulder elevation and elbow flexion was probably related to the fact that these 

movements are performed more commonly in daily activities compared to shoulder rotator 

actions. Hence, execution of these movements may perceived more easily by the participants 

in this study and reproduced more appropriately during the exercise programme. Shoulder 

elevators and elbow flexors were also weaker in the experimental compared to the control 

group and therefore were more likely to demonstrate more pronounced isokinetic strength 

changes.

Despite group differences, post-intervention isokinetic strength of the shoulder 

musculature was moderately or significantly improved in few only subjects. The inability of 

the participants to demonstrate strength changes after the eight weeks exercise programme 

may reflect their different degree of compliance to the exercise programme. Research has 

shown that highly self-motivated athletes comply better with the prescribed exercise 

programme than poorly self-motivated individuals (Fischer et al., 1988). Self-efficacy (one’s 

belief that she or he is capable of meeting the demands of training) may also contribute to the 

degree of success for a rehabilitation programme (Marcus et aL, 1992). These personality 

characteristics effected probably intervention outcome in the present study as the participants 

were recreational athletes and therefore were not highly self-motivated.
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Social support and external motivation that are given to individuals undergoing an 

exercise programme are some of the environmental factors that may influence compliance 

with a training programme. Available time and fitness o f intervention around athletes’ other 

commitments (Dishman, 1991) may also enhance adherence to rehabilitation programmes. In 

addition, the perceived convenience of the exercise setting and its proximity to the home or 

the w^orkplace generally has been shown to be positively related to exercise adherence (Tsai 

et al., 1987). Previous studies have also shown that unsupervised home-based programmes 

may promote equal or superior adherence than more conventional supervised exercise 

programmes (Gettman et al., 1983; King et a l, 1991). In the present study participants used a 

specifically designed “overdoor” pulley system and were instructed to perform exercises at 

home in order to enhance comfort and time availability. However, this setting eliminated 

attention to volunteers’ intervention and reduced external motivation effecting possibly 

compliance to the exercise programme.

Another possible reason for the minimal strength improvements among individuals 

is that strengthen exercises were performed isotonicaly whereas pre- and post-intervention 

assessment of the shoulder musculature was performed isokinetically. Research has shown 

that isokinetic strength changes following an isokinetic and isotonic exercise programme 

were increased 11 and 3%, respectively in knee extension, and 16 and 1%, respectively in 

knee flexion (Moffroid et al., 1969). In a more recent study, (Pearson and Costill, 1988), 

isokinetic monitoring of an 8 weeks dynamic constant external resistance (isotonic) and 

isokinetic training programme revealed 8 and 12% increase in isokinetic strength, 

respectively at 60°-s'‘ and 1 and 10%, respectively increase at 240°-s''. When strength was 

assessed using the 1-RM (repetition maximum) method, isotonic and isokinetic strength 

training demonstrated an improvement of 32 and 4%, respectively.

231



Sample and testing characteristics of the isokinetic-testing procedures used for the 

shoulder musculature were some of the limitations m the present study. Participants in the 

present study were healthy, untrained males with a variable degree of self-motivation. 

Significant strength changes are more likely to be obtained in untrained compared to trained 

individuals, in patients with shoulder injuries compared to healthy individuals and in highly 

self-motivated compared to poorly self-motivated individuals. Isokinetic testing of the 

shoulder musculature was performed at selected positions that placed shoulder joint under 

minimal stress and the angular velocities used were chosen from the lower spectrum of 

isokinetic velocities. Higher isokinetic velocities may reveal more pronounced isokinetic 

strength changes, as has been shown in a comparative study between isotonic and isokinetic 

training (Davies, 1977). Strength changes in the present study were also determined based on 

the magnitude o f variability o f isokinetic moment data over repeated measurements for the 

shoulder rotators, shoulder elevators and elbow flexors. Studies II, III and VI have shown that 

inter-session variability may vary with the measuring parameter used (average V5. peak 

moment) and the presence or absence of moment-oscillations in isokinetic moment data (non- 

free vs. free o f transient moment-oscillations data). Keating and Matyas (1998) have also 

reported that inter-session variability of isokinetic scores is more likely to be lower in healthy 

compared to injured individuals, in females compared to males or when testing conditions 

facilitate low isokinetic moment, as when using high angular velocities. These characteristics 

may influence not only the magnitude of inter-session variability but also detection of 

strength changes after a strengthening exercise programme.
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5. CONCLUSIONS

Longitudinal isokinetic monitoring of strengthening exercise programmes is directly 

related to the variability o f isokinetic moment data obtained over repeated measurements. The 

lower the inter-session variability the more detectable the strength changes. In the present 

study, isokinetic strength changes obtained after an individualised home-based progressive 

resistance exercise programme was more pronounced for the shoulder elevators and elbow 

flexors compared to shoulder rotators. However, strength changes were greater than inter

session variability only in few subjects. Based on the present findings it is questionable 

whether performance of such exercise programme may improve strength of the shoulder 

musculature.
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G eneral  D iscussio n

Radiologic assessment of scapulohumeral motion

Reliability of isokinetic moment data for the shoulder musculature

Isokinetic strength of the shoulder musculature

EMG activity o f the biceps brachii during shoulder rotator actions



1. Radiographic assessment of scapulohumeral motion (Study I)

1.1. Reliability o f radiographic data

The ICC values and SEM obtained for the arm and scapular angles in the normal 

shoulder revealed high inter-examiner and intra-examiner reliability (0.92-0.99), and minimal 

variability associated with repeated measurements for both radiographic parameters (<1.0°). 

The low variability obtained for the arm and scapular angles in the present study suggested 

that alteration of the specific radiographic parameters can easily be detected in patients that 

have sustained a shoulder injury. Poppen and Walker (1976) have shown that the arm angle at 

maximum shoulder elevation was reduced by 12 and 39°, in shoulders with rotator cuff tears 

and glenohumeral dislocation, respectively. A mean reduction of 24.7° in the scapular angle 

at 180° of shoulder elevation has also been found in patients with involuntary inferior and 

multidirectional instability (Ozaki, 1989).

Identification of the bony landmarks used for measurements o f the arm and scapular 

angles required basic anatomical knowledge and therefore could easily be detected by both 

the experienced radiologist and the qualified physiotherapist. This was one of the factors that 

contributed probably to the low variability associated with repeated measurements of the 

specific radiographic parameters. Detection of the specific bony landmarks may also be 

enhanced by the computerised processing capabilities o f digital radiographic images. Image 

processing in digital radiography allowed changes in the overall optical density and contrast 

of an image. Spatial frequency processing enabled also sharpening o f an image in order to 

improve its appearance (Freedman and Artz, 1997).

The positioning o f the shoulder at the proposed angles was also highly accurate and 

reproducible (CV< 5.3%). At 150° of elevation, the shoulder demonstrated the greatest 

misplacement (< 2.3°) from the proposed position. Placement of the shoulder at 150° was one
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of the last positions tested and fatigue may prevent subjects to maintain the shoulder stable 

for the time required to accurately position the shoulder.

1.2. Radiation dose

One of the major advantages o f digital radiography is the lower radiation dose 

compared to conventional radiography. Previous findings have shown that radiation dose 

using digital radiography was 25-50% lower compared to conventional radiography (Jonsson 

et al., 1996). Such comparison was not performed in this study in order to avoid subjects’ 

exposure to unnecessary radiation. However, the mean effective dose per image calculated in 

this study (0.01 mSv) was equal to the accepted effective dose reported by the London Royal 

College of Radiologist for extremities screening (RCR Working party, 1993). Failure to 

reduce the effective dose was probably related to the fact that subjects’ shoulder was exposed 

to additional radiation in order to achieve accurate positioning o f the shoulder in the scapula 

plane.

1.3. Anatomical findings

Fluoroscopic evaluation of the scapulohumeral rhythm revealed an arm to scapular 

angle ratio (AA;SA) for the entire range of shoulder elevation of 2.5:1, suggesting that for 

every 2.5° of shoulder elevation, 1.5° occurred at the glenohumeral joint and 1° at the 

scapulohumeral articulation. The AA:SA ratio reported in this study was within the range of 

AA:SA ratios reported in previous radiographic, goniometric and photographic studies 

(2.29:1 to 2.94:1) (Inman et al., 1944; Freedman and Munro, 1966; Poppen and Walker, 

1976; Bagg and Forest, 1988; Leroux et al., 1992; Warner et al., 1992; Doody et al., 1970). 

Measurements of the scapular and arm angle with the shoulder at the resting position revealed 

that the scapula was in slight downward rotation (-2.4 ± 4.3°) and the shoulder was in slight
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elevation (1.5 ± 6.6°). The mean scapular and arm angle at maximum shoulder elevation was 

61.4 ± 5.2° and 162.4 ± 6.6°, respectively. These findings were similar to those reported in 

previous radiographic studies. Freedman and Munro (1966) and Poppen and Walker (1976) 

have found a similar downward inclination of the glenoid (-5.3 and -4.7°, respectively) with 

the shoulder in the resting position. The same authors reported that maximum scapular 

rotation at maximum elevation of the shoulder ranged between 58.0-59.7°. The arm angle was 

2.5° with the shoulder in the resting position and ranged between 150.0-167.2° at maximum 

elevation.

The findings in study I (Mandalidis et al., 1999) suggested that digital fluoroscopy 

coupled with computerised measurements o f specific radiographic parameters is a reliable 

and accurate method for the assessment of scapulohumeral kinematics. The availability o f the 

equipment, the low radiation dose and the high diagnostic accuracy are advantages that 

enable multiple screening o f the shoulder joint for both diagnostic purposes and in 

longitudinal evaluation of the scapulohumeral kinematics.

2. Reliability of isokinetic moment data for the shoulder musculature (Studies II,

III, VI and VIII)

Based on the ICC values reported in studies II, III and VI (0.76-0.99), isokinetic 

assessment of the shoulder musculature was reliable and therefore can be incorporated into 

clinical evaluation procedures. However, the variability of isokinetic moment data associated 

with normal fluctuations o f strength over repeated measurements (inter-session variability) 

ranged between 3.3-16.2 Nm and varied with the muscle group tested (shoulder rotators, 

shoulder elevators, elbow flexors), muscle action (concentric, eccentric), side (dominant, non-
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dominant), measuring parameter (average, peak moment), isokinetic velocity (60, 120°-s''), 

and presence or absence of transient moment-oscillations (TMO).

In these studies, most of the factors related to the dynamometer, subject, examiner, 

testing procedure and testing protocol that could potentially effect isokinetic testing (Table 1, 

page 5) were standardised in order to minimise inter-session variability o f moment data. 

However, factors such as poor self-motivation of the participants and inadequate 

familiarisation with isokinetic testing, particularly for the non-dominant side, could not be 

easily controlled, increasing variability of repeated measurements. Correction for the effect of 

gravity contributed to some extent to overall variability of repeated isokinetic measurements 

(< 1.7 and < 3.6 Nm for the shoulder rotators and elevators, respectively) despite the fact that 

it was performed with the shoulder at the horizontal level in order to minimise inter-session 

variation (Hellwing and Perrin, 1995).

Gleeson and Mercer (1996) have stressed that an unfavourable interaction of motor- 

unit recruitment, rate-coding, temporal patterning and co-contraction phenomena are some of 

the factors that may contribute to the inherently higher variability of some muscle groups, 

such as the knee flexors compared to knee extensors. Similar factors may contribute to the 

higher inter-session variability associated with internal compared to external rotator actions. 

The inability to effectively stabilise the shoulder during isokinetic assessment, particularly in 

the stronger individuals, may also alter the length-tension relationship of the muscles under 

investigation effecting moment output and increase between-sessions variability of isokinetic 

moment data. This problem was more pronounced during isokinetic assessment of the 

shoulder elevators, as normal kinematics o f the shoulder requires scapular and glenohumeral 

rotation resulting in upward displacement of the humeral head (Poppen and Walker, 1976). In 

order to account for the transient misalignment between the motor and biological axes o f
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rotation dynamometer’s recordings should be increased by < 6.9% depending on the angle of 

shoulder elevation and isokinetic velocity (Study IV).

Greater variability associated with repeated measures o f eccentric compared to 

concentric rotator actions has been reported in several previous studies (Malerba et al., 1993; 

Kimura et al., 1996). Lack of familiarisation with eccentric rotator actions (Dvir, 1995; 

Malerba et al., 1993; Kannus, 1994) and the variable loss o f strength following eccentric 

exercise-induce muscle damage (Newham et al., 1987) may contribute to some extend to the 

greater variability obtained over repeated isokinetic eccentric actions.

The systematic bias obtained in study II for the eccentric average and peak moment 

data for the internal rotators was possibly associated to the range of motion tested. Rotation of 

the shoulder towards the end of external rotation, with eccentric action of the internal rotators, 

increased the stresses placed on the anterior capsuloligamentous structures, creating an 

unpleasant feeling to the subjects during testing. This feeling and the possible fear o f injury 

that they may experienced during the 1*' test session possibly prevented participants from 

producing a similar eccentric internal rotator moment in the 2"'* testing session.

The absence of a relationship between the inter-session variability and the magnitude 

o f isokinetic moment data (homoscedastic data) suggested that variability o f repeated 

isokinetic measurements of the shoulder rotators and shoulder elevators would be the same 

for individuals who achieved both high and low isokinetic scores. Clinically this finding 

implies that strength changes following intervention, can be readily detected in individuals 

whose pre-intervention isokinetic scores are high and therefore are more likely to show small 

strength changes (Atkinson and Nevill, 1998).
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2.1. Inter-session variability o f  isokinetic moment data: Comparison between SEM and

LOA

The variability associated with repeated isokinetic measures o f  shoulder internal and 

external rotation (Study II) and shoulder elevation (Study III) was calculated with the 

standard error o f measurement (SEM) and the limits o f agreement (LOA). Inter-session 

variability for isokinetic elbow flexion (Study VI) was calculated only with SEM. The main 

differences between the two methods is that SEM is calculated assuming that there are no 

carry over effects (presented as a general trend o f  measurements to be either higher or lower 

in consecutive testing sessions) between repeated tests and that data is homoscedastic. 

Homoscedasticity indicates the absence o f a relationship between magnitude and variability 

of measured variable over repeated measurements. Unlike SEM, the LOA method requires 

assessment o f both carry-over effects and homoscedasticity.

Inter-session variation o f  isokinetic moment data calculated using the 95% SEM 

were slightly different compared to inter-session variability estimated with the 95% LOA (< 

1.0 Nm). It has postulated that the two methods reveal almost the same variability o f  repeated 

measurements when the 95% confidence range o f SEM is calculated based on the expression 

1.96 X ( 2'''̂  X SEM), instead o f 1.96 x SEM (Atkinson and Nevill, 1998). Streiner and Norman 

(1995) have stressed that the former expression should be used if  someone wishes to calculate 

SEM between scores obtained in two different testing occasions in order to account for the 

variability associated with both observed scores. In contrast, the expression 1.96 x SEM is 

used in order to determine the interval in which the true score lies, as there is variation 

involved only for the observed but not for the true score (Streiner and Norman, 1995). The 

slight differences obtained between the two methods suggest that they can be used 

interchangeably, provided that carry over and heteroscedasticity are not present.
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2.2. Inter-session variability of isokinetic moment data: Comparison between average and

peak moment data

Variability of repeated isokinetic measurements calculated with either limits of 

agreement or standard error of measurement was lower for average compared to peak 

moment data for all muscle groups tested, probably due to a greater variability of the former 

parameter compared to the latter. Van Zuylen et al., (1988) have stressed that the motor units 

within a muscle, and the muscles within a particular muscle group may be preferentially 

activated at a particular joint angle where the mechanical advantage of these muscles is 

maximised. Inter-session variation for peak moment data of the shoulder elevators may be 

affected to a greater extent compared to the other muscle groups tested, as it required the 

complex and co-ordinated interaction o f several muscle groups (scapular rotators, 

glenohumeral rotators and arm elevators). The mechanical advantage and hence maximum 

activation of the individual muscle may vary during shoulder elevation resulting in a more 

variable moment production at the single point where peak moment occurs compared to the 

moment produced over the entire range of motion (average).

The presence or absence of moment transient oscillations (“moment overshoot”) 

(Sapega et al., 1982) was another factor that influenced inter-session variation of isokinetic 

peak or average moment data (Study III). The variability associated with repeated isokinetic 

measurements of shoulder elevators was decreased for peak moment data and slightly 

increased for average moment data when they were selected from the range of motion where 

isokinetic velocity remained constant and equal to the pre-selected angular velocity (area free 

of transient moment oscillations). Based on the findings reported for the shoulder elevators, 

inter-session variability for non-free of TMO average moment was lower compared to free of 

TMO peak moment.
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2.3. Inter-session variability of isokinetic moment data: Comparison between the 

dominant and non-dominant sides

Lack o f previous experience with the movement under investigation and 

familiarisation with isokinetic dynamometry, are some of the factors that may effect test- 

retest variability o f isokinetic measurements particularly for the non-dominant side. 

Repetitive movements improve synchronisation, resulting in a more co-ordinated recruitment 

of muscle fibres. The more asynchronous activation of motor units on the non-dominant side 

(Schmied et al., 1994) may result in the lower reliability and greater variability o f the non

dominant compared to the dominant side. These findings suggested that repeated isokinetic 

measures of the dominant and non-dominant shoulder do not reflect the same amount of 

variation. More attempts prior to isokinetic assessment may enhance familiarisation of the 

non-dominant upper limb with the movement under investigation solving the problem.

2.4. Inter-session variability of isokinetic moment data: Comparison between isokinetic 

velocities of 60 and 120°-s‘'.

Keating and Matyas (1998) have stressed that higher variability between isokinetic 

scores is more likely to accompany individuals who achieve higher compared to lower 

isokinetic moment or situations that facilitate high isokinetic moment, as when using low 

isokinetic velocities. Inter-session variability for isokinetic strength of the shoulder 

musculature was determined at both 60 and 120°-s'' in studies II, III and VI. Greater 

variability between the two tests was obtained at 60 compared to 120°-s'* for the shoulder 

rotators and elbow flexors. In contrast, inter-session variation was lower at 60 compared to 

120°-s ‘ for the shoulder elevators. One of the factors that may enhance variability of 

isokinetic moment data at the higher isokinetic velocity was probably related with the fact
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that scapula could be poorly stabilised on the thoracic wall and therefore provided an unstable 

base for proper function of the arm elevators.

2.5. Inter-session variability o f isokinetic moment data: Detection of isokinetic moment 

changes following strength training o f the shoulder musculature or injury.

Isokinetic moment changes could not be easily detected in a group of individuals 

who undertook an individualised progressive resistance strengthening exercise programme for 

the shoulder musculature. Isokinetic strength changes were more pronounced for the shoulder 

elevators and elbow flexors. However, only few individuals demonstrated strength 

improvements greater than inter-session variation of isokinetic moment data. Factors linked 

to the participants’ characteristics, the training environment and the methods used for strength 

assessment may contribute to the minor strength changes obtained in study VIII. Poor self- 

motivation (Fischer et al., 1988) and low self-efficacy (Marcus et al. 1992) are some of the 

personality characteristics that may influence compliance with the exercise programme and 

hence its outcome. Participants in this study performed a home-based strengthening exercise 

programme using a specifically designed “overdoor” pulley system in order to enhance 

subjects’ compliance with the training programme by optimising training environment (Tsai 

et al., 1987) and increasing time availability (Dishman, 1991). Although, unsupervised home- 

based exercise programmes may promote equal or superior adherence than more conventional 

supervised exercise programmes (Gettman et al., 1983; King et al., 1991), elimination of 

social support and external motivation may have had a negative effect on the participants’ 

adherence with training. Another possible reason for the minimal strength improvements 

among individuals was that strengthening exercises were performed isotonicaly whereas pre 

and post-intervention assessment of the shoulder musculature was performed isokinetically.
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Isotonic strengthening exercise programmes result in more pronounced isotonic compared to 

isokinetic strength changes (Moffioid et al., 1969; Pearson and Costill, 1988).

Sample and isokinetic-testing characteristics such as gender, health status, angular 

velocities and positions used for isokinetic assessment o f the shoulder musculature were some 

o f the limitations in study VIII that may have effected the variability of isokinetic moment 

data over repeated isokinetic measurements (Keating and Matyas 1998) and consequently the 

outcome of the training programme.

With regard to detection of strength imbalances for an individual muscle group it is 

generally accepted that a strength decline of 20% in normal individuals are considered 

probably abnormal. Similar differences are considered almost certainly abnormal when 

strength weakness is expected on the basis of a previous injury (Sapega 1990). Since, in most 

cases, the magnitude of strength scores that exists prior to an injury is unknown, the expected 

decline in strength is determined based on comparisons with the non-injured side assuming 

that bilateral differences are minimal. In studies II, III and VI, the calculated variation 

between the two tests, expressed as a percentage of the measured variable (isokinetic scores 

o f  the first testing session), suggested that isokinetic strength of the shoulder musculature 

should decline as high as 30%, depending on the muscle group (shoulder rotators, shoulder 

elevators and elbow flexors), angular velocity (60 or 120°-s'’) and side (dominant or non 

dominant side), in order to be 95% confident that a particular injury had a clinically 

significant effect. These differences are up to 10% greater compared to the expected strength 

deficit reported by Sapega (1990) for bilateral comparisons. Furthermore the present findings 

suggested that an abnormal decline in strength may varies with muscle group, angular 

velocity and side and it should not be determined based on the cut off level o f 20% as 

recommended by Sapega (1990).
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3. Isokinetic strength of the shoulder musculature (Studies III, IV, VI and VII)

3.1. Shoulder rotators

Bilateral comparisons revealed statistically significant differences only for average 

and peak moment data at 60°-s'* and for average moment at 120°-s‘'. Previous studies have 

reported both statistically (Warner et al., 1990; Cahalan et al., 1991) and non statistically 

significant (Connelly et al., 1989; Reid et al., 1989; Mayer et al., 1994; Shklar and Dvir, 

1995) differences between the dominant and non dominant side. However, regardless of 

whether bilateral differences were statistically significant, isokinetic strength of the shoulder 

rotators was approximately 5-7% greater on the dominant compared to the non-dominant side 

(Perrin et al., 1987; Shklar and Dvir, 1995). Similar differences were revealed in study VII 

suggesting that bilateral differences of such magnitude should not be considered as an 

indication of impairment.

The lower concentric moment data obtained for the shoulder rotators at 120 

compared to 60°-s‘‘ supported partially Hill’s in vitro force-velocity relationship. The 

different recruitment patterns of slow and fast twitch motor units may have attributed to the 

different moment generation capacity at the slower and faster isokinetic velocity (Hannerz, 

1974). In contrast to concentric moment, eccentric moment data was minimally changed at 

120 compared to 60°-s''. The inhibiting role of the mechanism that prevents excessive 

elongation and muscle rupture, the inhibiting role of the peripheral mechanoreceptors and the 

co-activation of the antagonists when the agonists are working eccentrically may contribute to 

the slightly lower eccentric moment obtained at the faster velocity (Stauber, 1989). The 

fmdings in study VII confirmed previous observations regarding eccentric moment/velocity 

relationship in healthy untrained individuals (Hageman et al., 1989; Shklar and Dvir, 1995). 

The greater eccentric moment generated at a higher compared to a lower angular velocity in
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highly trained overhead throwing athletes (professional baseball pitchers) (Mikesky et al., 

1995; Sirota et al., 1997) was probably related to the different levels o f neuromuscular 

adaptation, as eccentric actions o f the shoulder rotators is a basic component of the overhead 

throwing action.

3.2. Shoulder elevators

In the majority of isokinetic studies, moment data of shoulder elevation has been 

interpreted without correcting for the effects o f transient misalignment between the biological 

and motor centres of rotation and for the transient moment-oscillations occurring during 

isokinetic assessment. Walmsley (1993a, 1993b) has suggested that in order to account for 

the displacement of glenohumeral centre of rotation occurring during isokinetic elevation of 

the shoulder in the coronal and sagittal planes, the recorded maximum peak moment data 

should be reduced by 12.5%. Study IV revealed that correction of isokinetic data is also 

required during shoulder elevation in the scapular plane. Recorded moment data should be 

increased by < 6.2% depending on the angle o f shoulder elevation and isokinetic velocity in 

order to account for a < 3.0-cm superomedial displacement of the glenohumeral centre of 

rotation relative to the centre of rotation of the actuator arm. The displacement of the 

glenohumeral centre of rotation was probably attributed to the upward tilt of the glenoid 

cavity and scapular elevation resulted from the upward rotation of the scapular (Poppen and 

Walker, 1976).

Transient moment-oscillations that occurred at the initial phases of shoulder 

elevation (Sapega et al., 1982) may also influence isokinetic moment data of shoulder 

elevation and hence agonists/antagonists moment ratios. Study III revealed that average 

moment was increased and peak moment was decreased when moment data was gathered 

from the portion of movement where angular velocity remains constant and equal to the pre-
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set angular velocity (free of transient moment-oscillations data). In a similar study, Wilk et al. 

(1992) have used windowed isokinetic data (data that was obtained at the pre-set velocity or 

at 5% of that velocity) in order to eliminate moment spikes occurred at the end of isokinetic 

shoulder elevation or adduction. These moment spikes resulted from an abrupt end-stop 

combined with a long lever arm and occurred at the end range of isokinetic shoulder 

elevation. Windowed peak moment data was approximately 30-36% at 180°-s'‘ and 53-58% 

at 300°-s‘‘ lower compared to non-windowed peak moment data.

3.3. Elbow flexors

Isokinetic strength of elbow flexors varied with forearm position, angular velocity 

and side. Average and peak moment were greater with the forearm in supination compared 

with the neutral position, at 60 compared to 120°-s‘' and on the dominant compared to the 

non-dominant side. The more optimum lever arm length (An et al. 1981) and length-tension 

relationship (Gordon, 1966; Lieber, 1994) of the elbow flexors were some of the factors that 

may contribute to the greater moment data obtained with the forearm in supination. Previous 

studies have shown greater strength of the elbow flexors with the forearm in both supination 

(Larson, 1969; Steward et al., 1981) and in the neutral position (Elkins and Wakim, 1951; 

Downer, 1953; Leighton, et al., 1995). However, the strength of elbow flexors in these 

studies was examined isometricaly and the different findings may be related to the particular 

angle that was used to measure strength. The greater isokinetic moment obtained on the 

dominant compared to the non-dominant side suggested that bilateral differences of <5% 

should be taken into accoimt when the contralateral side is used for comparisons in the 

assessment of strength deficiencies or in setting goals for rehabilitation purposes.
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3.4. Statistical versus clinical significance

The meaning behind statistical significance is that the calculated probability is 

sufficiently small in order to conclude that of the observed difference between two means has 

not been arisen by chance. Determination o f a z score requires three variables: (1) the 

observed difference between means, (2) the standard deviation of the distribution, and (3) the 

sample size. A change in any o f these three values can change the calculated statistical 

significance (Norman and Streiner, 1999). However, the level of statistical significance does 

not provide any information about the actual magnitude of the differences between groups. 

This is of particular importance such as in the cases where strength changes resulted from an 

injury or intervention are determined based on bilateral comparisons of isokinetic moment 

data. Bilateral comparisons performed in studies III, VI and VII for the shoulder rotators, 

shoulder elevators and elbow flexors revealed that in some cases differences were statistically 

significant. Regardless o f the level of statistical significance the mean isokinetic strength on 

the dominant side was <5% greater compared to the non-dominant side. This fmding suggests 

that bilateral differences should be taken into account, when the contralateral side is used for 

comparison in unilateral injured individuals, or in making decisions about longitudinal 

changes of the shoulder rotator isokinetic strength.

3.5. Strength balances at the shoulder joint

Conventional average and peak moment ratios (ERcon;IRcon and EReccTRecc) 

ranged between 0.68-0.77 and differences between sides and isokinetic velocities were not 

statistically significant. Similar ratios (0.61-0.78) have been reported in several previous 

studies, where shoulder rotators were examined in the same (Tata et al. 1993; Shklar and 

Dvir, 1995; Codine et al., 1997) as well as in various trunk/shoulder positions (Connelly- 

Maddux et al. 1989; Reid et al., 1989; Cahalan et al. 1991).
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Functional strength balance was determined based on the IRecc:ERcon (1.59-1.75) 

and ERecc:IRcon (0.82-0.87) moment ratios. The IRecc:ERcon and ERecc:IRcon ratios were 

increased as isokinetic velocity increased, primarily as a result of a significant reduction in 

concentric external and internal rotation moment, respectively and slight changes in eccentric 

moment. In a previous study, Bak and Magnusson (1997) have reported similar ERecc:IRcon 

peak moment ratios corrected for body weight in healthy volunteers (0.86) and the iminjured 

side of imilaterally injured swimmers (0.89). In contrast, Shklar and Dvir (1995) have found 

higher IRecc:ERcon (1.85 - 2.04) and lower ERecc;IRcon peak moment ratios (0.75 - 0.81). 

The lower concentric and eccentric external rotator moment obtained in this study was the 

main reason for the differences in functional moment ratios between the two studies. Other 

investigators (Hartsell, 1998/1999; Scoville et al. 1997) have reported IRecc:ERcon moment 

ratios between 2.15 - 3.03 and ERecc:IRcon moment ratios between 0.57 -  1.08. Differences 

in sample characteristics, data analysis, dynamometers and positions used for isokinetic 

testing of the shoulder rotators may contribute to the various moment ratios reported in the 

various studies

3.6. Inter-muscular relationships at the shoulder joint

High correlation coefficients suggested significant relationships between the muscles 

acting on the shoulder joint. Relationships were greater between the internal and external 

rotators, between shoulder elevators and external rotators and between shoulder elevators and 

elbow flexors. The synchronous and co-ordinated function o f the muscles acting on the 

shoulder joint was the primary reason for these relationships. Shoulder movements require 

the contribution o f both internal and external rotators in order to stabilise the humeral head 

into the glenoid (Kronberg et al. 1990; Sharkey et al. 1995). Supraspmatus function during
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both elevation and external rotation of the shoulder (Kapandji, 1982). Biceps brachii acts at 

both the elbow and shoulder joints (Basmajian and Latif, 1957).

4. EMG activity of the biceps brachii during shoulder rotator actions (Study VI)

The lEMG activity recorded during maximum voluntary rotation of the elevated 

shoulder (Study VI) suggested that biceps brachii might contribute to glenohumeral joint 

stability. Biceps brachii may act as a barrier and a humeral head depressor (primarily the long 

head) by preventing anteroposterior translation of the humeral head and reducing the stress 

placed on the anteroposterior capsulo ligamentous structures provided that adequate muscular 

contraction can be generated (Itoi et a l, 1993; Rodosky et al., 1994). The long head of the 

biceps may also contribute to glenohumeral joint stability by increasing its protective action 

responding to stretch-induce stimulation of the capsuloligamentous and musculotendinous 

mechanoreceptors (Knatt et al., 1995; Guanche et al., 1995). The higher lEMG activity 

recorded during the eccentric compared to concentric rotator actions was probably due to the 

higher anteroposterior shear stresses in addition to the stresses placed on the anterior and 

posterior capsuloligamentous structures. These stresses are the result of the spiral tightening 

of the joint capsule aroxmd the humeral head during rotator actions of the shoulder. The more 

optimum alignment o f the long head of the biceps relative to the glenoid was possibly the 

result of the higher lEMG activity o f the biceps obtained at 90 compared to 45° o f elevation. 

The findings of this study also supported previous findings that have shown the small 

stabilisers of the shoulder to be active during rotator actions against resistance (Furlani, 

1976). The lEMG patterns o f the biceps brachii obtained during isolated rotator actions of the 

shoulder were similar to the patterns obtained during the corresponding phases of overhead 

throwing in on-field EMG studies (Glousman et al., 1988) (see Figure D-1).
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The higher activity o f  the biceps observed in the present study was probably related 

to the fact that both trunk and elbow were fixed increasing the stresses placed on the 

capsulo ligamentous structures o f  the glenohumeral joint and possibly the demands on the 

dynamic stabilisers o f  the shoulder. In contrast, the loads placed on the glenohumeral joint 

and consequently the demands for stability may be decreased during overhead throwing 

motion as unrestricted movements o f  the elbow and trunk allow better force absorption by all 

the body parts.
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Phases o f  overhead throwing (Shoulder rotator actions)

Figure D-1: Biceps brachii lEMG activity during voluntary isolated shoulder rotator actions (Study VI) and the 

corresponded phases of baseball pitching (Glousman, R.E., Jobe, F., Tibone, J., Moynes, D., Antonelli, D. and 

Perry, J. (1988). Dynamic electromyographic analysis of the throwing shoulder with glenohumeral instability. 

Journal o f  Bone and Joint Surgery, 70A, 220-226).
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A ppendix  - A

-  Consent form signed by the participants in Study I



Appendix A: Consent form used in the fluoroscopic assessment of scapulohumeral rhythm.

CONSENT FORM

Thank you for agreeing to participate in this study. The purpose of this project is to evaluate 

the shoulder function in healthy individuals and patients with instability before and after an 

exercise programme.

Assessment of shoulder kinematics, in which you are voluntarily taking part, is investigated

• • •  2radiologicaly usmg fluoroscopy. The dosage of radiation has been measured at 500 cGy cm

(using a DAP device) for 7 exposures. The exposure to such radiation (0.15 mSv 

approximately) is equal to one month exposure of normal background activity (radiation from 

the environment etc.) or up to 1/7 o f a single lumbar spine X-ray.

I __________________  hereby consent to undergo radiological evaluation of the

glenohumeral joint, the nature and effect of which have been explained to me by Mr. Dimitris 

Mandalidis and Dr David Mclnemey.

(date) (signature)
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A ppendix - B

-  Calculation of the radiation dose during fluoroscopic imaging of the 

scapulohumeral rhythm (Study I)



Appendix B: Calculations o f the effective dose for anteroposterior projection of the shoulder 

joint using digital fluoroscopy.

The conversion coefficient (CC) for an anteroposterior (AP) projection of the shoulder using 

applied potential 60-70 kV and filtration 2.5 mmAl was

CC = 0.030-0.037 mSv G y ' cm'^ (1)

Mean DAP recordings = 237 cGy cm^ = 237 10'^ Gy cm^ = 2.37 Gy cm^ (2)

Using (1) and (2) the effective dose (ED) for an AP projection of the shoulder was 

ED = CC X DAP recordings

= 0.030-0.037 mSv Gy"' cm'^ x 2.37 Gy cm^ = 0.07-0.09 mSv
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A ppendix - C

-  Correction of the displacement of glenohumeral centre of rotation (Study IV)



Appendix C: Calculation o f  the error accounted for the fact that the displacement o f  

glenohumeral centre o f  rotation was measured on a plane located 30° anterior to the scapular 

plane (calibrated plane).

The horizontal and vertical distances between markers Mi and M2 were calculated by the 

WingZ® for Mac Reflex 2.3 application programme for data analysis, on the calibrated plane 

(plane located 30° anterior to the scapular plane, 2 m away and perpendicular to the camera) 

based on Mi and the conical projection o f  marker M2 along the axis between the marker and 

the camera (M2 ') (Figure A-1).

Scapular plane c

Mz X

\
Calibrated plane

Mac Reflex camera

Figure A-1: Cross-section view of the marker located on the glenohumeral centre of rotation (Mi), the marker 

used as reference (M2) and the conical projection of M2 along the axis between the marker and the camera (M2')
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The projection (d') on the scapular plane of a distance between M 1M2 ' (d) was measured 

using simple trigonometric calculations (see Figure A-2). The scapular plane was determined 

as the plane passing through the actual centre of the humeral head (B) (see figure A-1). The 

distance between B and Mi was 5 cm (SD: 0.8) based on measurements performed on MRI 

scans (N = 6).

30°

Scapular plane C

M,

It ■ “  n

0.05 ± 0.08m 
J

Calibrated plane

Figure A-2: Schematic presentation of a distance between M1M2 ' measured on the calibrated plane (d) and its 
projection on the scapular plane (d').

From the triangle ABMj, using the Pythagorean theorem, we get:

AB^ = A M ^-B M f => AB = ^AM f -B M f 

Since angle A is 30°: AMi = 2BMi

Using equation (1) and (2) we get AB = -y/4BMf -B M f = -^3BMf BM,

AC AB + d'From the triangle ACM2 we get: cos30° =
a m ; a m , + d

( 1)

(2)

(3)

(4)

Substituting equations (3) and (2) in equation (4) we get:

—  = ^ B M ^ + j ^ 2V3BM, +^/3d = 2^/3BM, + 2 d ^ ^ d '  = — dc:>d^ = 0.87d 
2 2 B M , + d  2
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A ppendix  - D

-  Trigonometric calculations used in Study IV



Appendix D: Determination of the expression for ^^and cosa, based on the lever arm ( £ ) ,  the 

horizontal (h) and vertical displacement (v) of the glenohumeral joint and the angle of arm 

elevation ( 0 J .

Figure 3: Orientation o f  the humeral lever arm (£, t g )  and force o f  the shoulder abductors (Fcosa, F), at ^ ° o f  

arm elevation, in the scapular plane considering the glenohumeral centre o f  rotation fixed and aligned with the 

motor axis o f  rotation (O), and displaced in a superolateraly direction (A).

From the right angled triangle OAB in Figure 3 using Pythagorean theorem we get 

(OA)^ = v^ +  h^ (1)

From the same triangle we also have

OA’ V AA' h

The cosine rule applied to the triangle OAB, gives 

(ABf = (O B )^+ (O A f-2 (0B )(0A ) cos(AOB)

= + ĥ  + v̂  -  2  ̂(h  ̂+ cos (AOB) (3)

having used the equation (1).
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It readily follows from the figure that AOB = 180°- {6 + \i/).

Thus from trigonometry, we get: 

cos (AOB) = cos [180° -  (̂9 + y/)]

= cosl80 cos(6 + xf/) + sinl80 sin (6 + xj/)

= - cos(0 +

= - (cos^ cosy/ -  sin0 sin̂ ^̂ )

= - COS0 cosy/ + sin0 siny/

= -c o s6   — —- +sin^ — —

1
 --------------- —  (v COS0 - h sin^), by equation (2)

(v ' + h ') / "

Substituting in equation (3) and taking square roots, we get 

(AB)^ = £e^ =[ f  + v^ + h ^ + 2 e ( \  cosd - h sin(9)]

£0 = [ f  + \ ^ + h ^ + 2 e  (v COS0- h sin<?)] (4)

An expression which gives £$ in terms of the known parameters £, h, v and 0.

We can now obtain an expression for cos« in terms o f the same parameters, by applying 

again, the cosine rule to the triangle AOB:

(OA)  ̂ = (OB) ̂  + (AB) ̂  -  2 (OB) (AB) cos«

= £^+£g^-2£ iecosa  (5)

Using equation (1) and (5) and substituting f^with equations (4) we immediately get

(^ +  V COS0 +  h s in ^ )
COS cc — ____________ _̂______________________ ____________[i  ̂ + +h^ + 2 ^ (v co s0  + hsin^)]*/^
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A ppendix - E

-  Instructions for the exercise programme carried out in Study VIII



Appendix E: Written instructions given to the participants who undertook the strengthening 

exercise programme for the shoulder musculature.

The effectiveness of an exercise programme on the strength of the shoulder 
musculature

Dimitris Mandalidis

ANATOMY DEPARTMENT - TRINITY COLLEGE DUBLIN
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GENERAL INFORMATION

Exercise equipment

• The pulley system has been designed to fit on every type of door. Make sure that the 

two parts, the top (pulley) part and the bottom (clamp) part, are aligned before you start 

the exercises. Keep the door half-open using the wedge.

• The clamp part of the pulley system must be adjusted at different levels on your door 

for different exercises. Mark these levels on your door the first time so every time you 

can place the pulley system at the same position.

• Do not forget to return the pulley system to the anatomy department at the end of the 

trial.

Exercise programme

• The exercise programme that you are going to do has been specifically designed to 

strengthen the shoulder stabilisers.

• You have to repeat the programme 3 times per week (every second day e.g. Monday- 

Wednesday-Friday) for 8 weeks. This is the minimum period, which is required in order 

to observe any improvements. If you follow the instructions it should not take more 

than 45' (minutes) to do all the exercises.

• At the end of the eight weeks period the strength of these muscles will be increased 

considerably. However, you will not be able to observe any differences in the muscle 

bulk.

• It is very important to warm up your shoulders before you start the exercises. Good 

warm up will help you to perform the exercises more effectively and to avoid injuries.

• You must exercise only your dominant shoulder. Your opposite shoulder will be used 

for comparison.
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• Follow the instructions carefully. Do not increase the resistance or the repetitions more 

than the recommended.

• Keep 1V2 ' (minutes) rest between the sets and 3' (minutes) rest between the exercises.

• Follow the order o f the exercises which is recommended

• Remember: It would be waste o f time if we wait for two months to discover that your

shoulder strength has not been improved just because you did not do the exercises.

• Remember also that your participation in this project will be finished after the re

assessment in two months.

• The re-assessment must be done the week
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WARM UP

These are general exercises and they should help you to warm up your shoulder muscles 

adequately. You can add or use your own exercises for warm up, but do not exceed 10'. The 

warm up that we propose consists of:

1. Towel exercises for 2'. These are general exercises to mobile your shoulder.

Towel exercises

2. Stretching exercises for 2'. These are exercises to stretch your shoulder muscles. Keep 

the proposed position for 30" (seconds)

Stretching exercises
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SPECIAL EXERCISES FOR YOUR SCAPULAR STABILISERS

• The following exercises will warm up and strengthen your scapula stabilisers. Both

must be performed before every session.

• Use the handrails for more comfort.

• Repeat: 3 sets x 10 repetitions for each exercise. Keep 3' rest between the exercises

1. The push up exercise involves mainly your pectoralis major (as you already know).

The push up with a + (plus) requires the activity of serratus anterior a very important 

scapula stabiliser.

Remember: you have to add a + (try to remember that you have to lengthen your arms) at the 

end of the push up.

a. starting position b. final position

2. The press up exercise requires the activity of the lower trapezius, another scapula 

stabiliser.

jm -  I! j |i_  a
a. starting position b. final position
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EXTERNAL ROTATION OF THE SHOULDER

(Circle the time - left column o f the table - every time you do the exercises)

a. starting position b. final position

• This is an exercise for the external rotators o f the shoulder (infraspinatus, teres minor 
and posterior fibres o f the deltoid).

• Place the clamp part o f the pulley system at the same level with your flexed elbow.

• Roll a towel and put it under your arm. The circulation o f  your rotator cuff tendon is 
increased by keeping your arm slightly abducted.

•  You must exercise your arm throughout the entire range o f  motion. Keep your feet 
shoulder width apart for better stability.

• You must repeat 3 sets. Keep 1 V i ' rest between the sets.

N Resistance (kg) Times / Repetitions
1 1 8 reps 2 9 reps 3 10 reps 4 11 reps 5 12 reps

2 6 8 7 9 8 10 9 11 10 12

3 11 8 12 9 13 10 14 11 15 12
4 16 8 17 9 18 10 19 11 20 12

5 21 8 22 9 23 10 24 11 25 12
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INTERNAL ROTATION OF THE SHOULDER

(Circle the time - left column o f the table - every time you do the exercises)

a. starting position b. final position

• This is an exercise for the internal rotators (pectoralis major, latissimus dorsi, 
subscapularis, and teres major).

• Place the clamp part o f the pulley system at the same level with your flexed elbow.

• Roll a towel and put it under your arm. The blood supply o f your rotator cuff tendon is
increased by keeping your arm slightly abducted.

•  You must exercise your arm throughout the entire range o f  motion. Keep your feet
shoulder width apart for better stability.

•  You must repeat 3 sets. Keep 1 V ^ '  rest between the sets.

N Resistance (kg) Times / Repetitions
1 1 8 reps 2 9 reps 3 10 reps 4 11 reps 5 12 reps
2 6 8 7 9 8 10 9 11 10 12

3 11 8 12 9 13 10 14 11 15 12

4 16 8 17 9 18 10 19 11 20 12

5 21 8 22 9 23 10 24 11 25 12
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SCAPTION - SHOULDER ABDUCTION WITH THE THUMB DOWN

(Circle the time - left column o f the table - every time you do the exercises)

a. starting position b. final position

• This is an exercise for the shoulder abductors (deltoid and supraspinatus).

• Place the clamp part o f the pulley system at the lowest part o f  the door.

• Keep your elbow in fiill extension with the thumb facing down.

•  Turn approximately 30° towards the side that is being exercised.

•  You must exercise your arm throughout the entire range o f  motion. Keep your feet
shoulder width apart for better stability.

•  You must repeat 3 sets. Keep 1V2 ' rest between the set.

N Resistance (kg) Times / Repetitions
1 I 8 reps 2 9 reps 3 10 reps 4 11 reps 5 12 reps
2 6 8 7 9 8 10 9 11 10 12

3 11 8 12 9 13 10 14 11 15 12
4 16 8 17 9 18 10 19 11 20 12
5 21 8 22 9 23 10 24 11 25 12
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SHOULDER FLEXION

(Circle the time - left column o f the table - every time you do the exercises)

a. starting position b. final position

• This is an exercise for the shoulder flexors (pectoralis major, anterior fibres o f the 
deltoid, long head o f the biceps and the coracobrachialis)

• Place the clamp part o f  the pulley system at the lowest part o f  the door.

• You must keep your arm in ftill extension.

• You must exercise your arm throughout the entire range o f motion. Keep your feet
shoulder width apart for better stability.

•  You must repeat 3 sets. Keep 1 V i ' rest between the set.

N Resistance (kg) Times / Repetitions
1 1 8 reps 2 9 reps 3 10 reps 4 11 reps 5 12 reps

2 6 8 7 9 8 10 9 11 10 12

3 11 8 12 9 13 10 14 11 15 12

4 16 8 17 9 18 10 19 11 20 12

5 21 8 22 9 23 10 24 11 25 12
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ELBOW  FLEXION

(Circle the time - left column o f the table - every time you do the exercises)

a. starting position b. fmal position

• This is an exercise for the elbow flexors (biceps brachii, brachialis, pronator teres and
brachioradialis)

• Place the clamp part o f the pulley system at the lowest part o f  the door.

•  You must exercise your arm throughout the entire range o f  motion. Keep your feet
shoulder width apart for better stability.

• You must repeat 3 sets. Keep 1 '  rest between the set.

N Resistance (kg) Times / Repetitions

1 1 8 reps 2 9 reps 3 10 reps 4 11 reps 5 12 reps
2 6 8 7 9 8 10 9 11 10 12

3 11 8 12 9 13 10 14 11 15 12
4 16 8 17 9 18 10 19 11 20 12

5 21 8 22 9 23 10 24 11 25 12
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ROWING -  SCAPULAR RETRACTION

(Circle the time - left column o f the table - every time you do the exercises)

a. starting position b. final position

• This is an exercise for the retractors o f the scapula (trapezius and rhomboids).

• You can isolate the scapula retractors more if you perform this exercise in the sitting
position.

• Place the clamp part o f the pulley system at the level o f your shoulder.

• Try not to rotate your trunk.

• You must exercise your arm throughout the entire range o f motion.

• You must repeat 3 sets. Keep 1 V i ' rest between the sets.

N Resistance (kg) Times / Repetitions
1 1 8 reps 2 9 reps 3 10 reps 4 11 reps 5 12 reps
2 6 8 7 9 8 10 9 11 10 12
3 11 8 12 9 13 10 14 11 15 12
4 16 8 17 9 18 10 19 11 20 12
5 21 8 22 9 23 10 24 11 25 12
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A ppendix - F

-  Raw data obtained in Studies I - VIII



T ab le  1: Age, height, and body mass o f  the participants in Study I and dose area product 

(DAP), conversion coefficients (CC), effective doses (ED), and screening time for the

fluoroscopic assessment o f the scapulohumeral rhythm

N Age

(years)

Height

(m)

Body mass 

(kg)

DAP 

(Gy cm^)

Radiation readings 

CC

(mSv Gy 'cm'^)

ED

(mSv)

Screening
time

(min)

1 28.0 1.8 91.0 481.0 0.033 0.16 1.5
2 21.0 1.8 72.0 157.0 0.030 0.05 0.5
3 25.0 1.7 62.0 169.0 0.030 0.05 0.6
4 30.0 1.8 88.0 250.0 0.030 0.08 1.5
5 26.0 1.9 83.0 215.0 0.030 0.07 1.1
6 28.0 1.8 77.0 187.0 0.030 0.06 1.1
7 25.0 1.8 75.0 136.0 0.030 0.04 0.6
8 24.0 1.9 99.0 310.0 0.030 0.09 1.3
9 26.0 - - 210.0 0.030 0.06 0.9
10 26.0 1.7 58.0 133.0 0.037 0.05 1.0
11 25.0 1.7 77.0 198.0 0.037 0.07 1.0
12 25.0 - - 192.0 0.037 0.07 0.6
13 20.0 1.7 57.0 113.0 0.037 0.04 0.7
14 19.0 1.8 78.0 309.0 0.030 0.09 1.4
15 26.0 1.8 73.0 237.0 0.037 0.09 1.0
16 32.0 - - 465.0 0.030 0.14 1.3
17 25.0 1.7 75.0 220.0 0.030 0.07 1.2
18 30.0 1.7 92.0 310.0 0.030 0.09 0.6
19 33.0 1.8 72.0 209.0 0.033 0.07 0.7
20 20.0 1.7 83.0 200.0 0.033 0.07 0.5
21 18.0 - - 342.0 0.030 0.10 1.1
22 30.0 - - 204.0 0.033 0.07 0.8
23 25.0 - - 181.0 0.030 0.05 0.9
24 26.0 - - 163.0 0.030 0.05 0.6
25 20.0 1.7 79.0 269.0 0.033 0.09 0.9
26 20.0 1.7 65.0 182.0 0.033 0.06 0.8
27 18.0 1.8 78.0 287.0 0.030 0.09 1.1
28 18.0 1.8 73.0 246.0 0.030 0.07 0.9
29 18.0 1.7 64.0 232.0 0.030 0.07 0.9
30 21.0 - - 306.0 0.033 0.10 0.9
31 34.0 1.7 81.0 - - - -

32 24.0 1.8 69.0 - - - -

33 - - - - - - -

34 26.0 1.7 67.0 - - - -

X 24.6 1.8 75.5 237.1 0.032 0.08 0.9
SD 4.5 0.1 10.4 86.5 0.003 0.03 0.3

Missing values
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Table 2: Arm and scapular angles, as they were measured on the plane radiographic images

with the shoulder at the resting position, at 30, 60, 90, 120, 150° and at maximum elevation.

N

R est 30 60
S hou lder elevation (°)

90 120 150 M ax

AA SA AA SA AA SA AA SA AA SA AA SA AA SA

1 2.8 -3.0 33.7 4.3 61.2 16.2 91.9 27.7 122.0 41.6 147.1 48.8 171.0 59.9
2 -0.9 -5.4 31.4 11.5 58.3 30.1 91.0 40.2 118.4 45.5 149.1 50.3 159.3 51.1
3 7.8 3.7 32.1 14.2 59.1 32.5 91.0 36.9 120.7 45.3 149.7 55.4 170.6 57.9
4 -2.8 -11.4 31.0 4.8 56.4 23.9 89.1 31.7 118.4 45.6 146.8 52.9 157.7 53.7
5 3.2 0.0 29.6 10.1 57.3 27.5 90.5 43.9 120.6 54.0 147.3 53.8 166.5 65.6
6 -1.0 -2.1 29.6 19.4 58.1 40.4 87.8 52.9 118.2 56.5 148.9 62.5 161.3 53.7
7 9.9 -0.5 30.5 4.2 57.2 31.5 89.3 39.1 123.2 46.8 148.5 54.2 175.7 64.2
8 5.3 -8.7 32.5 1.1 59.7 29.8 90.4 42.4 118.2 44.1 147.4 55.3 163.3 61.7
9 3.1 -5.0 29.2 11.3 59.4 25.6 88.9 37.7 117.1 44.8 146.2 58.5 159.8 60.9
10 -5.0 -3.5 30.1 3.2 57.5 18.1 86.9 37.3 117.0 54.4 144.5 60.5 161.5 63.3
11 6.2 4.1 29.2 36.9 57.7 43.6 88.3 40.9 120.5 57.0 146.3 64.1 164.6 74.3
12 4.2 -13.0 28.7 8.0 57.6 25.8 88.6 36.7 118.0 40.5 146.5 52.2 155.3 53.4
13 6.6 8.2 27.8 12.0 58.4 28.0 89.4 36.7 119.2 49.4 147.9 66.6 159.4 67.8
14 5.7 -3.9 26.4 5.8 56.7 27.6 87.5 41.5 118.0 53.0 146.6 64.3 161.1 67.9
15 6.7 -3.0 29.3 12.6 59.0 21.8 91.7 39.7 121.5 50.1 149.3 55.3 155.6 58.9
16 1.3 5.1 28.0 12.5 56.0 15.3 88.7 28.0 120.6 47.5 147.4 57.9 - -

17 -2.5 0.0 30.3 11.7 58.8 23.3 88.9 40.3 119.3 47.6 146.7 62.2 162.5 64.3
18 4.6 -10.8 30.6 -4.1 57.8 17.0 90.0 22.6 119.6 41.0 145.9 55.0 159.5 59.1
19 3.8 17.4 28.0 27.2 57.5 40.2 91.7 44.1 118.8 42.7 147.5 56.4 167.2 65.8
20 4.0 2.0 31.6 9.2 58.1 23.5 91.1 31.8 119.8 38.0 147.6 50.0 160.8 56.2
21 2.9 -5.2 31.5 2.6 59.3 31.9 87.9 36.6 119.1 38.2 156.2 51.8 155.6 53.2
22 -7.7 -9.1 30.0 10.7 56.9 42.4 89.7 40.6 121.4 45.0 150.8 58.7 169.2 65.0
23 -1.8 -1.5 27.9 10.7 57.9 23.0 88.6 39.8 120.2 46.6 147.1 53.5 165.6 62.9
24 -4.4 -0.7 29.9 23.2 56.7 32.9 89.7 44.3 116.7 51.8 144.2 56.7 165.4 65.3
25 -1.4 -2.1 28.6 8.3 59.1 26.4 89.6 42.3 120.6 54.6 147.1 65.7 161.7 69.1
26 -2.7 -2.0 27.6 13.2 59.3 28.3 88.2 50.2 119.0 55.5 148.6 62.8 161.2 66.3
27 0.2 -4.3 27.9 11.4 57.0 24.0 88.4 40.2 119.1 49.4 146.5 62.7 151.8 64.2
28 -4.3 -3.4 30.7 14.6 58.5 36.9 89.7 39.5 120.5 46.6 149.0 55.7 160.8 59.4
29 -5.7 -6.3 31.6 10.1 56.4 18.0 91.9 29.3 119.8 41.6 146.6 53.2 165.8 57.9
30 5.7 8.5 29.9 13.4 56.9 21.5 87.7 37.7 119.1 48.8 145.6 66.2 142.0 63.8
31 1.3 -9.4 29.2 0.8 58.6 24.2 85.7 36.8 118.8 50.4 148.4 56.7 166.8 59.6
32 1.7 -4.4 29.5 7.0 61.2 25.7 89.8 36.9 121.2 42.0 146.9 51.3 157.3 58.3
33 2.0 -4.0 30.4 8.9 59.6 20.0 88.5 32.1 118.3 41.1 149.8 57.9 175.2 62.0
34 1.2 -8.6 29.3 3.8 58.4 17.5 88.9 27.0 118.0 39.1 146.3 50.4 160.6 58.6

X 1.5 -2.4 29.8 10.4 58.2 26.9 89.3 37.8 119.4 46.9 147.7 57.0 162.2 61.4
SD 4.3 6.2 1.6 7.8 1.3 7.5 1.5 6.4 1.5 5.4 2.1 5.1 6.6 5.2

Missing values
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Table 3: Arm angle with the shoulder at the resting position, at 30, 60, 90, 120, 150° and at 

maximum elevation measured by a qualified radiologist (A) and the author (B) in order to

determine inter-examiners reliability o f the measuring procedure.

N

Rest 30

Shoulder elevation (°)

60 90 120 150 Max

A B A B A B A B A B A B A B

1 3.4 2.8 32.5 33.7 60.6 61.2 91.2 91.9 121.5 122 147.3 147.1 171.0 171.0
2 - 0.5 - 0.9 31.4 31.4 58.0 58.3 90.8 91.0 118.9 118.4 148.9 149.1 159.8 159.3
3 7.3 7.8 31.7 32.1 59.3 59.1 90.3 91.0 120.1 120.7 149.8 149.7 170.9 170.6
4 - 3.4 - 2.8 30.7 31.0 56.5 56.4 88.7 89.1 118.7 118.4 146.8 146.8 157.3 157.7
5 3.4 3.2 29.2 29.6 56.7 57.3 89.2 90.5 119.4 120.6 146.7 147.3 166.5 166.5
6 - 2.1 - 1.0 29.4 29.6 57.7 58.1 86.8 87.8 117.8 118.2 149.2 148.9 160.9 161.3
7 8.8 9.9 30.3 30.5 56.8 57.2 88.9 89.3 123.5 123.2 148.9 148.5 175.3 175.7
8 5.2 5.3 32.1 32.5 59.2 59.7 89.8 90.4 118.4 118.2 147.5 147.4 163.4 163.3
9 2.0 3.1 28.8 29.2 58.8 59.4 88.9 88.9 117.4 117.1 147.8 146.2 160.0 159.8
10 - 5.9 - 4.7 31.3 31.6 61.3 61.8 88.5 88.1 120.5 120.4 147.2 146.8 160.6 160.6
11 - 4.9 - 5.0 30.7 30.1 57.8 57.5 87.3 86.9 116.7 117.0 143.8 144.5 160.8 161.5
12 5.3 6.2 29.5 29.2 56.8 57.7 88.2 88.3 120.7 120.5 146.5 146.3 164.2 164.6
13 3.4 4.2 27.8 28.7 57.1 57.6 88.5 88.6 118.1 118.0 146.7 146.5 154.6 155.3
14 6.4 6.6 27.5 27.8 58.6 58.4 89.3 89.4 119.3 119.2 147.7 147.9 159.3 159.4
15 5.7 5.7 26.7 26.4 56.9 56.7 87.9 87.5 118.1 118.0 147.0 146.6 162.1 161.1
16 5.5 6.7 29.4 29.3 58.9 59.0 91.2 91.7 121.3 121.5 149.3 149.3 155.7 155.6
17 - 2.5 - 2.5 31.3 30.3 59.1 58.8 89.5 88.9 118.9 119.3 146.9 146.7 162.8 162.5
18 5.5 4.6 31.0 30.6 57.5 57.8 90.0 90.0 120.2 119.6 146.5 145.9 159.7 159.5
19 5.0 3.8 28.5 28.0 57.7 57.5 91.8 91.7 120.2 118.8 148.1 147.5 166.6 167.2
20 4.4 4.0 30.8 31.6 57.6 58.1 90.9 91.1 119.7 119.8 147.1 147.6 161.0 160.8

X 2.6 2.9 30.0 30.2 58.1 58.4 89.4 89.6 119.5 119.4 147.5 147.3 162.6 162.7
SD 4.3 4.3 1.6 1.8 1.3 1.4 1.4 1.5 1.6 1.6 1.3 1.3 5.2 5.3

270



Table 4: Scapular angle with the shoulder at the resting position, at 30, 60, 90, 120, 150° and 

at maximum elevation measured by a qualified radiologist (A) and the author (B) in order to

determine inter-examiners reliability o f  the measuring procedure.

N

Rest 30

Shoulder elevation (°)

60 90 120 150 Max

A B A B A B A B A B A B A B

1 - 3.0 - 4.3 - 16.6 16.2 27.7 27.7 41.7 41.6 50.0 48.8 61.2 59.9
2 - 4.7 - 5.4 13.5 11.5 31.3 30.1 41.0 40.2 45.8 45.5 52.9 50.3 52.9 51.1
3 4.5 3.7 14.1 14.2 33.5 32.5 38.6 36.9 46.0 45.3 55.2 55.4 58.0 57.9
4 - 11.3 - 11.4 3.7 4.8 23.0 23.9 26.6 31.7 45.9 45.6 55.5 52.9 55.8 53.7
5 - 0.3 0.0 9.7 10.1 27.4 27.5 41.5 43.9 52.1 54.0 53.6 53.8 64.2 65.6
6 - 3.2 - 2.1 20.6 19.4 40.4 40.4 50.9 52.9 58.5 56.5 63.7 62.5 55.0 53.7
7 0.0 - 0.5 3.9 4.2 31.0 31.5 39.2 39.1 47.1 46.8 55.4 54.2 63.8 64.2
8 - 10.9 - 8.7 - 0.9 1.1 26.9 29.8 39.8 42.4 41.8 44.1 52.6 55.3 60.5 61.7
9 - 6.1 - 5.0 10.5 11.3 21.9 25.6 35.7 37.7 43.8 44.8 57.7 58.5 60.4 60.9
10 - 0.4 0.0 19.9 20.7 35.7 36.6 43.3 42.6 53.4 53.6 60.8 61.9 63.4 62.1
11 - 4.8 - 3.5 3.3 3.2 17.7 18.1 38.3 37.3 53.4 54.4 59.5 60.5 61.0 63.3
12 2.0 4.1 35.4 36.9 43.6 43.6 40.5 40.9 54.1 57.0 66.3 64.1 74.7 74.3
13 - 12.5 - 13.0 5.9 8.0 24.5 25.8 35.6 36.7 42.0 40.5 51.2 52.2 52.6 53.4
14 9.1 8.2 13.1 12.0 26.7 28.0 34.8 36.7 47.4 49.4 67.5 66.6 69.5 67.8
15 - 4.2 - 3.9 5.3 5.8 27.6 27.6 42.7 41.5 51.8 53.0 64.9 64.3 68.8 67.9
16 - 4.5 - 3.0 10.3 12.6 21.9 21.8 39.4 39.7 48.0 50.1 53.5 55.3 59.1 58.9
17 0.0 0.0 13.5 11.7 25.7 23.3 39.2 40.3 49.9 47.6 62.7 62.2 66.0 64.3
18 - 10.0 - 10.8 - 5.2 - 4.1 16.6 17.0 22.7 22.6 40.3 41.0 53.6 55.0 62.1 59.1
19 15.9 17.4 27.1 27.2 38.7 40.2 44.7 44.1 43.3 42.7 57.5 56.4 65.7 65.8
20 1.9 2.0 12.7 9.2 24.6 23.5 35.2 31.8 37.9 38.0 50.3 50.0 58.1 56.2

X -2.1 -1.7 11.0 11.6 27.8 28.2 37.9 38.3 47.2 47.6 57.2 57.0 61.6 61.1
SD 6.9 7.2 9.5 9.5 7.7 7.7 6.5 6.5 5.4 5.7 5.4 5.2 5.6 5.8

Missing values
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Table 5: Arm angle with the shoulder at the resting position, at 30, 60, 90, 120, 150° and at 

maximum elevation measured by the author in two consecutive sessions (A and A') in order to

determine intra-examiner reliability o f the measuring procedure.

N Shoulder elevation (°)

Rest 30 60 90 120 150 Max

A A' A A' A A' A A' A A' A A' A A'

1 7.8 8.1 32.1 32.8 59.1 59.8 91.0 90.4 120.7 121.2 149.7 150.1 170.6 171.5
2 3.2 3.7 29.6 28.9 57.3 57.0 90.5 91.2 120.6 120.7 147.3 147.6 166.5 166.4
3 - 1.0 - 1.0 29.6 29.7 58.1 58.0 87.8 87.8 118.2 118.3 148.9 148.7 161.3 161.3
4 - 5.0 - 5.2 30.1 29.1 57.5 57.6 86.9 86.7 117.0 116.1 144.5 143.3 161.5 159.9
5 6.2 6.2 29.2 29.5 57.7 57.2 88.3 88.7 120.5 120.6 146.3 146.2 164.6 164.4
6 4.2 3.9 28.7 28.5 57.6 57.6 88.6 89.1 118.0 118.6 146.5 146.9 155.3 155.3
7 6.6 6.1 27.8 27.5 58.4 58.4 89.4 89.7 119.2 118.7 147.9 147.7 159.4 159.6
8 5.7 5.3 26.4 26.1 56.7 57.0 87.5 87.4 118.0 118.0 146.6 146.9 161.1 161.8
9 6.7 6.4 29.3 29.9 59.0 58.5 91.7 91.8 121.5 121.6 149.3 149.4 155.6 156.1
10 1.3 1.6 28.0 28.3 56.0 56.0 88.7 88.9 120.6 120.2 147.4 147.9 - -

11 - 2.5 - 2.3 30.3 30.4 58.8 59.3 88.9 89.4 119.3 118.7 146.7 146.4 162.5 162.6
12 4.6 4.5 30.6 30.2 57.8 58.3 90.0 90.5 119.6 119.4 145.9 145.8 159.5 159.6
13 3.8 4.5 28.0 28.8 57.5 57.2 91.7 91.7 118.8 119.3 147.5 148.0 167.2 167.1
14 4.0 4.2 31.6 31.6 58.1 58.2 91.1 91.3 119.8 119.4 147.6 147.3 160.8 160.7
15 2.9 2.4 31.5 31.2 59.3 59.4 87.9 87.5 119.1 118.9 156.2 156.3 155.6 155.1
16 - 7.7 - 6.9 30.0 29.7 56.9 57.1 89.7 89.2 121.4 120.8 150.8 151.0 169.2 169.3
17 - 1.8 - 1.5 27.9 27.9 57.9 58.0 88.6 88.3 120.2 120.5 147.1 147.0 165.6 165.1
18 - 4.4 - 4.3 29.9 30.0 56.7 56.1 89.7 89.8 116.7 118.2 144.2 143.7 165.4 165.0
19 - 1.4 - 0.6 28.6 28.6 59.1 58.4 89.6 89.4 120.6 120.8 147.1 147.1 161.7 161.9

X 1.7 1.8 29.4 29.4 57.9 57.8 89.3 89.4 119.5 119.5 147.8 147.8 162.4 162.4
SD 4.5 4.4 1.5 1.5 0.9 1.0 1.4 1.5 1.4 1.4 2.6 2.8 4.5 4.6

Missing values
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Table 6: Scapular angle with the shoulder at the resting position, at 30, 60, 90, 120, 150° and 

at maximum elevation measured by the author in two consecutive sessions (A and A') in order

to determine intra-examiner reliability o f  the measuring procedure.

N Shoulder elevation (°)
Rest 30 60 90 120 150 Max

A A' A A' A A' A A' A A' A A' A A'

1 3.7 5.4 14.2 12.8 32.5 32.3 36.9 38.6 45.3 44.8 55.4 54.6 57.9 56.2
2 0.0 - 0.3 10.1 10.1 27.5 27.5 43.9 42.4 54.0 54.1 53.8 54.3 65.6 65.5
3 - 2.1 - 1.6 19.4 19.3 40.4 42.5 52.9 52.0 56.5 56.5 62.5 62.2 53.7 53.5
4 - 3.5 - 5.9 3.2 4.3 18.1 18.6 37.3 38.7 54.4 53.5 60.5 60.6 63.3 62.3
5 4.1 3.8 36.9 37.5 43.6 43.2 40.9 42.3 57.0 56.2 64.1 68.3 74.3 73.9
6 - 13.0 - 12.8 8.0 5.9 25.8 26.0 36.7 35.6 40.5 39.4 52.2 53.1 53.4 51.0
7 8.2 7.9 12.0 12.1 28.0 27.1 36.7 37.5 49.4 49.4 66.6 65.8 67.8 66.7
8 - 3.9 - 3.6 5.8 7.3 27.6 29.1 41.5 40.1 53.0 52.0 64.3 63.9 67.9 67.6
9 - 3.0 - 3.8 12.6 12.0 21.8 23.2 39.7 40.0 50.1 49.0 55.3 55.5 58.9 59.0
10 5.1 4.7 12.5 10.5 15.3 15.1 28.0 26.9 47.5 46.3 57.9 54.9 - -

11 0.0 - 0.5 11.7 12.1 23.3 25.3 40.3 39.7 47.6 50.0 62.2 61.2 64.3 64.6
12 - 10.8 - 10.0 - 4.1 - 3.2 17.0 15.7 22.6 23.1 41.0 39.8 55.0 54.2 59.1 61.5
13 17.4 16.3 27.2 26.7 40.2 40.2 44.1 43.1 42.7 43.2 56.4 57.4 65.8 64.7
14 2.0 - 1.7 9.2 9.2 23.5 21.8 31.8 32.9 38.0 38.1 50.0 50.1 56.2 57.9
15 - 5.2 - 6.5 2.6 4.1 31.9 31.8 36.6 36.2 38.2 39.4 51.8 51.6 53.2 51.5
16 - 9.1 - 8.9 10.7 10.9 42.4 43.4 40.6 40.4 45.0 44.7 58.7 58.3 65.0 65.6
17 - 1.5 - 2.7 10.7 11.2 23.0 25.9 39.8 38.9 46.6 45.8 53.5 52.7 62.9 63.6
18 - 0.7 - 0.7 23.2 22.9 32.9 33.2 44.3 44.0 51.8 52.5 56.7 56.3 65.3 65.3
19 - 2.1 - 2.6 8.3 7.0 26.4 27.7 42.3 42.7 54.6 58.1 65.7 66.0 69.1 69.7

X -0.8 -1.2 12.3 12.2 28.5 28.9 38.8 38.7 48.1 48.0 58.0 57.9 62.4 62.2
SD 6.9 6.8 9,3 9.1 8.5 8.7 6.5 6.3 6.1 6.3 5.0 5.3 6.0 6.3

Missing values
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Table 7: Age, height, body mass and mass o f the participants’ dominant and non dominant 

upper limb measured in the first (A) and second (B) testing session during isokinetic rotation

of the shoulder (Study II).

N Age

(years)

H eight

(m )

Body mass 

(kg)

M ass o f  th e  u p p er lim b (Nm) 

D om inan t side Non d o m in an t side

A B A B

1 24.0 1.8 101.0 3.0 3.0 2.0 3.0
2 22.0 1.8 83.0 2.0 2.0 2.0 3.0
3 19.0 1.8 77.0 1.0 2.0 2.0 2.0
4 34.0 1.9 81.0 2.0 1.0 3.0 2.0
5 26.0 1.8 75.0 3.0 1.0 3.0 3.0
6 21.0 1.7 72.0 1.0 1.0 2.0 2.0
7 26.0 1.8 75.0 1.0 2.0 3.0 3.0
8 22.0 1.8 76.0 3.0 2.0 3.0 2.0
9 25.0 1.8 79.0 2.0 2.0 2.0 2.0
10 28.0 1.8 73.0 2.0 2.0 2.0 2.0
n 25.0 1.8 75.0 2.0 1.0 2.0 1.0
12 25.0 1.7 61.0 1.0 2.0 1.0 2.0
13 28.0 1.8 91.0 2.0 3.0 2.0 3.0
14 24.0 1.8 80.0 2.0 3.0 3.0 2.0
15 23.0 1.8 74.0 2.0 2.0 2.0 4.0
16 20.0 1.8 78.0 2.0 2.0 3.0 4.0
17 19.0 2.0 87.0 2.0 2.0 2.0 3.0
18 18.0 1.9 83.0 2.0 1.0 3.0 3.0
19 18.0 1.8 68.0 1.0 1.0 3.0 3.0
20 19.0 1.8 75.0 1.0 1.0 3.0 1.0
21 19.0 1.9 88.0 2.0 2.0 3.0 4.0
22 23.0 1.8 74.0 1.0 1.0 2.0 3.0
23 19.0 2.0 89.0 2.0 2.0 4.0 4.0
24 19.0 1.8 71.0 1.0 1.0 3.0 4.0
25 19.0 1.8 79.0 3.0 2.0 3.0 4.0
26 21.0 1.8 66.0 1.0 1.0 3.0 3.0
27 25.0 1.7 62.0 1.0 2.0 2.0 2.0
28 26.0 1.7 58.0 2.0 1.0 1.0 2.0
29 20.0 1.7 60.0 2.0 2.0 1.0 2.0
30 27.0 1.7 94.0 2.0 2.0 2.0 3.0
31 26.0 1.9 83.0 - - - -

X
SD

22.9
3.8

1.8
0.1

77.0
10.0

1.8
0.7

1.7
0.6

2.4
0.7

2.7
0.9

M issing values
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Table 8: Concentric (Con) and eccentric (Ecc) average moment data (Nm) o f the internal and 

external rotation o f the dominant shoulder recorded in the first (A) and second (B) testing 

session at 60 and 120°-s’'.

N Internal rotation External rotation

6 0 °s ‘ 120°s‘ 6 0 °s ‘ 120°s'
Con Ecc Con Ecc Con Ecc Con Ecc

A B A B A B A B A B A B A B A B

1 52.0 52.0 55.0 46.0 53.0 52.0 53.0 50.0 41.0 42.0 44.0 42.0 37.0 37.0 43.0 43.0
2 44.0 43.0 49.0 49.0 39.0 38.0 46.0 42.0 29.0 32.0 35.0 39.0 27.0 31.0 36.0 44.0
3 43.0 34.0 48.0 46.0 38.0 31.0 45.0 40.0 23.0 20.0 22.0 28.0 18.0 21.0 28.0 30.0
4 39.0 40.0 47.0 51.0 35.0 41.0 45.0 48.0 24.0 27.0 31.0 30.0 22.0 24.0 30.0 30.0
5 40.0 37.0 44.0 41.0 30.0 35.0 35.0 42.0 31.0 31.0 36.0 35.0 30.0 29.0 37.0 34.0
6 29.0 26.0 38.0 36.0 28.0 24.0 38.0 36.0 19.0 18.0 24.0 25.0 17.0 17.0 27.0 27.0
7 40.0 38.0 47.0 44.0 35.0 37.0 44.0 43.0 27.0 28.0 34.0 31.0 25.0 23.0 33.0 31.0
8 40.0 35.0 49.0 42.0 32.0 32.0 39.0 40.0 32.0 28.0 33.0 32.0 26.0 25.0 31.0 31.0
9 43.0 49.0 48.0 56.0 42.0 49.0 44.0 57.0 30.0 32.0 37.0 35.0 28.0 28.0 38.0 33.0
10 37.0 37.0 44.0 43.0 32.0 33.0 46.0 42.0 28.0 30.0 29.0 34.0 24.0 24.0 29.0 34.0
II 44.0 42.0 43.0 42.0 42.0 42.0 41.0 43.0 30.0 31.0 35.0 33.0 28.0 28.0 34.0 32.0
12 34.0 33.0 35.0 31.0 32.0 28.0 32.0 28.0 24.0 26.0 30.0 29.0 21.0 24.0 29.0 30.0
13 65.0 60.0 69.0 56.0 50.0 56.0 63.0 63.0 39.0 38.0 48.0 45.0 36.0 34.0 49.0 47.0
14 57.0 59.0 67.0 65.0 55.0 54.0 64.0 62.0 34.0 40.0 36.0 39.0 32.0 37.0 37.0 38.0
15 41.0 44.0 42.0 45.0 37.0 37.0 40.0 40.0 34.0 33.0 36.0 38.0 31.0 29.0 38.0 36.0
16 31.0 34.0 47.0 45.0 33.0 36.0 45.0 47.0 26.0 28.0 34.0 34.0 24.0 25.0 34.0 37.0
17 31.0 32.0 49.0 36.0 30.0 30.0 39.0 34.0 31.0 28.0 37.0 32.0 24.0 22.0 32.0 30.0
18 32.0 32.0 37.0 34.0 31.0 30.0 35.0 32.0 23.0 24.0 30.0 32.0 23.0 21.0 30.0 29.0
19 34.0 35.0 41.0 40.0 37.0 33.0 45.0 40.0 28.0 27.0 34.0 34.0 26.0 25.0 33.0 34.0
20 35.0 34.0 39.0 37.0 36.0 34.0 38.0 36.0 27.0 28.0 31.0 32.0 24.0 26.0 30.0 32.0
21 45.0 49.0 51.0 42.0 42.0 42.0 46.0 44.0 37.0 25.0 36.0 37.0 27.0 21.0 34.0 34.0
22 35.0 29.0 41.0 34.0 32.0 29.0 40.0 35.0 25.0 24.0 35.0 33.0 25.0 24.0 34.0 32.0
23 39.0 35.0 50.0 39.0 37.0 35.0 47.0 47.0 31.0 39.0 38.0 45.0 29.0 33.0 41.0 42.0
24 36.0 38.0 40.0 41.0 30.0 34.0 41.0 42.0 29.0 30.0 35.0 37.0 25.0 28.0 34.0 38.0
25 46.0 43.0 51.0 45.0 42.0 43.0 51.0 46.0 36.0 35.0 40.0 40.0 36.0 35.0 39.0 39.0
26 27.0 28.0 40.0 40.0 23.0 25.0 37.0 39.0 22.0 20.0 28.0 28.0 20.0 21.0 30.0 30.0
27 39.0 38.0 46.0 39.0 38.0 33.0 39.0 35.0 24.0 24.0 27.0 30.0 22.0 23.0 25.0 30.0
28 36.0 31.0 29.0 31.0 27.0 28.0 27.0 29.0 22.0 21.0 27.0 25.0 20.0 19.0 27.0 26.0
29 40.0 32.0 44.0 34.0 35.0 32.0 41.0 37.0 22.0 20.0 29.0 22.0 19.0 18.0 27.0 21.0
30 54.0 49.0 68.0 61.0 52.0 42.0 55.0 56.0 42.0 39.0 51.0 45.0 39.0 38.0 44.0 47.0
31 52.0 48.0 65.0 63.0 44.0 46.0 65.0 62.0 30.0 31.0 41.0 40.0 25.0 28.0 41.0 39.0

X 40.6 39.2 47.2 43.7 37.1 36.8 44.1 43.1 29.0 29.0 34.3 34.2 26.1 26.4 34.0 34.2
SD 8.5 8.6 9.5 8.9 7.8 8.2 8.8 9.2 5.9 6.3 6.3 5.9 5.6 5.7 5.7 6.1
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Table 9: Concentric (Con) and eccentric (Ecc) average moment data (Nm) of the internal and 

external rotation of the non dominant shoulder recorded in the first (A) and second (B) testing 

session at 60 and 120°-s''.

N Internal rotation External rotation

60°s' 120°s' 60°-s' 120°s' 
Con Ecc Con Ecc Con Ecc Con Ecc

A B A B A B A B A B A B A B A B

1 47.0 43.0 46.0 41.0 40.0 39.0 45.0 42.0 33.0 32.0 34.0 37.0 29.0 32.0 36.0 37.0
2 37.0 44.0 46.0 53.0 36.0 41.0 45.0 50.0 33.0 35.0 40.0 40.0 32.0 30.0 41.0 39.0
3 37.0 41.0 43.0 51.0 30.0 41.0 46.0 49.0 24.0 23.0 26.0 27.0 22.0 22.0 25.0 26.0
4 37.0 36.0 48.0 46.0 33.0 34.0 48.0 46.0 26.0 27.0 33.0 32.0 23.0 25.0 31.0 35.0
5 39.0 38.0 41.0 42.0 34.0 33.0 44.0 42.0 28.0 30.0 29.0 37.0 30.0 28.0 31.0 42.0
6 27.0 31.0 39.0 37.0 25.0 25.0 37.0 35.0 21.0 19.0 26.0 25.0 20.0 18.0 26.0 25.0
7 38.0 35.0 51.0 40.0 35.0 32.0 49.0 42.0 29.0 26.0 35.0 31.0 26.0 24.0 35.0 33.0
8 29.0 33.0 35.0 42.0 27.0 28.0 35.0 33.0 19.0 20.0 26.0 26.0 18.0 21.0 26.0 26.0
9 49.0 53.0 55.0 57.0 50.0 51.0 55.0 56.0 36.0 40.0 40.0 46.0 32.0 37.0 41.0 45.0
10 37.0 36.0 39.0 38.0 31.0 36.0 40.0 40.0 27.0 30.0 30.0 31.0 27.0 26.0 32.0 34.0
11 42.0 33.0 46.0 35.0 38.0 29.0 41.0 31.0 28.0 27.0 31.0 30.0 27.0 27.0 29.0 32.0
12 34.0 31.0 36.0 29.0 30.0 31.0 35.0 28.0 24.0 20.0 31.0 29.0 23.0 21.0 29.0 29.0
13 56.0 52.0 61.0 56.0 48.0 46.0 53.0 54.0 31.0 32.0 39.0 45.0 30.0 31.0 38.0 42.0
14 51.0 58.0 62.0 63.0 46.0 55.0 55.0 59.0 33.0 35.0 39.0 35.0 31.0 34.0 36.0 37.0
15 43.0 33.0 43.0 41.0 35.0 33.0 43.0 41.0 30.0 29.0 39.0 38.0 25.0 27.0 35.0 35.0
16 34.0 32.0 43.0 41.0 30.0 28.0 44.0 40.0 25.0 27.0 30.0 32.0 23.0 24.0 29.0 32.0
17 27.0 33.0 34.0 37.0 24.0 29.0 32.0 35.0 24.0 26.0 29.0 33.0 22.0 23.0 27.0 33.0
18 20.0 28.0 30.0 34.0 21.0 30.0 29.0 33.0 23.0 24.0 33.0 33.0 21.0 22.0 31.0 32.0
19 39.0 32.0 39.0 34.0 37.0 34.0 42.0 36.0 24.0 24.0 30.0 31.0 23.0 22.0 31.0 30.0
20 32.0 37.0 37.0 38.0 33.0 36.0 34.0 39.0 27.0 24.0 34.0 32.0 24.0 24.0 32.0 29.0
21 52.0 46.0 53.0 49.0 45.0 41.0 50.0 44.0 31.0 32.0 32.0 34.0 31.0 26.0 32.0 35.0
22 36.0 30.0 41.0 35.0 33.0 27.0 40.0 34.0 27.0 24.0 33.0 32.0 26.0 24.0 33.0 31.0
23 36.0 31.0 47.0 40.0 33.0 30.0 45.0 39.0 29.0 31.0 38.0 40.0 25.0 28.0 36.0 42.0
24 34.0 35.0 45.0 37.0 37.0 31.0 48.0 37.0 26.0 26.0 34.0 31.0 24.0 25.0 32.0 32.0
25 45.0 41.0 45.0 38.0 40.0 38.0 44.0 37.0 27.0 27.0 36.0 31.0 27.0 24.0 33.0 30.0
26 25.0 30.0 34.0 35.0 24.0 31.0 34.0 35.0 20.0 18.0 28.0 27.0 17.0 18.0 24.0 28.0
27 43.0 37.0 49.0 36.0 37.0 31.0 45.0 35.0 24.0 25.0 29.0 30.0 21.0 22.0 29.0 28.0
28 30.0 24.0 37.0 30.0 28.0 24.0 34.0 29.0 17.0 20.0 22.0 24.0 14.0 18.0 19.0 23.0
29 37.0 25.0 41.0 31.0 32.0 26.0 35.0 28.0 19.0 18.0 24.0 22.0 17.0 17.0 22.0 21.0
30 61.0 52.0 66.0 55.0 50.0 55.0 56.0 59.0 32.0 31.0 37.0 38.0 30.0 29.0 38.0 38.0
31 50.0 56.0 53.0 61.0 48.0 49.0 54.0 57.0 33.0 31.0 51.0 48.0 28.0 29.0 40.0 43.0

X 38.8 37.6 44.7 42.0 35.2 35.3 43.1 40.8 26.8 26.9 32.8 33.1 24.8 25.1 31.6 33.0
SD 9.4 9.0 8.6 9.2 7.8 8.5 7.4 9.0 4.8 5.4 5.9 6.2 4.7 4.8 5.4 6.1
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Table 10: Concentric (Con) and eccentric (Ecc) peak moment data (Nm) o f the internal and 

external rotation o f  the dominant shoulder recorded in the first (A) and second (B) testing 

session at 60 and 120°-s''.

N Internal rotation External rotation

60°s* 120°s‘ 60°-s* 120°-s‘
Con Ecc Con Ecc Con Ecc Con Ecc

A B A B A B A B A B A B A B A B

1 57.0 58.0 63.0 61.0 61.0 52.0 63.0 61.0 48.0 47.0 48.0 46.0 43.0 43.0 50.0 48.0
2 47.0 46.0 55.0 56.0 44.0 43.0 55.0 50.0 34.0 38.0 41.0 45.0 36.0 35.0 45.0 51.0
3 48.0 41.0 52.0 51.0 42.0 37.0 51.0 47.0 26.0 28.0 24.0 32.0 22.0 28.0 32.0 36.0
4 43.0 44.0 52.0 57.0 39.0 46.0 50.0 53.0 33.0 34.0 34.0 32.0 30.0 31.0 33.0 34.0
5 45.0 43.0 48.0 45.0 35.0 40.0 39.0 50.0 36.0 36.0 40.0 39.0 36.0 33.0 42.0 40.0
6 33.0 30.0 41.0 40.0 31.0 28.0 43.0 41.0 22.0 22.0 27.0 29.0 21.0 21.0 31.0 34.0
7 45.0 41.0 55.0 47.0 39.0 40.0 54.0 49.0 32.0 32.0 37.0 36.0 30.0 30.0 41.0 39.0
8 42.0 39.0 58.0 48.0 35.0 36.0 48.0 48.0 35.0 34.0 38.0 37.0 29.0 32.0 35.0 38.0
9 45.0 55.0 52.0 63.0 47.0 53.0 49.0 68.0 37.0 40.0 40.0 39.0 35.0 37.0 44.0 42.0
10 39.0 40.0 50.0 47.0 35.0 37.0 57.0 49.0 30.0 33.0 31.0 38.0 27.0 26.0 33.0 37.0
11 49.0 46.0 47.0 46.0 48.0 48.0 48.0 49.0 34.0 36.0 38.0 36.0 32.0 33.0 39.0 37.0
12 37.0 37.0 42.0 37.0 36.0 34.0 37.0 34.0 27.0 30.0 35.0 33.0 24.0 28.0 34.0 35.0
13 73.0 66.0 82.0 66.0 57.0 63.0 73.0 77.0 46.0 43.0 53.0 50.0 44.0 41.0 55.0 51.0
14 62.0 66.0 78.0 75.0 62.0 62.0 78.0 74.0 41.0 44.0 40.0 43.0 39.0 41.0 42.0 43.0
15 45.0 51.0 49.0 53.0 45.0 45.0 48.0 47.0 39.0 37.0 40.0 41.0 36.0 33.0 43.0 41.0
16 36.0 38.0 51.0 52.0 37.0 41.0 52.0 56.0 30.0 31.0 37.0 37.0 30.0 29.0 38.0 41.0
17 37.0 37.0 61.0 44.0 35.0 37.0 52.0 39.0 33.0 32.0 45.0 37.0 28.0 26.0 42.0 35.0
18 34.0 36.0 43.0 40.0 35.0 35.0 44.0 41.0 28.0 28.0 34.0 37.0 28.0 26.0 35.0 35.0
19 38.0 40.0 48.0 46.0 42.0 40.0 53.0 48.0 30.0 29.0 40.0 39.0 30.0 29.0 39.0 40.0
20 38.0 36.0 43.0 41.0 41.0 39.0 44.0 42.0 32.0 33.0 37.0 37.0 29.0 31.0 37.0 38.0
21 51.0 54.0 59.0 51.0 49.0 48.0 56.0 55.0 40.0 30.0 41.0 40.0 31.0 26.0 43.0 40.0
22 40.0 32.0 48.0 40.0 37.0 33.0 49.0 43.0 30.0 29.0 40.0 37.0 29.0 29.0 40.0 37.0
23 42.0 38.0 56.0 44.0 42.0 41.0 56.0 55.0 36.0 46.0 42.0 51.0 35.0 41.0 48.0 49.0
24 41.0 42.0 45.0 48.0 34.0 38.0 49.0 52.0 33.0 33.0 40.0 40.0 27.0 32.0 38.0 43.0
25 49.0 47.0 55.0 50.0 47.0 48.0 59.0 53.0 42.0 41.0 44.0 44.0 42.0 41.0 45.0 46.0
26 31.0 29.0 45.0 44.0 28.0 27.0 43.0 46.0 25.0 22.0 31.0 31.0 22.0 24.0 34.0 35.0
27 44.0 43.0 52.0 46.0 46.0 39.0 46.0 41.0 26.0 28.0 31.0 40.0 22.0 28.0 32.0 40.0
28 41.0 35.0 32.0 34.0 31.0 31.0 30.0 34.0 25.0 23.0 30.0 28.0 20.0 22.0 31.0 31.0
29 46.0 36.0 50.0 41.0 40.0 35.0 50.0 46.0 25.0 22.0 35.0 26.0 19.0 21.0 31.0 25.0
30 63.0 57.0 79.0 68.0 60.0 50.0 65.0 63.0 45.0 43.0 57.0 51.0 39.0 43.0 52.0 54.0
31 58.0 57.0 74.0 72.0 51.0 54.0 77.0 79.0 34.0 34.0 48.0 44.0 30.0 32.0 47.0 45.0

X 45.1 43.9 53.7 50.1 42.3 41.9 52.2 51.3 33.4 33.5 38.6 38.5 30.5 31.4 39.7 40.0
SD 9.4 9.8 11.5 10.3 9.0 8.8 10.7 11.4 6.6 6.9 7.1 6.3 6.8 6.4 6.5 6.3
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Table 11: Concentric (Con) and eccentric (Ecc) peak moment data (Nm) of the internal and 

external rotation o f the non dominant shoulder recorded in the first (A) and second (B) testing 

session at 60 and 120°-s'*.

N Internal rotation External rotation

60°-s' 120°s* 60°-s' 120°s'
Con Ecc Con Ecc Con Ecc Con Ecc

A B A B A B A B A B A B A B A B

1 51.0 48.0 52.0 48.0 45.0 44.0 56.0 52.0 38.0 37.0 37.0 41.0 34.0 37.0 41.0 41.0
2 40.0 49.0 53.0 60.0 42.0 47.0 56.0 58.0 40.0 43.0 47.0 45.0 39.0 38.0 48.0 45.0
3 39.0 44.0 48.0 55.0 34.0 47.0 50.0 57.0 28.0 29.0 29.0 32.0 27.0 27.0 29.0 32.0
4 40.0 43.0 55.0 54.0 38.0 41.0 56.0 54.0 36.0 36.0 34.0 34.0 33.0 34.0 34.0 39.0
5 43.0 42.0 45.0 47.0 39.0 38.0 51.0 51.0 35.0 33.0 32.0 41.0 36.0 32.0 36.0 48.0
6 30.0 34.0 46.0 42.0 32.0 29.0 43.0 42.0 23.0 23.0 28.0 28.0 25.0 23.0 30.0 31.0
7 41.0 38.0 59.0 45.0 39.0 37.0 61.0 50.0 35.0 31.0 42.0 38.0 32.0 31.0 45.0 42.0
8 33.0 34.0 41.0 47.0 30.0 30.0 45.0 38.0 24.0 24.0 33.0 30.0 22.0 26.0 31.0 30.0
9 52.0 58.0 60.0 65.0 57.0 58.0 63.0 65.0 45.0 47.0 45.0 50.0 40.0 43.0 49.0 53.0
10 42.0 40.0 43.0 41.0 37.0 40.0 46.0 46.0 33.0 37.0 31.0 34.0 31.0 32.0 35.0 38.0
11 47.0 37.0 51.0 38.0 43.0 34.0 47.0 35.0 34.0 33.0 34.0 35.0 33.0 35.0 33.0 37.0
12 41.0 36.0 43.0 36.0 37.0 36.0 41.0 34.0 27.0 24.0 35.0 32.0 28.0 24.0 34.0 33.0
13 61.0 58.0 68.0 64.0 55.0 53.0 61.0 64.0 40.0 40.0 46.0 51.0 39.0 38.0 45.0 47.0
14 55.0 62.0 69.0 69.0 51.0 61.0 61.0 72.0 42.0 41.0 43.0 39.0 39.0 42.0 41.0 45.0
15 51.0 37.0 50.0 46.0 42.0 41.0 50.0 48.0 35.0 33.0 43.0 43.0 29.0 32.0 41.0 40.0
16 38.0 34.0 49.0 46.0 34.0 32.0 54.0 49.0 28.0 31.0 33.0 35.0 29.0 29.0 32.0 37.0
17 30.0 39.0 41.0 45.0 27.0 34.0 39.0 45.0 26.0 30.0 33.0 38.0 27.0 28.0 33.0 39.0
18 22.0 30.0 36.0 40.0 24.0 34.0 33.0 39.0 27.0 29.0 43.0 41.0 26.0 29.0 40.0 41.0
19 43.0 35.0 43.0 38.0 42.0 38.0 49.0 41.0 29.0 27.0 36.0 37.0 27.0 27.0 35.0 35.0
20 38.0 40.0 41.0 43.0 39.0 40.0 41.0 47.0 32.0 29.0 38.0 35.0 28.0 29.0 36.0 34.0
21 60.0 50.0 59.0 54.0 53.0 46.0 61.0 51.0 33.0 35.0 36.0 39.0 34.0 28.0 36.0 42.0
22 40.0 34.0 50.0 42.0 38.0 31.0 50.0 41.0 31.0 28.0 41.0 37.0 28.0 27.0 39.0 38.0
23 39.0 33.0 53.0 44.0 37.0 35.0 52.0 46.0 36.0 37.0 45.0 46.0 30.0 36.0 44.0 50.0
24 40.0 38.0 52.0 41.0 44.0 36.0 59.0 44.0 28.0 30.0 38.0 34.0 28.0 31.0 35.0 36.0
25 50.0 45.0 52.0 45.0 46.0 43.0 52.0 43.0 28.0 31.0 41.0 34.0 32.0 29.0 39.0 34.0
26 28.0 32.0 38.0 40.0 28.0 35.0 41.0 41.0 25.0 24.0 32.0 30.0 21.0 22.0 29.0 33.0
27 49.0 41.0 54.0 42.0 44.0 38.0 50.0 42.0 30.0 31.0 36.0 40.0 25.0 26.0 38.0 37.0
28 34.0 26.0 43.0 33.0 33.0 27.0 39.0 34.0 20.0 22.0 24.0 24.0 18.0 21.0 22.0 26.0
29 40.0 30.0 49.0 34.0 37.0 31.0 44.0 32.0 22.0 21.0 27.0 24.0 20.0 21.0 27.0 24.0
30 67.0 61.0 72.0 62.0 58.0 68.0 66.0 70.0 36.0 39.0 41.0 44.0 35.0 35.0 44.0 46.0
31 55.0 62.0 63.0 70.0 55.0 55.0 65.0 71.0 43.0 39.0 61.0 61.0 36.0 34.0 47.0 52.0

X 43.2 41.6 50.9 47,6 40.6 40.6 51.0 48.5 31.9 32.1 37.5 37.8 30.0 30,5 37,0 38,9
SD 10.2 10.0 9.1 10.2 8.9 9.9 8.6 11.0 6.4 6.5 7.4 7,8 5,8 5,8 6,5 7,1
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Table 12: Age, height, body mass and mass o f the participants’ dominant and non dominant 

upper limb measured in the first (A) and second (B) testing session during isokinetic elevation

o f the shoulder (Study III).

N Age

(years)

H eight

(m)

Body mass

(kg)

M ass o f  th e  u p p e r lim b (Nm) 

D om inant side Non d o m in an t side

A B A B

1 27.0 1.8 82.0 18.0 19.0 18.0 19.0
2 25.0 1.7 62.0 13.0 10.0 11.0 11.0
3 26.0 1.7 58.0 9.0 10.0 9.0 9.0
4 22.0 1.8 83.0 17.0 20.0 20.0 19.0
5 28.0 1.8 91.0 24.0 21.0 24.0 23.0
6 23.0 1.8 74.0 16.0 14.0 16.0 16.0
7 21.0 1.8 66.0 13.0 14.0 15.0 14.0
8 19.0 2.0 85.0 20.0 16.0 21.0 18.0
9 20.0 2.0 90.0 18.0 16.0 18.0 14.0
10 18.0 1.9 83.0 16.0 13.0 16.0 16.0
11 22.0 1.7 64.0 14.0 13.0 12.0 11.0
12 20.0 1.8 79.0 17.0 18.0 14.0 17.0
13 19.0 1.9 87.0 21.0 20.0 19.0 21.0
14 18.0 1.8 75.0 17.0 16.0 17.0 18.0
15 19.0 1.8 77.0 17.0 17.0 16.0 16.0
16 20.0 1.8 76.0 16.0 16.0 15.0 16.0
17 25.0 1.8 75.0 13.0 13.0 13.0 13.0
18 26.0 1.8 87.0 15.0 17.0 14.0 16.0
19 21.0 1.8 83.0 14.0 14.0 15.0 14.0
20 19.0 1.8 78.0 14.0 13.0 13.0 14.0
21 25.0 1.8 80.0 16.0 18.0 14.0 15.0
22 23.0 1.7 65.0 10.0 10.0 12.0 11.0

X
SD

22,1
3.1

1.8
0.1

77.3
9.3

15.8
3.4

15.4
3.3

15.5
3.5

15.5
3.4
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Table 13: Non-free and free o f transient moment oscillation (TMO) concentric average 

moment data (Nm) of the shoulder elevators recorded in the first (A) and second (B) testing 

session for the dominant and non-dominant side at 60 and 120°-s‘'.

N Dominant side Non-dominant side
60°■s' 120°■s' 60°■s' 120°■s-'

Non-free Free of Non-free Free of Non-free Free of Non-free Free of
of TMO TMO of TMO TMO of TMO TMO of TMO TMO
A B A B A B A B A B A B A B A B

1 59.0 56.0 60.0 56.0 53.0 46.0 55.0 47.0 56.0 53.0 57.0 53.0 51.0 48.0 55.0 49.0
2 66.0 55.0 69.0 57.0 56.0 50.0 60.0 54.0 61.0 60.0 61.0 64.0 53.0 53.0 54.0 58.0
3 39.0 37.0 40.0 38.0 34.0 34.0 37.0 36.0 36.0 31.0 38.0 32.0 31.0 25.0 32.0 27.0
4 76.0 82.0 79.0 84.0 64.0 73.0 67.0 74.0 90.0 91.0 97.0 95.0 74.0 72.0 84.0 74.0
5 91.0 81.0 93.0 82.0 78.0 73.0 81.0 75.0 91.0 89.0 92.0 89.0 77.0 79.0 79.0 79.0
6 60.0 57.0 62.0 58.0 59.0 53.0 62.0 54.0 54.0 62.0 55.0 62.0 50.0 50.0 53.0 49.0
7 52.0 55.0 54.0 57.0 43.0 50.0 47.0 55.0 58.0 61.0 60.0 62.0 43.0 58.0 46.0 61.0
8 75.0 78.0 77.0 81.0 68.0 71.0 71.0 77.0 67.0 62.0 69.0 63.0 59.0 55.0 63.0 58.0
9 58.0 59.0 62.0 61.0 53.0 55.0 58.0 57.0 65.0 67.0 67.0 72.0 56.0 57.0 60.0 65.0
10 53.0 59.0 55.0 60.0 54.0 58.0 57.0 60.0 62.0 63.0 64.0 67.0 49.0 56.0 52.0 63.0
11 53.0 53.0 55.0 54.0 51.0 54.0 54.0 56.0 47.0 51.0 49.0 52.0 42.0 45.0 46.0 46.0
12 67.0 71.0 70.0 74.0 70.0 73.0 75.0 78.0 73.0 76.0 76.0 80.0 67.0 65.0 73.0 71.0
13 77.0 68.0 80.0 69.0 65.0 62.0 69.0 65.0 84.0 88.0 85.0 90.0 75.0 78.0 76.0 80.0
14 58.0 54.0 59.0 55.0 51.0 50.0 54.0 51.0 71.0 76.0 74.0 78.0 60.0 62.0 66.0 64.0
15 71.0 77.0 75.0 80.0 69.0 75.0 75.0 80.0 66.0 69.0 69.0 70.0 59.0 63.0 64.0 69.0
16 62.0 66.0 64.0 67.0 59.0 59.0 62.0 62.0 55.0 58.0 56.0 59.0 48.0 53.0 50.0 54.0
17 52.0 52.0 53.0 54.0 46.0 47.0 49.0 50.0 49.0 53.0 50.0 54.0 50.0 50.0 52.0 53.0
18 52.0 51.0 54.0 53.0 42.2 46.0 45.0 49.0 44.0 51.0 46.0 52.0 38.0 44.0 40.0 46.0
19 53.0 58.0 54.0 60.0 44.0 51.0 45.0 53.0 51.0 49.0 53.0 51.0 46.0 42.0 50.0 45.0
20 45.0 44.0 47.0 45.0 33.0 39.0 36.0 40.0 47.0 55.0 50.0 57.0 45.0 48.0 48.0 50.0
21 72.0 76.0 76.0 79.0 66.0 70.0 73.0 73.0 68.0 66.0 70.0 68.0 66.0 68.0 73.0 73.0
22 53.0 47.0 54.0 49.0 47.0 44.0 48.0 47.0 54.0 44.0 56.0 45.0 49.0 37.0 52.0 40.0

X 61.1 60.7 63.3 62.4 54.8 56.0 58.2 58.8 61.3 62.5 63.4 64.3 54.0 54.9 57.6 57.9
SD 12.2 12.5 12.7 12.9 11.9 12.0 12.6 12.7 14.4 14.9 14.9 15.4 12.1 13.0 13.3 13.5
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Table 14: Non-free and free of transient moment oscillation (TMO) concentric peak moment 

data (Nm) of the shoulder elevators recorded in the first (A) and second (B) testing session for 

the dominant and non-dominant side at 60 and 120°-s’’.

N Dominant side Non-dominant side
60°■s’ 120°•s' 60°s* 120° s-‘

Non-free Free of Non-free Free of Non-free Free of Non-free Free of
of TMO TMO ofTMO TMO of TMO TMO of TMO TMO
A B A B A B A B A B A B A B A B

1 72.0 74.0 65.0 65.0 75.0 65.0 61.0 53.0 62.0 71.0 60.0 67.0 64.0 69.0 56.0 57.0
2 74.0 63.0 74.0 62.0 64.0 60.0 64.0 57.0 74.0 68.0 72.0 68.0 63.0 65.0 58.0 63.0
3 49.0 43.0 49.0 43.0 46.0 43.0 41.0 38.0 43.0 41.0 43.0 41.0 40.0 35.0 37.0 29.0
4 90.0 96.0 90.0 87.0 80.0 98.0 75.0 80.0 103.0 110.0 103.0 105.0 87.0 104.0 87.0 84.0
5 97.0 89.0 97.0 89.0 92.0 85.0 88.0 83.0 106.0 100.0 97.0 92.0 104.0 99.0 89.0 85.0
6 72.0 63.0 72.0 65.0 71.0 67.0 67.0 58.0 63.0 72.0 63.0 69.0 62.0 61.0 55.0 54.0
7 57.0 61.0 56.0 61.0 50.0 56.0 50.0 56.0 63.0 72.0 63.0 72.0 51.0 67.0 60.0 63.0
8 84.0 83.0 84.0 83.0 92.0 86.0 79.0 85.0 75.0 67.0 75.0 67.0 72.0 66.0 68.0 63.0
9 68.0 68.0 68.0 68.0 67.0 71.0 62.0 62.0 73.0 77.0 72.0 77.0 64.0 75.0 62.0 72.0
10 63.0 66.0 63.0 64.0 66.0 72.0 62.0 64.0 75.0 71.0 75.0 71.0 62.0 69.0 59.0 69.0
11 59.0 60.0 59.0 58.0 59.0 67.0 57.0 60.0 53.0 55.0 53.0 54.0 51.0 51.0 50.0 48.0
12 79.0 79.0 79.0 79.0 81.0 83.0 80.0 82.0 78.0 82.0 78.0 82.0 79.0 77.0 79.0 74.0
13 84.0 80.0 83.0 75.0 83.0 79.0 74.0 70.0 92.0 97.0 92.0 96.0 88.0 88.0 81.0 83.0
14 68.0 64.0 64.0 60.0 66.0 65.0 59.0 55.0 80.0 85.0 78.0 86.0 71.0 81.0 71.0 72.0
15 78.0 84.0 78.0 84.0 82.0 91.0 78.0 85.0 72.0 74.0 71.0 73.0 77.0 80.0 68.0 73.0
16 75.0 76.0 75.0 76.0 71.0 67.0 69.0 65.0 65.0 68.0 65.0 68.0 59.0 65.0 59.0 62.0
17 60.0 57.0 55.0 55.0 57.0 54.0 53.0 51.0 55.0 57.0 53.0 56.0 64.0 62.0 55.0 56.0
18 59.0 55.0 58.0 55.0 48.0 56.0 46.0 52.0 52.0 58.0 52.0 57.0 52.0 57.0 42.0 51.0
19 58.4 62.0 58.0 62.0 53.6 65.0 50.0 59.0 56.0 52.0 56.0 53.0 57.6 50.0 52.0 47.0
20 50.0 57.0 50.0 53.0 45.0 56.0 38.0 45.0 56.0 64.0 56.0 64.0 60.0 61.0 56.0 56.0
21 79.0 84.0 79.0 84.0 77.0 85.0 77.0 79.0 74.0 77.0 74.0 75.0 75.0 81.0 75.0 78.0
22 59.0 50.0 59.0 50.0 55.0 49.0 50.0 49.0 57.0 46.0 57.0 46.0 60.0 41.0 54.0 41.0

X 69.7 68.8 68.9 67.2 67.3 69.1 62.7 63.1 69.4 71.1 68.5 70.0 66.5 68.4 62.4 62.7
SD 12.8 13.6 13.2 13.1 14.4 14.4 13.8 13.9 16.1 16.9 15.2 15.8 14.4 16.9 13.6 14.6
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Table 15: Age, height, body mass and mass o f the participants in Study IV.

N Age

(years)

H eight

(m)

Body m ass

(kg)

1 22.0 1.8 83.0
2 21.0 1.8 83.0
3 25.0 1.8 80.0
4 19.0 1.9 82.0
5 27.0 1.7 94.0
6 19.0 1.8 77.0
7 22.0 1.7 64.0
8 19.0 2.0 85.0
9 25.0 1.9 83.0
10 24.0 1.9 99.0
11 25.0 1.8 75.0
12 19.0 1.9 87.0
13 21.0 1.9 91.0
14 28.0 1.8 91.0
15 20.0 1.8 76.0
16 21.0 1.8 66.0
17 20.0 1.8 79.0
18 25.0 1.7 62.0
19 26.0 1.8 87.0
20 18.0 1.8 75.0

X
SD

22.3
3.1

1.8
0.1

81.0
9.7
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Table 16: Displacement o f glenohumeral centre o f rotation (DGCR) obtained at 42, 54, 66,

78 and 90° o f shoulder elevation and isokinetic velocities o f  30, 60 and 120°-s''.

N

42 54
30
66 78 90

Isokinetic velocities (°-s *) 

60
42 54 66 78 90 42 54

120
66 78 90

1 5.9 10.8 14.4 19.5 26.8 5.3 10.7 14.8 20.0 27.1 5.5 9.3 14.3 20.4 24.7
2 7.0 10.7 14.2 17.9 21.5 7.6 10.6 13.8 17.8 21.8 8.5 12.5 16.7 20.6 23.8
3 5.5 10.0 15.6 23.2 31.8 5.5 10.6 16.8 25.3 35.8 4.9 11.1 17.7 26.2 34.6
4 5.5 10.4 15.8 22.3 29.6 5.5 11.0 17.6 25.2 32.3 5.6 11.4 18.7 25.9 32.0
5 11.3 15.4 18.9 23.1 29.2 7.4 12.7 17.8 24.6 31.4 8.1 13.1 19.0 25.5 32.3
6 7.8 13.1 17.9 24.6 34.6 6.3 12.0 18.3 26.2 36.5 6.9 12.0 17.6 24.5 32.2
7 2.0 4.9 9.7 13.8 18.2 7.5 10.2 13.9 17.8 22.9 11.1 13.7 17.5 21.3 24.0
8 5.1 8.5 12.2 15.5 19.4 4.3 9.1 12.7 15.9 19.8 4.8 8.9 13.5 17.8 20.2
9 2.7 8.2 12.0 17.1 22.6 4.7 8.7 13.5 18.8 25.7 4.3 9.1 15.7 21.8 28.2

10 9.6 19.3 27.7 35.9 43.5 4.3 9.3 15.9 23.6 30.1 5.5 10.1 16.5 23.4 28.9
11 13.1 21.2 29.3 36.0 42.5 8.0 13.0 18.8 24.4 29.4 8.0 14.2 19.1 24.0 28.9
12 4.5 7.9 12.0 17.5 22.6 6.2 10.5 15.1 21.8 27.3 6.8 11.2 17.4 23.5 27.2
13 7.3 12.2 15.9 20.4 26.4 4.7 8.0 11.7 15.9 19.7 6.1 10.1 14.8 18.5 22.1
14 7.8 12.8 18.2 24.5 31.0 8.6 15.0 21.0 27.8 34.4 7.8 14.1 20.1 26.5 30.3
15 6.9 10.2 13.9 19.0 25.2 5.9 9.7 13.2 18.9 25.3 4.9 7.8 11.7 17.3 23.8
16 5.8 10.0 15.0 20.8 27.4 6.3 10.9 16.6 23.9 29.8 6.8 11.9 16.7 23.7 31.2
17 5.7 10.4 14.0 16.8 20.9 5.1 9.6 13.5 18.2 21.9 6.1 12.0 16.5 20.6 23.4
18 4.6 10.2 14.1 17.4 20.9 2.6 6.6 10.5 14.4 17.9 3.3 6.6 11.4 15.5 19.1
19 1.0 2.9 4.3 6.0 9.9 2.0 3.2 4.5 6.2 9.7 1.9 3.0 4.4 6.2 8.9

X 63 11.0 15.5 20.6 26.5 5.7 10.1 14.7 20.4 26.2 6.2 10.6 15.8 21.2 26.1
SD 3.0 4.3 5.6 6.9 8.1 1.7 2.5 3.6 5.2 6.9 2.1 2.8 3.6 4.8 6.1
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Table 17: Percentage change o f humeral lever arm (%Af) obtained at 42, 54, 66, 78 and 90°

o f shoulder elevation and isokinetic velocities o f 30, 60 and 120°-s’'.

N

42 54
30
66 78 90

Isokinetic velocities (°' 
60

42 54 66 78

■s')

90 42 54
120
66 78 90

1 0.8 1.5 2.3 3.0 3.4 1.0 1.9 2.8 3.4 3.2 1.7 2.2 3.4 3.9 2.8
2 2.0 2.6 2.9 2.7 2.1 3.5 4.1 4.1 4.1 3.7 4.0 5.5 6.3 6.3 5.2
3 0.4 1.1 2.3 3.4 3.9 0.3 1.5 2.5 3.7 4.8 1.7 3.3 5.0 6.6 6.9
4 1.7 3.0 4.0 5.5 6.5 1.8 3.6 5.2 6.8 7.6 2.5 4.5 6.5 7.9 7.9
5 3.0 3.9 4.4 4.5 4.6 2.7 4.5 5.7 6.7 6.7 3.4 5.1 6.7 7.5 7.2
6 2.7 4.9 6.9 9.1 12.6 2.8 5.3 7.8 11.0 14.5 3.3 5.5 7.6 10.4 12.7
7 0.9 1.4 2.2 2.3 2.2 3.4 4.5 5.2 5.6 5.6 5.4 6.7 7.8 8.3 7.8
8 1.5 2.4 3.2 3.2 2.8 1.4 3.4 4.4 4.6 4.2 2.0 3.6 5.1 5.9 5.2
9 0.8 2.4 3.1 3.8 4.0 1.4 2.4 3.1 3.8 4.5 1.8 3.2 4.9 5.4 5.6

10 3.8 7.5 9.7 10.7 10.4 1.4 3.1 5.1 6.8 7.3 2.3 3.8 5.9 7.4 7.5
11 6.4 10.2 13.7 15.7 16.5 4.0 6.2 8.5 9.9 10.5 3.9 6.8 8.6 9.8 10.0
12 1.6 2.5 3.4 4.6 5.0 2.2 3.6 4.7 6.6 6.7 2.2 3.4 5.6 6.9 6.4
13 2.1 3.5 4.3 4.6 4.9 1.6 2.6 3.1 3.1 3.0 2.5 3.8 4.8 4.6 3.9
14 2.9 4.6 5.9 6.7 6.6 3.2 5.3 6.6 7.4 7.1 2.9 4.9 6.3 7.1 6.1
15 -0.2 -0.3 0.4 2.3 3.9 0.3 1.2 2.0 3.9 5.3 1.6 1.6 2.8 4.4 5.8
16 2.5 3.9 5.3 6.6 7.3 2.8 4.4 6.1 7.7 7.6 3.2 5.5 7.4 9.6 10.9
17 -0.4 -0.7 -0.8 -0.3 0.6 0.4 0.3 0.5 1.6 1.3 1.9 2.0 2.9 3.3 2.1
18 1.9 3.3 4.7 5.2 5.1 1.1 2.6 3.9 5.0 5.1 1.6 2.9 4.9 6.1 6.3
19 0.1 0.2 -0.1 0.7 1.7 0.5 0.6 0.6 1.0 2.3 0.8 1.1 1.3 1.7 2.0

X 1.8 3.0 4.1 5.0 5.5 1.9 3.2 4.3 5.4 5.8 2.6 4.0 5.5 6.5 6.4
SD 1.6 2.6 3.4 3.7 4.0 1.2 1.6 2.2 2.6 3.0 1.1 1.6 1.9 2.3 2.8

284



Table 18: Displacement o f humeral lever arm (DHLA) obtained at 42, 54, 66, 78 and 90° o f

shoulder elevation and isokinetic velocities o f 30, 60 and 120°-s''.

N

42 54
30
66 78 90

Isokinetic velocities (° 
60

42 54 66 78

s ' )

90 42 54
120
66 78 90

1 1.2 2.3 3.0 4.0 5.7 1.0 2.1 2.9 4.0 5.8 0.6 1.7 2.6 4.0 5.3
2 1.5 2.5 3.4 4.5 5.7 0.5 1.7 2.9 4.2 5.5 0.2 1.3 2.7 4.2 5.6
3 1.4 2.5 3.8 5.6 7.8 1.3 2.5 4.0 6.1 8.7 0.8 2.1 3.5 5.5 7.8
4 1.1 2.2 3.6 5.1 6.9 1.1 2.1 3.6 5.5 7.4 0.5 1.7 3.3 5.2 7.2
5 2.2 3.0 3.9 5.0 6.6 1.0 1.8 2.9 4.6 6.6 0.3 1.4 2.6 4.5 6.7
6 1.4 2.1 2.8 4.0 5.7 0.6 1.2 2.1 3.2 5.1 0.2 0.8 1.8 2.9 4.6
7 0.3 1.2 2.6 3.9 5.3 1.0 1.2 2.6 4.1 5.9 1.2 0.9 2.5 4.0 5.4
8 0.9 1.5 2.3 3.2 4.4 0.7 1.1 1.9 2.9 4.2 0.3 0.8 1.6 2.8 3.9
9 0.5 1.6 2.5 3.8 5.3 0.9 1.8 3.0 4.3 6.1 0.4 1.5 2.9 4.6 6.4
10 0.9 2.1 3.9 6.2 8.6 0.7 1.4 2.6 4.2 6.0 0.4 1.2 2.3 3.8 5.5
11 0.6 1.4 2.7 4.7 7.1 0.3 1.0 2.2 3.9 5.6 0.4 1.2 2.3 3.8 5.7
12 0.6 1.3 2.2 3.4 4.8 0.9 1.6 2.6 3.8 5.4 1.1 2.0 2.8 4.1 5.5
13 1.3 2.2 3.0 4.2 5.8 0.7 1.2 2.2 3.5 4.5 0.4 1.2 2.3 3.7 4.9
14 0.2 0.6 1.9 3.4 5.2 0.2 0.9 2.2 3.9 5.8 0.1 0.9 2.2 3.8 5.2
15 1.9 2.9 3.9 5.2 6.7 1.7 2.7 3.6 4.8 6.4 0.8 2.0 2.9 4.2 5.8
16 0.5 1.5 2.6 4.1 5.9 0.6 1.5 2.8 4.6 6.6 0.2 0.7 1.6 3.2 5.5
17 1.6 2.9 4.0 5.0 6.2 1.5 2.9 4.0 5.4 6.5 1.5 3.4 4.6 5.8 6.9
18 0.8 2.4 3.2 4.2 5.4 0.4 1.3 2.2 3.2 4.4 0.3 1.1 1.9 3.0 4.3
19 0.2 0.7 1.1 1.4 2.2 0.3 0.7 1.0 1.4 2.0 0.1 0.4 0.8 1.2 1.9

X 1.0 1.9 3.0 4.3 5.9 0.8 1.6 2.7 4.1 5.7 0.5 1.4 2.5 3.9 5.5
SD 0.6 0.7 0.8 1.0 1.4 0.4 0.6 0.7 1.0 1.4 0.4 0.7 0.8 1.1 1.3
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Table 19: Angle-specific moment (Nm) recorded by the dynamometer at 42, 54, 66, 78 and 

90° o f shoulder elevation at isokinetic velocities o f 30, 60 and 120°-s''.

N

42 54
30
66 78 90

Isokinetic velocities (°' 
60

42 54 66 78

s')

90 42 54
120

66 78 90

1 103.0 105.0 100.0 96.0 63.0 95.0 102.0 99.0 91.0 42.0 73.0 81.0 86.0 81.0 22.0
2 52.0 52.0 53.0 53.0 47.0 49.0 49.0 52.0 53.0 45.0 39.0 44.0 47.0 44.0 34.0
3 78.0 79.0 75.0 70.0 49.0 72.0 73.0 69.0 68.0 43.0 61.0 70.0 73.0 74.0 19.0
4 63.0 64.0 61.0 57.0 31.0 64.0 62.0 60.0 55.0 28.0 63.0 57.0 58.0 55.0 11.0
5 80.0 76.0 72.0 70.0 47.0 82.0 75.0 68.0 66.0 31.0 66.0 62.0 64.0 59.0 17.0
6 77.0 76.0 74.0 73.0 43.0 74.0 78.0 75.0 74.0 28.0 72.0 69.0 74.0 75.0 18.0
7 50.0 47.0 51.0 48.0 38.0 52.0 51.0 49.0 44.0 31.0 43.0 45.0 48.0 42.0 14.0
8 80.0 78.0 76.0 76.0 53.0 74.0 69.0 66.0 67.0 42.0 56.0 70.0 64.0 60.0 13.0
9 57.0 58.0 60.0 58.0 30.0 55.0 56.0 58.0 56.0 26.0 50.0 54.0 58.0 56.0 17.0

10 96.0 95.0 92.0 83.0 54.0 73.0 75.0 74.0 69.0 44.0 72.0 54.0 57.0 55.0 36.0
11 63.0 61.0 60.0 55.0 34.0 50.0 52.0 51.0 48.0 27.0 57.0 49.0 52.0 49.0 14.0
12 92.0 87.0 83.0 74.0 61.0 91.0 87.0 82.0 82.0 54.0 73.0 83.0 78.0 74.0 27.0
13 76.0 83.0 75.0 70.0 44.0 67.0 67.0 64.0 63.0 34.0 36.0 64.0 52.0 44.0 9.0
14 87.0 87.0 84.0 78.0 59.0 81.0 80.0 74.0 70.0 49.0 77.0 62.0 64.0 60.0 44.0
15 72.0 65.0 55.0 48.0 31.0 64.0 60.0 55.0 49.0 35.0 52.0 58.0 49.0 44.0 27.0
16 63.0 66.0 64.0 64.0 51.0 62.0 61.0 57.0 59.0 49.0 44.0 44.0 47.0 46.0 19.0
17 89.0 84.0 79.0 80.0 55.0 72.0 76.0 78.0 77.0 36.0 57.0 79.0 72.0 71.0 14.0
18 65.0 62.0 57.0 55.0 39.0 59.0 59.0 57.0 56.0 35.0 53.0 51.0 51.0 49.0 14.0
19 63.0 63.0 62.0 56.0 47.0 59.0 60.0 59.0 52.0 39.0 57.0 45.0 48.0 49.0 42.0

X 74.0 73.1 70.2 66.5 46.1 68.2 68.0 65.6 63.1 37.8 57.9 60.1 60.1 57.2 21.6
SD 15.0 15.1 13.7 13.1 10.2 13.1 13.5 12.6 12.4 8.3 12.2 12.7 11.9 12.4 10.5
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Table 20: Percentage difference of angle-specific moment as a result of glenohumeral

displacement at 42, 54, 66, 78 and 90° of shoulder elevation and isokinetic velocities of 30, 60 

and 120°-s'*.

N

42 54
30
66 78 90

Isokinetic velocities (° 

60
42 54 66 78

■s‘)

90 42 54
120
66 78 90

1 0.7 1.4 2.2 2.8 2.9 1.0 1.9 2.6 3.1 2.7 1.7 2.2 3.3 3.6 2.3
2 2.0 2.5 2.7 2.4 1.6 3.5 4.0 4.0 3.8 3.2 4.0 5.4 6.2 6.0 4.7
3 0.4 1.0 2.1 2.9 3.0 0.2 1.5 2.3 3.1 3.6 1.7 3.3 4.8 6.1 6.0
4 1.7 3.0 3.8 5.1 5.7 1.8 3.6 5.0 6.3 6.7 2.5 4.4 6.4 7.4 7.1
5 2.9 3.7 4.2 4.1 3.9 2.7 4.4 5.5 6.4 5.9 3.4 5.1 6.6 7.2 6.5
6 2.7 4.8 6.8 8.8 12.0 2.8 5.2 7.8 10.8 14.1 3.3 5.5 7.6 10.2 12.3
7 0.9 1.3 2.1 2.0 1.8 3.3 4.4 5.1 5.3 5.1 5.3 6.7 7.7 8.1 7.3
8 1.4 2.4 3.1 3.1 2.5 1.4 3.4 4.3 4.4 3.9 2.0 3.5 5.1 5.8 5.0
9 0.8 2.4 3.0 3.5 3.5 1.4 2.3 3.0 3.5 3.9 1.8 3.2 4.7 5.1 4.9

10 3.8 7.4 9.5 10.0 9.1 1.4 3.1 5.0 6.5 6.7 2.3 3.8 5.8 7.2 7.0
11 6.4 10.1 13.6 15.3 15.7 4.0 6.2 8.4 9.7 10.0 3.9 6.7 8.5 9.5 9.5
12 1.6 2.5 3.3 4.5 4.6 2.2 3.5 4.6 6.3 6.2 2.2 3.3 5.5 6.7 5.9
13 2.0 3.5 4.1 4.3 4.4 1.6 2.6 3.0 2.9 2.6 2.5 3.8 4.7 4.4 3.5
14 2.9 4.6 5.8 6.5 6.1 3.2 5.3 6.5 7.2 6.5 2.9 4.9 6.3 6.9 5.6
15 -0.3 -0.5 0.2 1.9 3.1 0.3 1.1 1.8 3.5 4.7 1.6 1.6 2.6 4.1 5.3
16 2.5 3.9 5.2 6.4 6.7 2.8 4.4 6.0 7.4 6.9 3.2 5.5 7.4 9.5 10.3
17 -0.4 -0.8 -1.1 -0.7 0.0 0.4 0.2 0.3 1.1 0.7 1.8 1.8 2.6 2.8 1.4
18 1.9 3.2 4.5 4.9 4.7 1.1 2.6 3.9 4.8 4.8 1.6 2.9 4.8 6.0 6.0
19 0.1 0.1 -0.1 0.6 1.7 0.5 0.6 0.6 1.0 2.2 0.8 1.0 1.3 1.6 1.9

X 1.8 3.0 3.9 4.6 4.9 1.9 3.2 4.2 5.1 5.3 2.6 3.9 5.4 6.2 5.9
SD 1.6 2.6 3.4 3.7 3.8 1.2 1.7 2.2 2.6 3.0 1.1 1.7 1.9 2.3 2.8
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Table 21: Age, height and body mass o f the participants in Study V.

N Age

(years)

H eight

(m )

Body m ass 

(kg)

1 20.0 1.7 57.0
2 30.0 1.9 78.0
3 25.0 1.8 82.0
4 24.0 1.8 69.0
5 19.0 1.8 73.0
6 24.0 2.0 103.0
7 32.0 1.7 81.0
8 31.0 1.9 80.0
9 27.0 1.7 58.0
10 22.0 1.8 66.0
11 27.0 1.8 84.0
12 20.0 1.8 81.0
13 20.0 2.0 88.0
14 19.0 1.9 -

15 20.0 1.8 78.0
16 26.0 1.9 85.0
17 27.0 1.8 81.0

X 24.3 1.8 77.8
SD 4.3 0.1 11.4

288



Table 22: Electromyographic activity (EMG) o f the biceps brachii during maximum 

voluntary contraction (MVC) and percentage EMG of maximum voluntary contraction 

(%MVC) during concentric external (ERcon), eccentric internal (IRecc), concentric internal

(IRcon) and eccentric external rotator (ERecc) actions at 45° o f shoulder elevation and 

isokinetic velocities o f  60 and 180°-s''.

N EM G

mV
60

45° shoulder elevation 

° s ‘ 1 8 0 °s '
ERcon IRecc IRcon ERecc ERcon IRecc IRcon ERecc

1 2.399 34.7 25.5 21.1 45.9 23.1 32.5 29.8 36.7
2 1.804 6.3 27.1 20.5 25.7 10.0 28.0 23.2 34.4
3 1.513 21.7 34.7 21.6 48.3 19.9 37.3 21.3 46.7
4 1.134 21.8 23.6 16.2 26.3 17.8 21.2 16.5 24.9
5 1.739 22.4 17.5 9.8 34.5 20.0 24.7 13.2 26.4
6 0.713 27.7 55.5 44.7 43.6 53.0 50.0 47.2 61.1
7 1.448 7.3 20.8 15.1 8.5 7.4 39.1 20.9 9.7
8 1.242 33.9 15.1 10.3 38.1 40.5 19.7 14.8 47.0
9 0.986 12.0 71.8 63.3 25.2 14.5 78.9 75.6 36.0
10 0.914 38.1 39.5 46.6 46.1 33.8 71.8 63.7 53.5
11 0.983 12.2 54.1 43.9 14.4 12.1 60.5 63.0 16.9
12 0.566 18.4 36.6 46.5 26.3 19.3 57.2 41.2 27.1
13 0.773 35.6 33.9 14.6 64.1 26.8 45.7 13.6 60.9
14 0.995 70.1 81.2 67.7 76.3 81.4 80.2 53.2 76.1
15 0.614 33.7 40.4 20.7 47.1 52.1 41.6 24.3 50.8
16 0.727 55.5 47.9 54.5 48.3 55.8 64.5 57.5 79.0
17 1.578 68.7 33.6 24.0 61.4 76.8 40.8 22.2 58.8

X
SD

1.184
0.500

30.6
19.3

38.8
18.4

31.8
19.1

40.0
17.9

33.2
23.0

46.7
19.4

35.4
20.6

43.9
19.8
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Table 23: Electromyographic activity (EMG) of the biceps brachii during maximum 

voluntary contraction (MVC) and percentage EMG of maximum voluntary contraction 

(%MVC) during concentric external (ERcon), eccentric internal (IRecc), concentric internal

(IRcon) and eccentric external rotator (ERecc) actions at 90° o f shoulder elevation and 

isokinetic velocities o f 60 and 180° s''.

N EMG

mV
60“•s‘

90° shoulder elevation
180°-s'

ERcon IRecc IRcon ERecc ERcon IRecc IRcon ERecc

1 2.399 44.6 33.6 31.9 48.8 35.5 30.1 31.1 47.4
2 1.804 26.8 29.7 17.1 40.7 11.2 26.3 15.8 53.7
3 1.513 21.2 27.4 17.8 50.9 35.4 33.6 18.3 51.1
4 1.134 44.4 27.6 19.4 45.6 45.2 31.0 20.5 38.8
5 1.739 32.2 34.0 14.2 42.7 27.6 29.3 12.7 45.5
6 0.713 51.4 40.9 51.4 59.7 62.9 50.0 60.1 63.8
7 1.448 9.0 23.9 9.5 16.4 12.0 26.4 16.3 14.5
8 1.242 26.1 14.0 10.4 38.8 26.5 18.1 12.2 54.3
9 0.986 23.5 75.8 67.4 62.8 28.7 97.8 96.6 69.8
10 0.914 59.5 52.8 45.0 103.0 76.7 63.5 47.3 121.1
11 0.983 13.9 46.3 45.0 27.1 15.1 57.3 63.0 44.4
12 0.566 26.7 34.7 22.6 36.7 34.7 60.7 31.8 42.6
13 0.773 52.5 42.1 14.0 69.6 54.3 51.5 14.3 70.8
14 0.995 84.0 55.8 56.4 112.1 81.6 65.3 40.2 90.7
15 0.614 37.1 56.7 38.9 34.8 33.6 51.6 37.9 47.6
16 0.727 55.1 50.4 30.8 58.9 71.7 52.4 46.7 56.9
17 1.578 55.3 24.2 13.8 56.6 49.8 32.3 15.5 46.3

X
SD

1.184
0.500

39.0
19.3

39.4
15.5

29.7
17.9

53.2
24.5

41.3
22.0

45.7
20.1

34.2
23.2

56.4
23.2
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Table 24: Average moment (Nm) o f concentric external (ERcon), eccentric internal (IRecc),

concentric internal (IRcon) and eccentric external rotation (ERecc) o f the shoulder at 45° o f 

shoulder elevation and isokinetic velocities o f 60 and 180°-s'*.

N

ERcon
60°-s‘

IRecc IRcon

45° shoulder elevation 

ERecc ERcon
180

IRecc
°-s-'

IRcon ERecc

1 28.0 36.0 28.0 28.0 21.0 32.0 21.0 25.0
2 16.0 50.0 38.0 29.0 15.0 39.0 35.0 28.0
3 22.0 39.0 31.0 27.0 21.0 35.0 29.0 28.0
4 17.0 25.0 19.0 22.0 15.0 21.0 16.0 20.0
5 19.0 31.0 28.0 28.0 14.0 28.0 28.0 25.0
6 30.0 54.0 46.0 39.0 27.0 38.0 37.0 39.0
7 24.0 33.0 28.0 27.0 22.0 33.0 26.0 26.0
8 21.0 46.0 29.0 31.0 16.0 37.0 27.0 29.0
9 14.0 26.0 24.0 21.0 9.0 23.0 22.0 18.0
10 18.0 34.0 27.0 24.0 18.0 34.0 24.0 22.0
11 25.0 48.0 42.0 31.0 22.0 42.0 38.0 29.0
12 28.0 36.0 35.0 30.0 27.0 37.0 34.0 29.0
13 21.0 34.0 32.0 25.0 22.0 31.0 29.0 26.0
14 23.0 31.0 29.0 27.0 20.0 27.0 26.0 27.0
15 25.0 32.0 36.0 34.0 17.0 33.0 30.0 28.0
16 20.0 39.0 30.0 26.0 16.0 39.0 25.0 28.0
17 22.0 31.0 29.0 33.0 25.0 32.0 27.0 32.0

X
SD

21.9
4.4

36.8
8.3

31.2
6.5

28.4
4.5

19.2
4.9

33.0
5.7

27.9
5.8

27.0
4.7

291



Table 25: Average moment (Nm) o f concentric external (ERcon), eccentric internal (IRecc),

concentric internal (IRcon) and eccentric external rotation (ERecc) o f the shoulder at 90° o f  

shoulder elevation and isokinetic velocities o f 60 and 180°-s''.

N

ERcon
6 0 ° s ‘

IRecc IRcon

90° shoulder elevation 

ERecc ERcon
180

IRecc
°-s-’

IRcon ERecc

1 28.0 25.0 28.0 23.0 23.0 24.0 23.0 21.0
2 34.0 50.0 45.0 37.0 22.0 45.0 39.0 35.0
3 28.0 36.0 33.0 34.0 22.0 35.0 27.0 33.0
4 22.0 23.0 20.0 24.0 18.0 17.0 14.0 23.0
5 29.0 35.0 33.0 34.0 20.0 31.0 24.0 32.0
6 39.0 39.0 41.0 50.0 33.0 36.0 35.0 45.0
7 35.0 36.0 30.0 39.0 34.0 34.0 29.0 40.0
8 23.0 30.0 29.0 33.0 19.0 28.0 21.0 33.0
9 15.0 26.0 31.0 24.0 15.0 28.0 23.0 23.0
10 23.0 34.0 30.0 34.0 19.0 30.0 24.0 30.0
11 32.0 40.0 35.0 33.0 27.0 35.0 33.0 34.0
12 35.0 48.0 41.0 37.0 30.0 40.0 40.0 37.0
13 27.0 29.0 29.0 33.0 23.0 28.0 27.0 31.0
14 22.0 26.0 22.0 30.0 18.0 27.0 21.0 27.0
15 31.0 45.0 44.0 38.0 27.0 43.0 41.0 31.0
16 28.0 36.0 35.0 31.0 25.0 33.0 25.0 34.0
17 32.0 35.0 28.0 30.0 29.0 34.0 26.0 36.0

X
SD

28.4
6.1

34.9
7.9

32.6
7.0

33.2
6.5

23.8
5.5

32.2
6.9

27.8
7.5

32.1
6.2
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Table 26: Age, height and body mass o f the participants in Study VI.

N Age

(years)

H eight

(m)

Body m ass 

(kg)

1 26.0 1.9 88.0
2 25.0 1.8 75.0
3 21.0 1.9 91.0
4 26.0 1.8 87.0
5 22.0 1.8 87.0
6 27.0 1.8 95.0
7 21.0 1.8 83.0
8 19.0 1.8 78.0
9 19.0 1.9 82.0
10 25.0 1.8 80.0
11 27.0 1.8 82.0
12 28.0 1.8 77.0
13 24.0 1.9 99.0
14 23.0 1.7 65.0
15 24.0 1.8 66.0
16 32.0 1.7 76.0
17 28.0 1.8 83.0
18 23.0 1.9 81.0
19 22.0 1.7 83.0
20 25.0 1.7 75.0
21 30.0 1.7 92.0
22 20.0 1.7 65.0
23 19.0 1.7 64.0
24 19.0 1.8 73.0
25 19.0 1.8 78.0
26 20.0 1.7 79.0
27 26.0 1.7 67.0
28 34.0 1.7 81.0
29 24.0 1.8 69.0
30 21.0 1.7 57.0

X
SD

24.0
4.0

1.8
0.1

78.6
9.9
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Table 27: Concentric average moment (Nm) o f isokinetic elbow flexion with the forearm in 

supination and in the neutral position recorded in two consecutive sessions (A and B) for the 

dominant and non-dominant side at 30, 60 and 120°-s'' (data used in the assessment o f intra

examiner reliability).

N
30

Isokinetic velocities (°-s *) 
60 120

Supination N eutral Supination N eutral Supination Neutral

A B A B A B A B A B A B

Dom inant side

1 49.0 52.0 53.0 52.0 52.0 50.0 50.0 51.0 44.0 44.0 46.0 43.0
2 64.0 58.0 61.0 58.0 58.0 56.0 62.0 58.0 49.0 50.0 55.0 55.0
3 76.0 68.0 67.0 65.0 73.0 65.0 65.0 67.0 62.0 60.0 62.0 62.0
4 54.0 59.0 53.0 54.0 48.0 53.0 53.0 51.0 41.0 44.0 46.0 41.0
5 46.0 41.0 37.0 42.0 41.0 40.0 39.0 35.0 37.0 37.0 36.0 33.0
6 72.0 74.0 69.0 78.0 68.0 73.0 69.0 75.0 62.0 65.0 65.0 60.0
7 41.0 42.0 40.0 42.0 40.0 44.0 40.0 42.0 37.0 38.0 35.0 38.0
8 32.0 33.0 37.0 39.0 35.0 31.0 35.0 33.0 30.0 28.0 32.0 30.0

X
SD

54.3
15.4

53.4
14.1

52.1
13.0

53.8
13.3

51.9 51.5 51.6 51.5 
13.6 13.5 12.9 14.8

45.3
11.7

45.8
12.2

47.1
12.6

45.3
12.3

Non dom inant side

1 52.0 55.0 55.0 62.0 47.0 60.0 52.0 57.0 44.0 44.0 39.0 51.0
2 58.0 46.0 53.0 46.0 55.0 46.0 52.0 45.0 48.0 41.0 45.0 40.0
3 65.0 64.0 56.0 60.0 61.0 57.0 60.0 57.0 54.0 57.0 50.0 55.0
4 51.0 57.0 52.0 57.0 42.0 54.0 40.0 53.0 43.0 47.0 41.0 46.0
5 45.0 48.0 37.0 50.0 41.0 44.0 38.0 46.0 39.0 38.0 33.0 41.0
6 68.0 70.0 51.0 69.0 65.0 68.0 62.0 69.0 58.0 62.0 52.0 60.0
7 41.0 44.0 36.0 39.0 39.0 44.0 34.0 36.0 34.0 39.0 31.0 35.0
8 34.0 36.0 35.0 37.0 31.0 31.0 31.0 36.0 29.0 27.0 27.0 31.0

X 51.8 52.5 46.9 52.5 47.6 50.5 46.1 49.9 43.6 44.4 39.8 44.9
SD 11.7 11.2 9.2 11.4 11.7 11.6 11.9 11.3 9.7 11.1 9.0 10.0
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Table 28: Concentric peak moment (Nm) o f isokinetic elbow flexion with the forearm in 

supination and in the neutral position recorded in two consecutive sessions (A and B) for the 

dominant and non-dominant side at 30, 60 and 120°-s’’ (data used in the assessment o f intra

examiner reliability).

N

30
Isokinetic velocities 

60 120
Supination Neutral Supination Neutral Supination Neutral
A B A B A B A B A B A B

Dominant side

1 53.0 56.0 55.0 55.0 57.0 55.0 57.0 55.0 49.0 49.0 52.0 49.0
2 69.0 61.0 66.0 63.0 64.0 60.0 67.0 64.0 55.0 55.0 62.0 61.0
3 85.0 73.0 78.0 71.0 83.0 72.0 74.0 73.0 70.0 68.0 71.0 69.0
4 60.0 63.0 58.0 59.0 52.0 58.0 60.0 55.0 46.0 48.0 50.0 48.0
5 50.0 44.0 39.0 47.0 44.0 45.0 43.0 40.0 42.0 41.0 40.0 39.0
6 77.0 80.0 73.0 83.0 74.0 79.0 74.0 82.0 73.0 76.0 74.0 70.0
7 44.0 44.0 44.0 45.0 43.0 48.0 45.0 46.0 43.0 43.0 40.0 43.0
8 37.0 38.0 40.0 44.0 38.0 38.0 38.0 40.0 35.0 33.0 35.0 36.0

X
SD

59.4
16.6

57.4
14.8

56.6
14.9

58.4
13.7

56.9 56.9 57.3 56.9
15.9 13.7 14.1 15.3

51.6
13.6

51.6
14.3

53.0
14.7

51.9
13.2

Non dominant side

1 57.0 60.0 60.0 68.0 52.0 60.0 60.0 62.0 51.0 49.0 44.0 58.0
2 63.0 52.0 58.0 51.0 61.0 46.0 59.0 49.0 54.0 48.0 53.0 46.0
3 72.0 70.0 61.0 68.0 68.0 57.0 67.0 62.0 62.0 63.0 57.0 60.0
4 56.0 63.0 58.0 64.0 49.0 54.0 43.0 58.0 48.0 53.0 47.0 54.0
5 49.0 54.0 42.0 55.0 46.0 44.0 44.0 51.0 45.0 45.0 37.0 48.0
6 73.0 76.0 56.0 74.0 72.0 68.0 69.0 75.0 66.0 70.0 59.0 68.0
7 44.0 46.0 38.0 40.0 42.0 44.0 37.0 38.0 37.0 42.0 35.0 38.0
8 44.0 42.0 43.0 42.0 40.0 31.0 39.0 44.0 35.0 33.0 34.0 39.0

X 57.3 57.9 52.0 57.8 53.8 50.5 52.3 54.9 49.8 50.4 45.8 51.4
SD 11.5 11.6 9.3 12.7 12.0 11.6 12.9 11.8 11.0 11.7 9.9 10.5
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Table 29: Concentric average moment (Nm) of isokinetic elbow flexion with the forearm in 

supination (S) and in the neutral position (NP) for the dominant and non-dominant side at 30, 

60 and 120° s’’.

N

30° s'
Dominant side

6 0°s'

0O

■s' o 0

Non-dominant side 

s ‘ 6 0 °s ' 120° ■s-'
S NP S NP s NP S NP S NP S NP

1 75.0 69.0 73.0 69.0 63.0 57.0 55.0 56.0 55.0 55.0 51.0 50.0
2 51.0 47.0 50.0 47.0 45.0 46.0 54.0 50.0 53.0 50.0 45.0 47.0
3 58.0 52.0 55.0 54.0 54.0 50.0 65.0 56.0 62.0 60.0 55.0 57.0
4 48.0 52.0 46.0 49.0 40.0 45.0 42.0 48.0 43.0 42.0 43.0 40.0
5 49.0 53.0 52.0 50.0 44.0 46.0 52.0 55.0 47.0 52.0 44.0 39.0
6 51.0 55.0 53.0 48.0 48.0 43.0 54.0 50.0 55.0 49.0 47.0 42.0
7 60.0 57.0 63.0 57.0 50.0 51.0 55.0 53.0 52.0 51.0 48.0 41.0
8 52.0 47.0 50.0 45.0 44.0 43.0 49.0 49.0 46.0 49.0 40.0 44.0
9 64.0 61.0 58.0 62.0 49.0 55.0 58.0 53.0 55.0 52.0 48.0 45.0
10 76.0 67.0 73.0 65.0 62.0 62.0 65.0 56.0 61.0 60.0 54.0 50.0
11 54.0 53.0 48.0 53.0 41.0 46.0 51.0 52.0 42.0 40.0 43.0 41.0
12 46.0 37.0 41.0 39.0 37.0 36.0 45.0 37.0 41.0 38.0 39.0 33.0
13 72.0 69.0 68.0 69.0 62.0 65.0 68.0 51.0 65.0 62.0 58.0 52.0
14 41.0 40.0 40.0 40.0 37.0 35.0 41.0 36.0 39.0 34.0 34.0 31.0
15 32.0 37.0 35.0 35.0 30.0 32.0 34.0 35.0 31.0 31.0 29.0 27.0
16 61.0 60.0 57.0 52.0 49.0 49.0 55.0 47.0 51.0 46.0 46.0 40.0
17 68.0 81.0 80.0 79.0 68.0 69.0 64.0 67.0 64.0 70.0 60.0 59.0
18 49.0 37.0 44.0 34.0 36.0 28.0 43.0 40.0 42.0 38.0 38.0 35.0
19 42.0 29.0 40.0 33.0 38.0 29.0 37.0 31.0 37.0 32.0 33.0 30.0
20 39.0 34.0 37.0 31.0 34.0 32.0 33.0 33.0 35.0 34.0 29.0 31.0
21 40.0 39.0 37.0 36.0 33.0 33.0 36.0 33.0 35.0 32.0 29.0 29.0
22 52.0 54.0 53.0 50.0 45.0 40.0 44.0 41.0 42.0 38.0 36.0 31.0
23 45.0 42.0 43.0 40.0 40.0 34.0 42.0 39.0 40.0 37.0 37.0 34.0
24 51.0 44.0 44.0 40.0 39.0 35.0 53.0 47.0 50.0 44.0 43.0 37.0
25 53.0 45.0 50.0 47.0 45.0 37.0 56.0 55.0 54.0 53.0 47.0 44.0
26 47.0 48.0 41.0 48.0 34.0 33.0 45.0 45.0 42.0 44.0 33.0 34.0
27 36.0 39.0 34.0 32.0 32.0 33.0 36.0 39.0 33.0 34.0 31.0 31.0
28 62.0 56.0 67.0 58.0 57.0 49.0 60.0 54.0 58.0 55.0 52.0 48.0
29 31.0 33.0 33.0 37.0 35.0 36.0 41.0 48.0 46.0 47.0 44.0 46.0
30 43.0 40.0 40.0 40.0 36.0 36.0 44.0 40.0 44.0 39.0 37.0 35.0

X 51.6 49.2 50.2 48.0 44.2 42.8 49.2 46.5 47.3 45.6 42.4 40.1
SD 11.8 12.3 12.6 12.2 10.2 10.9 9.9 8.8 9.5 10.2 8.7 8.5
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Table 30: Concentric peak moment (Nm) of isokinetic elbow flexion with the forearm in 

supination (S) and m the neutral position (NP) for the dominant and non-dominant side at 30, 

60 and 120°-s''.

N
30°■s'

Dominant side
60°s* 120°•s' 30°

Non-dominant side 
s ‘ 60°s' 120°•s'

S NP S NP S NP S NP S NP S NP

1 85.0 79.0 84.0 79.0 73.0 66.0 60.0 63.0 60.0 58.0 56.0 57.0
2 54.0 51.0 53.0 50.0 50.0 51.0 59.0 53.0 57.0 53.0 51.0 51.0
3 64.0 57.0 68.0 66.0 65.0 61.0 71.0 59.0 74.0 68.0 66.0 66.0
4 49.0 55.0 48.0 53.0 44.0 52.0 45.0 52.0 49.0 46.0 49.0 48.0
5 53.0 55.0 57.0 57.0 49.0 52.0 57.0 60.0 52.0 60.0 51.0 44.0
6 55.0 60.0 58.0 52.0 54.0 48.0 57.0 55.0 60.0 53.0 51.0 47.0
7 63.0 64.0 68.0 62.0 56.0 57.0 58.0 60.0 55.0 61.0 51.0 47.0
8 57.0 51.0 57.0 51.0 50.0 49.0 54.0 54.0 54.0 56.0 48.0 50.0
9 69.0 66.0 64.0 67.0 55.0 62.0 63.0 58.0 61.0 59.0 54.0 53.0
10 85.0 78.0 83.0 74.0 70.0 71.0 72.0 61.0 68.0 67.0 62.0 57.0
11 60.0 58.0 52.0 60.0 46.0 50.0 56.0 58.0 49.0 43.0 48.0 47.0
12 50.0 39.0 44.0 43.0 42.0 40.0 49.0 42.0 46.0 44.0 45.0 37.0
13 77.0 73.0 74.0 74.0 73.0 74.0 73.0 56.0 72.0 69.0 66.0 59.0
14 44.0 44.0 43.0 45.0 43.0 40.0 44.0 38.0 42.0 37.0 37.0 35.0
15 37.0 40.0 38.0 38.0 35.0 35.0 44.0 43.0 40.0 39.0 35.0 34.0
16 66.0 66.0 67.0 58.0 58.0 57.0 58.0 50.0 55.0 50.0 52.0 44.0
17 75.0 87.0 89.0 86.0 77.0 79.0 68.0 71.0 70.0 74.0 66.0 65.0
18 51.0 38.0 46.0 37.0 39.0 31.0 46.0 42.0 46.0 41.0 42.0 38.0
19 50.0 38.0 44.0 36.0 42.0 32.0 39.0 34.0 40.0 37.0 36.0 34.0
20 40.0 36.0 39.0 34.0 38.0 36.0 35.0 37.0 37.0 40.0 32.0 37.0
21 42.0 44.0 39.0 41.0 37.0 39.0 40.0 37.0 36.0 37.0 32.0 33.0
22 54.0 59.0 56.0 55.0 49.0 45.0 46.0 42.0 47.0 42.0 39.0 35.0
23 48.0 46.0 46.0 43.0 45.0 39.0 46.0 45.0 43.0 41.0 43.0 39.0
24 58.0 47.0 49.0 45.0 45.0 38.0 58.0 50.0 55.0 47.0 51.0 41.0
25 54.0 47.0 53.0 50.0 48.0 43.0 61.0 61.0 56.0 58.0 52.0 50.0
26 50.0 53.0 47.0 52.0 38.0 36.0 50.0 48.0 46.0 47.0 39.0 37.0
27 39.0 45.0 37.0 37.0 34.0 38.0 38.0 42.0 34.0 38.0 34.0 38.0
28 69.0 59.0 74.0 63.0 64.0 56.0 65.0 60.0 64.0 63.0 58.0 56.0
29 33.0 35.0 34.0 40.0 40.0 41.0 44.0 52.0 50.0 51.0 49.0 51.0
30 50.0 44.0 47.0 44.0 44.0 44.0 47.0 43.0 48.0 44.0 42.0 40.0

X 56.0 53.8 55.3 53.1 50.1 48.7 53.4 50.9 52.2 50.8 47.9 45.7
SD 13.3 13.6 14.9 13.7 12.1 12.7 10.6 9.4 10.7 10.9 9.9 9.5
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Table 31: Age, height and body mass o f the participant in study VII.

N Age

(years)

H eight

(m)

Body mass 

(kg)

1 22.0 1.8 83.0
2 26.0 1.7 75.0
3 35.0 1.9 87.0
4 21.0 1.8 81.0
5 25.0 1.8 83.0
6 24.0 1.8 80.0
7 31.0 1.7 92.0
8 27.0 1.7 94.0
9 28.0 1.8 73.0

10 18.0 1.7 76.0
11 29.0 1.8 73.0
12 22.0 1.7 65.0
13 21.0 2.0 89.0
14 23.0 1.9 81.0
15 26.0 1.9 84.0
16 31.0 1.8 85.0
17 28.0 1.9 86.0
18 20.0 1.7 60.0
19 23.0 1.8 74.0
20 25.0 1.8 75.0
21 31.0 1.9 77.0
22 23.0 1.8 74.0
23 20.0 1.7 81.0
24 19.0 1.7 63.0
25 25.0 1.8 79.0
26 24.0 1.7 66.0
27 26.0 1.9 83.0
28 26.0 1.7 58.0
29 22.0 1.8 64.0
30 26.0 -

31 26.0 1.7 67.0
32 25.0 1.7 75.0
33 28.0 1.8 92.0
34 33.0 1.8 72.0
35 19.0 1.8 71.0
36 29.0 1.8 60.0
37 25.0 1.7 61.0
38 28.0 1.7 72.0
39 25.0 1.8 86.0
40 19.0 1.8 68.0

X 25.1 1.8 76.0
SD 4.0 0.1 9.7

Missing values
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Table 32: Concentric (Con) and eccentric (Ecc) average moment (Nm) of the internal and 

external rotators o f the shoulder for the dominant and non-dominant side at 60 and 120°-s’'.

N Dominant side 

Internal rotation External rotation 

6 0 °s ‘ 120°s‘ 6 0 °s ‘ 120°s* 
Con Ecc Con Ecc Con Ecc Con Ecc

Non-dominant side 

Internal rotation External rotation 

60°s' 120°s' 60°s' 120°s‘ 
Con Ecc Con Ecc Con Ecc Con Ecc

1 44.0 49.0 39.0 46.0 29.0 35.0 27.0 36.0 37.0 46.0 36.0 45.0 33.0 40.0 32.0 41.0
2 44.0 51.0 42.0 47.0 41.0 42.0 36.0 34.0 48.0 52.0 50.0 53.0 37.0 31.0 25.0 32.0
3 31.0 36.0 30.0 38.0 22.0 26.0 20.0 25.0 34.0 40.0 30.0 36.0 19.0 25.0 18.0 23.0
4 33.0 38.0 30.0 37.0 26.0 27.0 22.0 30.0 31.0 38.0 29.0 40.0 23.0 24.0 23.0 27.0
5 29.0 30.0 33.0 34.0 18.0 23.0 19.0 24.0 36.0 28.0 35.0 31.0 21.0 25.0 20.0 23.0
6 57.0 67.0 55.0 64.0 34.0 36.0 32.0 37.0 51.0 62.0 46.0 55.0 33.0 39.0 31.0 36.0
7 37.0 40.0 38.0 41.0 21.0 23.0 18.0 22.0 37.0 45.0 37.0 47.0 16.0 23.0 17.0 22.0
8 54.0 68.0 52.0 55.0 42.0 51.0 39.0 44.0 61.0 66.0 50.0 56.0 32.0 37.0 30.0 38.0
9 37.0 44.0 32.0 46.0 28.0 29.0 24.0 29.0 37.0 39.0 31.0 40.0 27.0 30.0 27.0 32.0

10 32.0 33.0 31.0 33.0 22.0 27.0 22.0 27.0 32.0 35.0 31.0 41.0 25.0 27.0 25.0 27.0
11 35.0 35.0 33.0 33.0 24.0 34.0 22.0 31.0 31.0 40.0 28.0 31.0 27.0 29.0 24.0 29.0
12 37.0 44.0 34.0 41.0 24.0 30.0 22.0 30.0 36.0 43.0 33.0 41.0 24.0 28.0 21.0 28.0
13 33.0 43.0 30.0 35.0 26.0 33.0 24.0 33.0 27.0 33.0 22.0 28.0 23.0 31.0 22.0 30.0
14 33.0 37.0 30.0 31.0 20.0 24.0 22.0 24.0 34.0 38.0 29.0 34.0 26.0 28.0 24.0 28.0
15 32.0 38.0 29.0 34.0 21.0 28.0 20.0 28.0 28.0 32.0 27.0 31.0 18.0 27.0 16.0 27.0
16 40.0 43.0 37.0 41.0 31.0 35.0 26.0 31.0 48.0 44.0 43.0 41.0 30.0 34.0 25.0 30.0
17 52.0 52.0 51.0 47.0 28.0 37.0 30.0 35.0 45.0 42.0 46.0 46.0 27.0 38.0 27.0 36.0
18 40.0 44.0 35.0 41.0 22.0 29.0 19.0 27.0 37.0 41.0 32.0 35.0 19.0 24.0 17.0 22.0
19 41.0 42.0 37.0 40.0 34.0 36.0 31.0 38.0 43.0 43.0 35.0 43.0 30.0 39.0 25.0 35.0
20 44.0 43.0 42.0 41.0 30.0 35.0 28.0 34.0 42.0 46.0 38.0 41.0 28.0 31.0 27.0 29.0
21 30.0 33.0 28.0 30.0 18.0 23.0 18.0 23.0 23.0 32.0 31.0 35.0 17.0 26.0 17.0 25.0
22 35.0 41.0 32.0 40.0 25.0 35.0 25.0 34.0 36.0 41.0 33.0 40.0 27.0 33.0 26.0 33.0
23 31.0 29.0 29.0 31.0 26.0 28.0 25.0 26.0 26.0 21.0 26.0 24.0 21.0 21.0 22.0 21.0
24 49.0 54.0 45.0 49.0 27.0 30.0 22.0 29.0 39.0 47.0 42.0 45.0 28.0 35.0 24.0 29.0
25 43.0 48.0 42.0 44.0 30.0 37.0 28.0 38.0 49.0 55.0 50.0 55.0 36.0 40.0 32.0 41.0
26 55.0 64.0 48.0 57.0 28.0 34.0 24.0 35.0 42.0 53.0 43.0 51.0 34.0 43.0 32.0 44.0
27 52.0 65.0 44.0 65.0 30.0 41.0 25.0 41.0 50.0 53.0 48.0 54.0 33.0 51.0 28.0 40.0
28 36.0 29.0 27.0 27.0 22.0 27.0 20.0 27.0 30.0 37.0 28.0 34.0 17.0 22.0 14.0 19.0
29 28.0 28.0 32.0 31.0 18.0 23.0 17.0 23.0 26.0 24.0 28.0 28.0 19.0 17.0 21.0 23.0
30 35.0 39.0 30.0 37.0 29.0 34.0 27.0 33.0 34.0 39.0 34.0 36.0 25.0 28.0 22.0 28.0
31 29.0 31.0 27.0 34.0 17.0 22.0 16.0 20.0 23.0 32.0 20.0 30.0 13.0 17.0 13.0 17.0
32 27.0 26.0 28.0 27.0 19.0 22.0 16.0 22.0 28.0 25.0 27.0 24.0 17.0 19.0 15.0 20.0
33 26.0 27.0 24.0 27.0 19.0 26.0 19.0 24.0 24.0 29.0 26.0 27.0 22.0 27.0 24.0 30.0
34 30.0 32.0 27.0 31.0 23.0 31.0 22.0 32.0 31.0 42.0 34.0 36.0 20.0 24.0 16.0 25.0
35 36.0 40.0 30.0 41.0 29.0 35.0 25.0 34.0 34.0 45.0 37.0 48.0 26.0 34.0 24.0 32.0
36 28.0 35.0 29.0 34.0 13.0 17.0 13.0 18.0 30.0 32.0 27.0 32.0 16.0 16.0 15.0 18.0
37 34.0 35.0 32.0 32.0 24.0 30.0 21.0 29.0 34.0 36.0 30.0 35.0 24.0 31.0 23.0 29.0
38 38.0 41.0 34.0 40.0 30.0 32.0 33.0 34.0 34.0 36.0 33.0 38.0 22.0 24.0 21.0 26.0
39 47.0 57.0 43.0 49.0 37.0 33.0 29.0 35.0 46.0 49.0 35.0 44.0 33.0 34.0 32.0 37.0
40 33.0 33.0 34.0 32.0 21.0 24.0 20.0 24.0 33.0 31.0 34.0 30.0 22.0 25.0 18.0 23.0

X 37.7 41.6 35.1 39.6 25.7 30.6 23.7 30.0 36.2 40.3 34.4 39.0 24.8 29.4 22.9 28.9
SD 8.4 11.1 7.6 9.4 6.4 6.6 5.6 6.0 8.6 9.8 7.8 8.9 6.2 7.6 5.4 6.7
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Table 33: Concentric (Con) and eccentric (Ecc) peak moment (Nm) of the internal and 

external rotators of the shoulder for the dominant and non-dominant side at 60 and 120° s''.

N Dominant side 
Internal rotation External rotation 

60°-s‘ 120°-s' 60°s‘ 120°s‘ 
Con Ecc Con Ecc Con Ecc Con Ecc

Non-dominant side 
Internal rotation External rotation
60°s* 120°s' 60°-s' 120°s' 

Con Ecc Con Ecc Con Ecc Con Ecc

1 47.0 55.0 44.0 55.0 34.0 41.0 36.0 45.0 40.0 53.0 42.0 56.0 40.0 47.0 39.0 48.0
2 51.0 61.0 48.0 59.0 46.0 47.0 39.0 41.0 53.0 57.0 57.0 63.0 40.0 36.0 31.0 43.0
3 34.0 39.0 34.0 43.0 25.0 28.0 23.0 27.0 36.0 45.0 35.0 42.0 22.0 27.0 22.0 25.0
4 38.0 43.0 34.0 47.0 28.0 30.0 27.0 33.0 35.0 46.0 33.0 51.0 27.0 27.0 29.0 30.0
5 32.0 32.0 37.0 39.0 22.0 25.0 24.0 27.0 41.0 32.0 42.0 37.0 23.0 29.0 23.0 26.0
6 62.0 78.0 62.0 78.0 41.0 40.0 39.0 42.0 55.0 69.0 51.0 61.0 42.0 43.0 39.0 41.0
7 44.0 44.0 44.0 45.0 27.0 30.0 23.0 30.0 40.0 53.0 43.0 57.0 23.0 28.0 22.0 25.0
8 63.0 79.0 60.0 65.0 45.0 57.0 39.0 52.0 67.0 72.0 58.0 66.0 36.0 41.0 35.0 44.0
9 39.0 50.0 35.0 57.0 30.0 31.0 27.0 33.0 42.0 43.0 37.0 46.0 33.0 31.0 31.0 35.0

10 35.0 36.0 34.0 38.0 26.0 28.0 26.0 32.0 37.0 38.0 34.0 47.0 32.0 30.0 32.0 34.0
11 39.0 45.0 40.0 42.0 28.0 37.0 27.0 36.0 37.0 47.0 32.0 39.0 29.0 33.0 27.0 34.0
12 40.0 50.0 38.0 47.0 29.0 33.0 27.0 34.0 38.0 45.0 38.0 45.0 29.0 33.0 25.0 33.0
13 37.0 53.0 34.0 43.0 29.0 36.0 26.0 37.0 31.0 39.0 27.0 35.0 27.0 36.0 26.0 35.0
14 36.0 41.0 33.0 34.0 24.0 28.0 24.0 26.0 36.0 42.0 31.0 40.0 29.0 31.0 27.0 31.0
15 37.0 44.0 36.0 43.0 24.0 30.0 23.0 30.0 33.0 35.0 32.0 35.0 22.0 30.0 20.0 31.0
16 49.0 52.0 45.0 53.0 35.0 45.0 29.0 42.0 54.0 49.0 50.0 50.0 35.0 39.0 30.0 39.0
17 61.0 62.0 61.0 59.0 34.0 44.0 39.0 41.0 51.0 50.0 53.0 52.0 34.0 43.0 34.0 46.0
18 46.0 50.0 40.0 50.0 25.0 35.0 19.0 31.0 40.0 49.0 37.0 44.0 22.0 27.0 20.0 27.0
19 45.0 49.0 45.0 48.0 39.0 40.0 36.0 43.0 51.0 50.0 42.0 50.0 35.0 43.0 29.0 41.0
20 49.0 47.0 48.0 48.0 34.0 38.0 32.0 39.0 47.0 51.0 43.0 47.0 34.0 34.0 33.0 33.0
21 35.0 37.0 33.0 35.0 21.0 25.0 21.0 25.0 25.0 35.0 36.0 40.0 21.0 28.0 20.0 27.0
22 40.0 48.0 37.0 49.0 30.0 40.0 29.0 40.0 40.0 50.0 38.0 50.0 31.0 41.0 28.0 39.0
23 34.0 31.0 34.0 34.0 31.0 32.0 29.0 31.0 30.0 25.0 30.0 28.0 22.0 24.0 26.0 24.0
24 53.0 63.0 52.0 59.0 30.0 34.0 25.0 29.0 46.0 51.0 50.0 52.0 32.0 43.0 28.0 35.0
25 45.0 52.0 47.0 49.0 37.0 40.0 35.0 44.0 52.0 60.0 57.0 63.0 45.0 45.0 40.0 49.0
26 60.0 75.0 54.0 68.0 33.0 41.0 29.0 35.0 48.0 62.0 49.0 63.0 41.0 48.0 37.0 50.0
27 58.0 74.0 51.0 77.0 34.0 48.0 30.0 47.0 55.0 63.0 55.0 65.0 43.0 61.0 36.0 47.0
28 41.0 32.0 31.0 30.0 25.0 30.0 20.0 31.0 34.0 43.0 33.0 39.0 20.0 24.0 18.0 22.0
29 34.0 31.0 36.0 34.0 20.0 25.0 21.0 26.0 28.0 26.0 31.0 31.0 28.0 18.0 29.0 26.0
30 40.0 43.0 34.0 43.0 34.0 39.0 32.0 39.0 38.0 42.0 40.0 40.0 30.0 31.0 29.0 32.0
31 34.0 35.0 32.0 39.0 20.0 26.0 18.0 25.0 25.0 34.0 23.0 36.0 19.0 21.0 17.0 20.0
32 29.0 30.0 33.0 30.0 22.0 23.0 22.0 24.0 31.0 30.0 31.0 30.0 19.0 22.0 18.0 25.0
33 30.0 31.0 27.0 32.0 22.0 29.0 23.0 26.0 28.0 35.0 29.0 34.0 25.0 30.0 30.0 34.0
34 37.0 39.0 36.0 40.0 27.0 34.0 28.0 34.0 32.0 52.0 37.0 44.0 23.0 24.0 20.0 28.0
35 41.0 45.0 34.0 49.0 33.0 40.0 27.0 38.0 40.0 52.0 44.0 59.0 28.0 38.0 28.0 35.0
36 33.0 40.0 36.0 39.0 20.0 20.0 19.0 21.0 33.0 36.0 32.0 38.0 19.0 21.0 19.0 22.0
37 37.0 42.0 36.0 37.0 27.0 35.0 24.0 34.0 41.0 43.0 37.0 41.0 27.0 35.0 28.0 34.0
38 39.0 42.0 35.0 44.0 31.0 32.0 34.0 36.0 38.0 40.0 37.0 43.0 29.0 27.0 27.0 33.0
39 51.0 66.0 49.0 54.0 41.0 39.0 32.0 40.0 50.0 55.0 40.0 52.0 40.0 37.0 38.0 44.0
40 38.0 38.0 40.0 38.0 23.0 26.0 21.0 28.0 36.0 34.0 39.0 33.0 23.0 27.0 21.0 25.0

X 42.3 47.6 40.5 46.8 29.7 34.5 27.6 34.4 40.4 45.8 39.6 46.1 29.5 33.3 27.8 33.8
SD 9.2 13.4 8.7 11.8 6.8 7.8 6.0 7.2 9.4 11.0 8.9 10.5 7.4 9.0 6.4 8.2
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Table 34: Concentric average moment data (Nm) o f the shoulder elevators and elbow flexors 

for the dominant and non-dominant side at 60 and 120°-s''.

N Dominant side 

Shoulder elevators Elbow flexors 

60°s* 120°s‘ 60°s* 120°s’

Non-dominant side 

Shoulder elevators Elbow flexors 

60°s' 120°-s‘ 6 0 °s ‘ 120°-s‘

1 47.0 44.0 34.0 28.0 45.0 40.0 38.0 35.0
2 28.0 26.0 27.0 22.0 31.0 24.0 27.0 23.0
3 55.0 52.0 46.0 43.0 63.0 59.0 40.0 36.0
4 39.0 39.0 30.0 27.0 44.0 39.0 25.0 23.0
5 56.0 56.0 40.0 42.0 58.0 55.0 37.0 34.0
6 60.0 57.0 50.0 41.0 53.0 46.0 43.0 37.0
7 65.0 61.0 58.0 52.0 66.0 57.0 45.0 38.0
8 60.0 58.0 48.0 43.0 51.0 48.0 46.0 41.0
9 69.0 57.0 55.0 53.0 60.0 63.0 52.0 45.0

10 55.0 48.0 39.0 35.0 53.0 50.0 37.0 33.0
11 50.0 46.0 35.0 34.0 43.0 43.0 35.0 35.0
12 59.0 55.0 48.0 44.0 56.0 56.0 39.0 36.0
13 57.0 50.0 38.0 37.0 55.0 55.0 33.0 30.0
14 78.0 67.0 61.0 55.0 60.0 58.0 58.0 52.0
15 41.0 41.0 29.0 25.0 51.0 45.0 40.0 36.0
16 61.0 58.0 44.0 40.0 55.0 51.0 48.0 42.0
17 44.0 44.0 30.0 29.0 45.0 41.0 27.0 26.0
18 66.0 58.0 39.0 34.0 59.0 55.0 42.0 34.0
19 41.0 34.0 38.0 32.0 35.0 30.0 34.0 29.0
20 36.0 32.0 31.0 29.0 34.0 28.0 31.0 25.0
21 41.0 44.0 37.0 32.0 29.0 37.0 38.0 39.0

X 52.8 48.9 40.8 37.0 49.8 46.7 38.8 34.7
SD 12.4 10.5 9.8 9.3 10.7 10.9 8.2 7.2

301



Table 35: Concentric peak moment data (Nm) o f the shoulder elevators and elbow flexors for 

the dominant and non-dominant side at 60 and 120°-s''.

N Dominant side 

Shoulder elevators Elbow flexors 

60°s* 120°s‘ 60°s' 120°s*

Non-dominant side 

Shoulder elevators Elbow flexors 

60°s* 120°s' 60°s' 120°s'

1 52.0 50.0 37.0 31.0 55.0 49.0 41.0 38.0
2 33.0 29.0 31.0 25.0 33.0 26.0 34.0 25.0
3 61.0 55.0 51.0 47.0 72.0 67.0 44.0 42.0
4 43.0 41.0 34.0 29.0 49.0 43.0 28.0 26.0
5 61.0 64.0 49.0 54.0 66.0 60.0 45.0 40.0
6 62.0 62.0 56.0 48.0 56.0 50.0 49.0 44.0
7 68.0 64.0 65.0 60.0 71.0 62.0 49.0 45.0
8 65.0 61.0 54.0 52.0 56.0 52.0 53.0 51.0
9 88.0 66.0 63.0 61.0 72.0 70.0 58.0 52.0

10 64.0 50.0 46.0 44.0 65.0 51.0 43.0 40.0
11 54.0 50.0 38.0 36.0 49.0 51.0 39.0 38.0
12 65.0 59.0 55.0 51.0 58.0 58.0 43.0 41.0
13 58.0 53.0 43.0 43.0 60.0 58.0 41.0 38.0
14 89.0 69.0 65.0 60.0 68.0 64.0 66.0 60.0
15 49.0 44.0 32.0 28.0 54.0 48.0 48.0 43.0
16 69.0 62.0 49.0 45.0 57.0 52.0 55.0 47.0
17 45.0 46.0 33.0 32.0 48.0 43.0 34.0 32.0
18 67.0 61.0 44.0 40.0 60.0 57.0 47.0 40.0
19 42.0 40.0 41.0 37.0 37.0 34.0 39.0 35.0
20 39.0 34.0 36.0 35.0 37.0 30.0 38.0 36.0
21 43.0 45.0 43.0 37.0 31.0 38.0 44.0 47.0

X 58.0 52.6 46.0 42.6 55.0 50.6 44.7 41.0
SD 14.7 11.1 10.8 11.0 12.5 11.8 8.7 8.2
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Table 36: Age height and body mass o f the participants in study VIII.

N Age

(years)

Height

(m)

Body mass

(kg)

1 23.0

Experim ental G roup

1.9 81.0
2 27.0 1.7 58.0
3 29.0 1.8 73.0
4 22.0 1.8 64.0
5 19.0 1.8 68.0
6 28.0 1.8 92.0
7 35.0 1.9 87.0
8 31.0 1.8 85.0

X
SD

26.8
5.2

1.8
0.1

76.0
12.1

Control G roup

1 21.0 2.0 89.0
2 28.0 1.9 86.0
3 31.0 1.7 92.0
4 24.0 1.8 66.0
5 26.0 1.9 84.0
6 20.0 1.7 81.0
7 25.0 1.8 83.0
8 26.0 1.8 74.0

X 25.1 1.8 81.9
SD 3.6 0.1 8.4
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Table 37: Pre- and post-intervention concentric (Con) and eccentric (Ecc) average moment

data (Nm) o f the internal and external rotators o f the shoulder for the experimental and control 

group at 60 and 120°-s‘'.

N Internal rotation External rotation

Concentric Eccentric Concentric Eccentric

6 0 ° s ‘ 120°-s* 6 0 ° s ’ 120'^s-‘ 60'■-s-‘ 120<’■s' 60°■s* O 0

P re Post Pre Post Pre Post Pre Post P re Post Pre Post Pre Post Pre Post

Experim ental G roup

1 33.0 39.0 30.0 40.0 37.0 43.0 31.0 43.0 20.0 28.0 22.0 25.0 24.0 33.0 24.0 32.0
2 32.0 26.0 29.0 22.0 29.0 26.0 28.0 20.0 16.0 15.0 15.0 13.0 21.0 20.0 19.0 17.0
3 35.0 39.0 33.0 42.0 35.0 38.0 33.0 40.0 24.0 28.0 22.0 25.0 34.0 33.0 31.0 33.0
4 28.0 30.0 32.0 30.0 28.0 35.0 31.0 34.0 18.0 18.0 17.0 15.0 23.0 23.0 23.0 21.0
5 33.0 33.0 34.0 30.0 33.0 33.0 32.0 32.0 21.0 21.0 20.0 22.0 24.0 24.0 24.0 24.0
6 25.0 29.0 26.0 31.0 29.0 29.0 28.0 28.0 22.0 26.0 24.0 24.0 26.0 29.0 27.0 32.0
7 34.0 34.0 30.0 31.0 40.0 43.0 36.0 47.0 19.0 20.0 18.0 18.0 25.0 24.0 23.0 25.0
8 48.0 50.0 43.0 44.0 44.0 45.0 41.0 41.0 30.0 29.0 25.0 28.0 34.0 29.0 30.0 29.0

X
SD

33.5
6.7

35.0
7.6

32.1
5.1

33.8
7.5

34.4
5.8

36.5
7.0

32.5
4.3

35.6
8.9

21.3
4.3

23.1
5.3

20.4
3.5

21.3
5.3

26.4
4.9

26.9
4.8

25.1
4.0

26.6
5.8

1 33.0 33.0 30.0 30.0 43.0 40.0

Control G roup

35.0 39.0 26.0 26.0 24.0 24.0 33.0 33.0 33.0 31.0
2 52.0 50.0 51.0 47.0 52.0 50.0 47.0 45.0 28.0 30.0 30.0 28.0 37.0 38.0 35.0 35.0
3 37.0 43.0 38.0 41.0 40.0 44.0 41.0 41.0 21.0 26.0 18.0 22.0 23.0 28.0 22.0 28.0
4 22.0 20.0 23.0 24.0 27.0 24.0 23.0 27.0 19.0 16.0 15.0 15.0 20.0 19.0 20.0 19.0
5 32.0 35.0 29.0 31.0 38.0 38.0 34.0 35.0 21.0 23.0 20.0 21.0 28.0 30.0 28.0 28.0
6 26.0 27.0 26.0 27.0 21.0 24.0 24.0 25.0 21.0 26.0 22.0 24.0 21.0 22.0 21.0 23.0
7 36.0 28.0 35.0 28.0 28.0 30.0 31.0 31.0 21.0 23.0 20.0 22.0 25.0 30.0 23.0 30.0
8 41.0 34.0 40.0 35.0 42.0 36.0 41.0 37.0 21.0 24.0 26.0 24.0 27.0 27.0 28.0 28.0

X 34.9 33.8 34.0 32.9 36.4 35.8 34.5 35.0 22.3 24.3 21.9 22.5 26.8 28.4 26.3 27.8
SD 9.2 9.4 9.0 7.7 10.2 9.3 8.4 6.9 3.1 4.0 4.7 3.7 5.9 6.0 5.7 4.9
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Table 38: Pre- and post-intervention concentric (Con) and eccentric (Ecc) average moment

per body weight ratio data of the internal and external rotators o f the shoulder for the 

experimental and control group at 60 and 120°-s‘'.

N Internal rotation External rotation

Concentric Eccentric Concentric Eccentric

60'>s-' 120°s* 60°•s‘ 120 “ s ' 60'■-s' 120<’-s'*

0OSO •s-‘ 120'=-s-'

Pre Post Pre Post Pre Post Pre Post P re Post P re Post P re Post Pre Post

Experim ental G roup

1 0.41 0.48 0.37 0.49 0.46 0.53 0.38 0.53 0.25 0.35 0.27 0.31 0.30 0.41 0.30 0.40
2 0.55 0.45 0.50 0.38 0.50 0.45 0.48 0.34 0.28 0.26 0.26 0 .2 2 0.36 0.34 0.33 0.29
3 0.48 0.53 0.45 0.58 0.48 0.52 0.45 0.55 0.33 0.38 0.30 0.34 0.47 0.45 0.42 0.45
4 0.44 0.47 0.50 0.47 0.44 0.55 0.48 0.53 0.28 0.28 0.27 0.23 0.36 0.36 0.36 0.33
5 0.49 0.49 0.50 0.44 0.49 0.49 0.47 0.47 0.31 0.31 0.29 0.32 0.35 0.35 0.35 0.35
6 0.27 0.32 0.28 0.34 0.32 0.32 0.30 0.30 0.24 0.28 0.26 0.26 0.28 0.32 0.29 0.35
7 0.39 0.39 0.34 0.36 0.46 0.49 0.41 0.54 0 .2 2 0.23 0 .21 0.21 0.29 0.28 0.26 0.29
8 0.56 0.59 0.51 0.52 0.52 0.53 0.48 0.48 0.35 0.34 0.29 0.33 0.40 0.34 0.35 0.34

X
SD

0.45
0.09

0.46
0.08

0.43
0.09

0.45
0.08

0.46
0.06

0.48
0.08

0.43
0.06

0.47
0.09

0.28
0.05

0.30
0.05

0.27
0.03

0.28
0.05

0.35
0.06

0.36
0.05

0.33
0.05

0.35
0.05

1 0.37 0.37 0.34 0.34 0.48 0.45

Control Group

0.39 0.44 0.29 0.29 0.27 0.27 0.37 0.37 0.37 0.35
2 0.60 0.58 0.59 0.55 0.60 0.58 0.55 0.52 0.33 0.35 0.35 0.33 0.43 0.44 0.41 0.41
3 0.40 0.47 0.41 0.45 0.43 0.48 0.45 0.45 0.23 0.28 0.20 0.24 0.25 0.30 0.24 0.30
4 0.33 0.30 0.35 0.36 0.41 0.36 0.35 0.41 0.29 0.24 0.23 0.23 0.30 0.29 0.30 0.29
5 0.38 0.42 0.35 0.37 0.45 0.45 0.40 0.42 0.25 0.27 0.24 0.25 0.33 0.36 0.33 0.33
6 0.32 0.33 0.32 0.33 0.26 0.30 0.30 0.31 0.26 0.32 0.27 0.30 0.26 0.27 0.26 0.28
7 0.43 0.34 0.42 0.34 0.34 0.36 0.37 0.37 0.25 0.28 0.24 0.27 0.30 0.36 0.28 0.36
8 0.55 0.46 0.54 0.47 0.57 0.49 0.55 0.50 0.28 0.32 0.35 0.32 0.36 0.36 0.38 0.38

X 0.43 0.41 0.42 0.40 0.44 0.43 0.42 0.43 0.27 0.30 0.27 0.27 0.33 0.34 0.32 0.34
SD 0.10 0.09 0.10 0.08 0.11 0.09 0.09 0.07 0.03 0.03 0.06 0.04 0.06 0.05 0.06 0.04
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Table 39: Pre- and post-intervention concentric average moment (Nm) and average 

moment/body weight data of the shoulder elevators and elbow flexors for the experimental

and control group at 60 and 120°-s’'.

N Average moment Average moment/body weight

Shoulder elevators Elbow flexors Shoulder elevators Elbow flexors

60°-s‘ 120‘̂ -s-‘ 60°■s' 120'̂ ■s' 60°■s' 120' ■̂s-' 60°s' 120'’■s'

Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post

Experimental Group

1 46.0 58.0 42.0 52.0 34.0 62.0 28.0 54.0 0.57 0.72 0.52 0.64 0.42 0.77 0.35 0.67
2 27.0 46.0 25.0 42.0 27.0 36.0 22.0 34.0 0.47 0.79 0.43 0.72 0.47 0.62 0.38 0.59
3 53.0 55.0 49.0 53.0 46.0 54.0 43.0 48.0 0.73 0.75 0.67 0.73 0.63 0.74 0.59 0.66
4 39.0 48.0 37.0 43.0 30.0 31.0 27.0 31.0 0.61 0.75 0.58 0.67 0.47 0.48 0.42 0.48
5 39.0 44.0 34.0 43.0 44.0 45.0 41.0 46.0 0.57 0.65 0.50 0.63 0.65 0.66 0.60 0.68
6 55.0 59.0 51.0 47.0 37.0 45.0 34.0 38.0 0.60 0.64 0.55 0.51 0.40 0.49 0.37 0.41
7 51.0 49.0 40.0 41.0 43.0 44.0 37.0 32.0 0.59 0.56 0.46 0.47 0.49 0.51 0.43 0.37
8 64.0 60.0 54.0 56.0 45.0 48.0 38.0 40.0 0.75 0.71 0.64 0.66 0.53 0.56 0.45 0.47

x
SD

46.8
11.5

52.4
6.3

41.5
9.7

47.1
5.8

38.3
7.3

45.6
9.7

33.8
7.4

40.4
8.3

0.61
0.09

0.70
0.07

0.54
0.08

0.63
0.09

0.51
0.09

0.60
0.11

0.45
0.10

0.54
0.12

1 58.0 57.0 55.0 55.0 48.0 49.0

Control Group

43.0 45.0 0.65 0.64 0.62 0.62 0.54 0.55 0.48 0.51
2 67.0 71.0 57.0 61.0 55.0 62.0 53.0 58.0 0.78 0.83 0.66 0.71 0.64 0.72 0.62 0.67
3 53.0 47.0 49.0 42.0 39.0 33.0 35.0 31.0 0.58 0.51 0.53 0.46 0.42 0.36 0.38 0.34
4 49.0 42.0 44.0 37.0 35.0 36.0 34.0 34.0 0.74 0.64 0.67 0.56 0.53 0.55 0.52 0.52
5 57.0 54.0 51.0 53.0 48.0 41.0 44.0 36.0 0.68 0.64 0.61 0.63 0.57 0.49 0.52 0.43
6 54.0 49.0 53.0 47.0 33.0 38.0 30.0 33.0 0.67 0.60 0.65 0.58 0.41 0.47 0.37 0.41
7 59.0 60.0 57.0 55.0 58.0 46.0 52.0 49.0 0.71 0.72 0.69 0.66 0.70 0.55 0.63 0.59
8 53.0 53.0 47.0 49.0 48.0 48.0 42.0 45.0 0.72 0.72 0.64 0.66 0.65 0.65 0.57 0.61

X 56.3 54.1 51.6 49.9 45.5 44.1 41.6 41.4 0.69 0.66 0.63 0.61 0.56 0.54 0.51 0.51
SD 5.4 8.9 4.7 7.8 9.1 9.2 8.3 9.4 0.06 0.09 0.05 0.08 0.10 0.11 0.10 0.11
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