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3. Introduction 

The human shoulder complex is both a rigid and adaptable structure 

capable of lifting heavy loads while retaining substantial freedom of motion. An 

overview of basic shoulder anatomy and shoulder biomechanics is necessary 

prior to a critical review of the science pertaining to glenohumeral translations, 

study methodology, clinical examination techniques and multidirectional 

instability (MDI). 

Shoulder anatomy 

 The considerable functional capability of the shoulder is illustrated in the 

baseball pitch. During a pitch the shoulder’s internal rotation joint angular velocity 

has been measured up to approximately 7400 degrees/per second in 

professional pitchers.1 The baseball pitch involves the fastest joint angular 

velocity possible in the human body1. Despite the associated stresses developed 

during this maneuver, the humeral head manages to stay mostly centered on the 

glenoid. The bony restrictions to these destabilizing forces are minimal and 

commonly described as analogous to maintaining a basketball on a vertically 

oriented saucer plate.2 Producing angular velocities of 7400 deg/sec1 means the 
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ball must be capable of rotating 20 times per second on the saucer. Performing 

this feat requires a complex interaction of joints, ligamentous restraints, and 

muscular activity to maintain stability while allowing tremendous mobility.3 

However, as with many complex systems, a fault in any of its components can 

have a substantial impact on the functionality of the whole.4.  

Shoulder osteology, arthrology, and kinematic terminology 

 The shoulder joint is a complex of bones and joints that interact to permit a 

wide range of functional motion. Three joints and one “pseudo-joint” make up 

what is commonly known as the shoulder joint complex; the sternoclavicular (SC) 

joint, the acromioclavicular(AC) joint and the glenohumeral(GH) joint.3 Although 

no true bone-to-bone joint surface interactions exists, the scapula moving on the 

thorax is considered a pseudo-joint because its motions are commonly described 

relative to the thorax.5-9 At the sternoclavicular saddle joint, the clavicle rotates 

about three axes relative to the sternum.5,10 The clavicle rotates about a long axis 

described as anterior and posterior rotation, about a vertically oriented axis 

described as protraction and retraction and about a posterior to anterior axis 

described as elevation and depression.11 At the acromioclavicular plane joint, 

movement is described as the scapula moving relative to the clavicle about three 
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axes.11 Rotation about the axis directed along the spine of the scapula is 

described as anterior/posterior tilting, rotation about the vertical axis is described 

as internal/external rotation and rotation about the anterior to posterior axis is 

described as upward and downward rotation.11 Commonly, the scapula is 

described as moving relative to the thorax although no true joint exists between 

the scapula and thorax. Scapular motion has been described as the net result of 

motion at the sternoclavicular and acromioclavicular joints.3,5 Scapulothoracic 

motion can be described about similar oriented axes as the acromioclavicular 

joint utilizing the same terminology; anterior/posterior tilting, internal external 

rotation and upward/downward rotation. Combinations of sternoclavicular 

posterior rotation, retraction and slight elevation along with posterior tilting, 

upward rotation and variable internal/external rotation maintain the scapula along 

the thorax while it upwardly rotates during arm elevation.3,5,10,12,13 

 Lastly, at the diarthroidial glenohumeral joint, movement is described as 

the humerus moving relative to the scapula. Rotation about the long axis of the 

humerus is described as internal/external rotation, about an axis passing from 

posterior to anterior as abduction/adduction, and about an orthogonal axis 



 

 

 

4 

parallel to the humeral epicondyles in the anatomic position as 

flexion/extension.11  

 In addition to rotation about an axis, translation can also occur at each 

joint. These glenohumeral translations are commonly described as vectors in 

anterior/posterior, superior/inferior, and medial/lateral directions relative to a 

scapular or glenoid coordinate system.11,14 A detailed review of the literature 

concerning glenohumeral translations is presented in the literature review 

chapter.  

Rationale for study 

Shoulder injuries are the second most common musculoskeletal 

complaint.15 Despite the high prevalence of shoulder injuries, the diagnostic 

classification and directed treatment of this population is challenged by a lack of 

knowledge of the most accurate and useful examination procedures. Current 

exam procedures often fail to properly identify distinct diagnostic classifications16 

or do not establish a clear relationship between exam tests and functional 

movement. In the case of shoulder MDI, excessive glenohumeral joint laxity is 

thought to lead to excessive and deleterious glenohumeral translations during 

active functional movements.17-19 MDI has been defined as excessive laxity in at 
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least two directions and the presence of shoulder symptoms.19 Excess 

glenohumeral translations are subsequently presumed to contribute to secondary 

complications such as rotator cuff tendon stress and injury, neuropraxia, or 

neurovascular compromise. This movement related mechanism of injury has 

been frequently theorized in swimmers and other overhead athletes.20-22 

However, the ability to identify MDI as a distinct diagnostic patient group through 

clinical examination has not been established, even among groups thought prone 

to excessive laxity such as swimmers.23,24 Therefore, the overall purpose of 

this project was to advance clinical practice by determining how laxity test 

findings relate to glenohumeral translations and if differences in joint stability 

exist dynamically during scapular plane abduction for swimmers diagnosed with 

MDI and matched controls. 

Significance 

The total annual direct costs of care in the United States for the treatment 

of shoulder pain have been estimated at 7 billion out of 39 billion total dollars for 

all musculoskeletal conditions. The costs estimates were generated from 

approximately 11 million physician visits and 7.5 million physical therapy visits in 

2000.25 Since this time, it is likely the numbers have risen considerably with the 
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rest of healthcare costs. There are a growing number of randomized clinical trials 

(RCTs) showing positive effects of physical therapy interventions in the broad 

categorization of shoulder pain.7,26-35 However, no RCTs exist investigating the 

effect of physical therapy intervention for subjects specifically diagnosed as 

having MDI.17 An essential component of developing the most effective treatment 

for shoulder pain conditions is the ability to formulate a valid diagnostic 

classification from the clinical exam.36 For example, a subject with shoulder pain 

and glenohumeral stiffness is unlikely to benefit from the same intervention as a 

subject with shoulder pain and glenohumeral hypermobility.  

The historical focus on classification of specific tissue pathology has 

challenged efforts to appropriately classify shoulder pain conditions in ways that 

direct treatment.37,38 Clinical examination techniques have demonstrated limited 

accuracy in diagnosis of specific tissue pathology for shoulder pain 

conditions.36,39 The method for assessing clinical tests’ diagnostic accuracy 

typically compares a test’s results with findings from imaging tools (MRI, x-ray, 

ultrasound) or surgical outcomes (presence of pathology observed by the 

surgeon). However, MDI, by definition, is a movement disorder and clinical laxity 

tests are movement tests to assess the magnitude of glenohumeral translatory 
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movement. Therefore, testing the validity of these exam techniques through 

static imaging methods is not ideal for validating the laxity tests’ accuracy in 

identifying a movement disorder such as MDI. Additionally, the use of surgical 

outcomes is problematic because tissue pathology such as rotator cuff disease 

or labral injuries are commonly considered downstream consequences of 

excessive motion associated with MDI.20,22,40 Therefore, alternative methods 

must be utilized for assessing the validity of a clinical exam (including laxity tests) 

to identify MDI.  

Laxity during clinical examination was identified in this project using 

commonly performed manual laxity tests.2 Symptoms from MDI are presumed to 

result from excessive motion occurring during functional tasks such as reaching, 

or sports activity performance.20,22,40,41 Therefore, a validation process for 

determining if an MDI clinical classification is both valid and useful requires a 

multi-faceted approach. The relationship of the translations occurring during 

laxity tests to translations occurring with functional movement needs to be 

examined in addition to the subjective grading of laxity during a clinical 

examination by comparing to accurate measures of glenohumeral joint 

translations. This project addressed these gaps in knowledge by investigating 
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how translations identified in the clinical laxity tests relate to translations 

occurring during functional activities. Although evidence exists linking movement 

abnormalities such as excessive glenohumeral translation with painful shoulder 

conditions,8,42,43 no studies have directly investigated if a relationship exists 

between symptomatic glenohumeral joint laxity and movement abnormalities 

during a functional activity. This is particularly relevant to physical therapists who 

commonly base interventional choices on positive clinical laxity tests with a goal 

of correcting movement abnormalities presumed to occur during functional 

activities 

Innovation 

The project was innovative in the following ways:  

1) Comprehensive validation of a diagnostic classification. Previous 

approaches to validating clinical exam techniques for diagnosing MDI have 

focused on validating subjective grades of individual laxity tests in isolation.44 

However, this validation method does not incorporate multiple exam findings and 

the patient's history in the diagnostic process as commonly undertaken in a 

clinical classification process recommended for MDI45,46 and other 
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musculoskeletal conditions.47 By developing a composite subjective score from 

laxity tests, and classifying patients based on history and clinical examination as 

MDI vs. matched controls, this project utilized a more representative method of 

validating the diagnostic process for cases of MDI. Testing the validity of 

individual measures in isolation does not represent the entirety of the diagnostic 

process or emerging evidence indicating that clusters of signs and symptoms are 

more useful in diagnosing musculoskeletal conditions.22,46 This study also 

differed from musculoskeletal studies using test clustering by studying 

differences in movement mechanisms (translation magnitudes during laxity tests 

and functional tasks) between groups rather than group categorization based on 

treatment outcomes48or pathoanatomic tissue characteristics.47  

2) Subject-specific 3D imaging for precise, noninvasive tracking of 

glenohumeral translations. The majority of studies track glenohumeral 

translations during functional movements and laxity tests with surface sensors 

which are prone to substantial skin motion artifact.49 The decreased precision of 

these techniques is suboptimal for distinguishing the small differences in 

glenohumeral translation observed between symptomatic and asymptomatic 

subjects. Sufficient precision necessary for in-vivo tracking of translation during 
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movement is possible with invasive techniques such as bone fixed tracking with 

intra-cortical pins.42,50-53 Fluoroscopy allows direct visualization of underlying 

bone motion, and 2D/3D shape matching allows 3D parameters to be extracted 

from the original planar imaging using subject specific MRI reconstructions of the 

joint. This allows for precise characterization and 3D visualization of underlying 

bone motion without skin motion artifact. This project’s use of dynamic 

fluoroscopy paired with 2D/3D shape matching represents a substantial 

improvement over other measurement techniques by providing non-invasive and 

highly precise translation measures required for identifying small but important 

differences between subjects during movement.  

3) Investigation of carryover to a functional activity. Previous studies of 

glenohumeral laxity tests in the presence of MDI do not relate their findings to 

how an individual moves during a functional task. Physical therapists, as 

movement specialists, utilize a clinical exam to relate movement and function. 

The importance of this approach is further reflected in the developing shift in 

diagnostic process to the model offered by the International Classification of 

Functioning, Disability and Health (ICF). This study is innovative because it 

moves the diagnostic process further along the ICF classification spectrum from 
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descriptions of impairment based diagnostic approaches (descriptions of 

observed translations during laxity tests) to ICF descriptions of body function 

(translations during movement) as related to activities (arm raising).  

4) Advanced movement description methods (helical translation 

characterization). The fluoroscopic measurement of motion in this project allows 

for precise helical axis calculations of glenohumeral translation and a 

sophisticated description more representative of the glenohumeral movement 

associated with MDI. A helical axis is a single oblique 3D axis about which a 

segment rotates around and translates along for a specific phase of motion 

(Figure 21).54 Unlike descriptions using an anatomically fixed 3 axis coordinate 

system, the helical axis approach is an advantageous method for quantifying 

translation. The amount of helical translation of a segment is by definition a 

description of the total translation along the instant center of rotation, or the point 

of least translation in the segment during movement. 54 A single unidirectional 

description of translations cannot fully describe the phenomenon of MDI where 

excessive translations are thought to occur in multiple planes 

simultaneously.17,55,56 Combined with the subject specific joint geometry available 

through fluoroscopic and MR imaging, the advanced helical translation technique 
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can be combined with traditional geometrical humeral head center techniques of 

describing glenohumeral joint translation, 57 thus maximizing accuracy and ease 

of clinical interpretation. 

Aims 

 The opportunity to validate a common clinical diagnostic category and 

determine how MDI relates to glenohumeral motion during a functional task 

signifies an important step forward towards eventual development of targeted, 

timely, and effective treatment techniques for a specific subgroup of patients with 

shoulder pain. Therefore, the aims of this study are: 

Aim 1 

 Determine inter-examiner and cross discipline repeatability of translation 

magnitude for glenohumeral laxity tests and determine the relationship between 

laxity tests grades and the magnitude of translation occurring during these tests.  

Hypothesis 1.1 

 Examiners will demonstrate good repeatability of laxity test translations in 

individuals with atraumatic shoulder pain. 

 Hypothesis 1.2 
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 The subjective score from one examiner will demonstrate a strong 

association with the amount of glenohumeral translation occurring during each 

laxity test across all subjects.  

Hypothesis 1.3 

Composite laxity test grades will be associated with composite translation 

across all subjects.  

Aim 2 

 Determine if differences in glenohumeral laxity exist between competitive 

symptomatic swimmers with MDI and matched controls of asymptomatic non-

swimmers without MDI. 

Hypothesis 2.1 

Swimmers diagnosed with MDI will demonstrate increased composite 

glenohumeral joint translations during the laxity exams as compared to matched 

controls. 

Aim 3 

 Determine if laxity tests reveal differences in glenohumeral translations in 

swimmers with MDI and matched controls during scapular plane abduction. 

Hypothesis 3.1 
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Symptomatic swimmers with MDI will demonstrate increased helical axis 

translation compared to matched controls. 

Hypothesis 3.2 

 Symptomatic swimmers with MDI will differ in distance of the helical axis 

from the geometric center of the humeral head compared to matched controls. 

Hypothesis 3.3 

 Swimmers with MDI will demonstrate increased variance in the 

instantaneous helical axis orientation compared to matched controls during 

scapular plane abduction 

Hypothesis 3.4 

 Symptomatic swimmers with MDI will demonstrate increased glenoid 

contact paths compared to matched controls..  
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4. Definitions 

Instant center of rotation (ICR): “an axis or point for which the velocity equals 

zero [momentarily]”(Zatsiorsky, 1998)  

Laxity: a property of normal joints and defined in the case of glenohumeral laxity; 

as the ability of the humerus to translate along the glenoid fossa. (Matsen et al., 

2007) 

Competitive swimmer: any person who swims at least two miles per training 

session and trains a minimum of 3 hours per week with a coach 

Composite laxity score: The score calculated as the average of the subjective 

grades from each of the three laxity tests (anterior drawer, posterior drawer and 

sulcus test). 

Component translation: Translation occurring in shoulder joint motion 

described by separate descriptions of superior/inferior, anterior/posterior or 

medial/lateral translations. 

Composite translation: The composite translation is calculated as the test 

specific (anterior/posterior/inferior) displacement of the humeral head center 

relative to the glenoid center (difference in end position from start position) from 
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each of the laxity tests combined through a root mean square (RMS) calculation 

into a single, composite translation variable. 

Rotation: As described by Zatsiorsky; “Movement of a body about an axis or 

center during with all the particles of the body travel in the direction through the 

same angle.”54 

Translation: As described by Zatsiorsky; “Movement of a body so that any line 

fixed with the body remains parallel to its original position.”54 
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5. Literature Review  

The following literature review will present an overview of the most 

significant literature on the topics of shoulder biomechanics with a focus on 

glenohumeral translations. A brief overview of shoulder angular kinematics will 

be presented because shoulder joint motion including glenohumeral translations 

is the result of complex joint interactions. Next, the functional anatomy of the 

shoulder will be reviewed as the basis for both creating and controlling shoulder 

motion with an emphasis on how these elements relate to glenohumeral 

translations. A review of studies describing the magnitude and directions of 

glenohumeral translations will be presented with an emphasis on how 

methodological approaches may influence both the accuracy of glenohumeral 

translation measurements and their interpretations. Lastly, the science regarding 

clinical techniques of assessing glenohumeral translations will be presented as 

they relate to identifying movement characteristics during functional activities in 

individuals thought to have shoulder MDI.  

Shoulder angular kinematics 
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To fully elevate the arm overhead, the scapulothoracic joint must upwardly 

rotate, posteriorly tilt and internally or externally rotate dependent on the plane of 

elevation.3,5,12 Three-dimensional and two-dimensional studies have 

demonstrated that the bones and joints of the shoulder interact in a complex and 

interdependent manner to reach overhead.5,10,57 This interaction is referred to as 

coupling.3,10,58 Meaning the positioning of one joint in the shoulder complex has 

consequences on positions of other joints within the complex.3,5 For full upward 

rotation, SC posterior rotation and AC upward rotation must occur.3,5,10,12,13 An in-

vivo 3D study of 12 subjects without shoulder pain reported that these combined 

motions result in the scapulothoracic joint moving through approximately 40 

degrees of upward rotation, and 20 degrees of posterior tilt with minimal external 

or internal rotation.58  

The amount of sternoclavicular retraction and acromioclavicular 

internal/external rotation occurring during arm elevation is dependent on the 

plane of elevation.3,5,10,12,13 Studies have demonstrated that as the arm moves 

into more sagittal plane motion, sternoclavicular retraction decreases and 

acromioclavicular internal rotation increases.3,5,12Teece, 2008 #623} This 

interaction results in more scapulothoracic internal rotation to presumably 
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optimize joint congruency as the humeral head must move anteriorly to position 

the arm in the sagittal plane. Therefore the coupling mechanism has been 

described as an essential component for maximum shoulder mobility while 

maintaining glenohumeral stability.  

 Glenohumeral motion during elevation is understood to be composed of 

two primary motions of elevation and external rotation.12,58-62 The elevation of the 

humerus relative to the scapula has been studied extensively.59,63 Although 

considerable variability exists, generally, studies demonstrate that after the first 

30 degrees of glenohumeral elevation, the scapula upwardly rotates 

approximately one degree for every two degrees of humeral elevation. In 

general, during overhead reaching, humeral external rotation occurs after 

approximately 90 degrees of elevation.3,42,57,59-62,64 The magnitude of external 

rotation varies but a study with a small sample of healthy subjects demonstrated 

between 10 and 51 external rotation degrees with more required as movement 

approached the sagittal plane.10,58 Humeral external rotation partly depends on 

the glenohumeral plane of elevation with more external rotation occurring as the 

arm is moved toward the sagittal plane.58 Thus, the predictability of 

scapulohumeral ratio and glenohumeral external rotation timing and magnitudes 
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demonstrates the dual priorities of the shoulder. Regardless of the plane or the 

magnitude of shoulder elevation, complex joint adjustments occur to provide 

maximal joint congruency while maintaining joint stability.3,5,58,59,62,63,65 

Shoulder elements of stabilization and movement 

 The complex joint interactions previously described are driven by the 

surrounding shoulder musculature and constrained by stabilizing forces from 

both active and passive elements of the shoulder complex. A brief overview of 

the summary literature regarding those elements will be presented in the 

following sections   

Active elements  

The active elements of the shoulder both create and control movement at 

the shoulder joint. The deltoid is described as the primary muscle producing 

glenohumeral elevation, however, without scapulothoracic muscles contributions, 

full arm elevation is not possible.3,65,66The scapulothoracic muscles such as the 

trapezius and serratus anterior act together presumably to position the deltoid at 

the optimal length-tension relationship to elevate the humerus while maintaining 

glenohumeral joint congruency.66  
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In addition to providing some potential to produce arm elevation, the 

rotator cuff musculature is commonly associated with controlling glenohumeral 

translations on the glenoid.66 The rotator cuff is comprised of four muscles; the 

subscapularis, supraspinatus, infraspinatus and teres minor. Each muscle 

originates on the scapula and inserts on the humeral tuberosities. The muscles’ 

tendons blend with the glenohumeral capsule to form a continuous cuff around 

the humerus.4,66 The rotator cuff muscles are described as working in concert to 

provide a stabilizing force to counter balance glenohumeral translations that 

would be otherwise caused by the superiorly directed force vector of the deltoid 

during elevation and the inferior force vector of gravity at rest.14  

Because the muscles of the rotator cuff surround the humerus, their force 

vectors are described as slightly offset from one another.66 Therefore, it has been 

suggested that each muscle has a slightly differing stabilizing action.4,66 The 

supraspinatus is classically described to contribute to humeral elevation but 

because of its medial directed force vector, a primary role has been described as 

compression of the humeral head against the glenoid thus reducing excessive 

humeral inferior translation at rest.3 The orientation of the infraspinatus causes it 

to contribute to some external rotation of the humerus. As a stabilizing element it 
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also has been described imparting a component force to counterbalance 

potential superior translation during arm elevation caused by the deltoid.66 As 

with the supraspinatus the infraspinatus may also impart a compressive force 

onto the humeral head to prevent excessive humeral translations, especially 

posteriorly and anteriorly.4The teres minor is a small muscle which has been 

described to contribute to external rotation of the humerus.4 It has been proposed 

that the teres minor also plays some role in resisting anterior translation of the 

humerus.4 The subscapularis is primarily an internal rotator of the humerus.66 

The lower fibers are thought to contribute to countering superior translation of the 

humeral head on the glenoid during arm elevation.4  

Each rotator cuff muscle’s role in glenohumeral joint stabilization is 

commonly described and provides a conceptual framework for directing 

interventions in cases where insufficient stabilization of the glenohumeral joint is 

thought to contribute to dysfunction.4,14,66 However, the quantity and direction 

each muscle provides glenohumeral stabilization is not certain. Studies 

examining the relative contribution of each muscle have been performed 

primarily in cadavers67 where experimental conditions cannot replicate the 

complex muscle activation and force production occurring in-vivo. Additionally, 
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the conclusions from successive cutting of the rotator cuff tendons performed in 

such studies may be confounded by sectioning of previous muscles or disruption 

of other elements of the shoulder.  

Passive elements  

 The passive shoulder elements are thought to contribute to joint 

stabilization by resisting translatory motion caused from both internal and 

external forces.18,19,66 Both boney and ligamentous elements of the shoulder 

contribute to this stability. 4The glenoid cavity and acromial arch comprise the 

boney components of glenohumeral stability.4 The glenoid surface is concave 

and is surrounded by the thick labrum.4 This arrangement has been described as 

acting like the “chock blocks” next to a wheel to prevent the humerus from sliding 

too far along the glenoid surface.68 The acromial arch with the connected 

coracoacromial ligament has been described as acting as a roof to the 

glenohumeral joint to block excessive superior humeral translations.4 

Ligamentous elements of stability surround the glenohumeral joint.4,68 The 

capsule is a thin, ligamentous structure extending from the glenoid neck of the 

scapula to the anatomic neck of the humerus.4 It blends with tendons of the 
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rotator cuff and the glenohumeral ligaments to create a negative intra-capsular 

pressure much like the action of a “suction cup.”18  

The glenohumeral ligaments contribute to joint stability, especially at end 

range positions where they become taut.52,69 18 Describing the glenohumeral 

ligaments individually is convenient, but it is important to consider the ligaments, 

surrounding boney constraints (glenoid, coracoacromial arch), muscular 

stabilizers (rotator cuff compression and counter balance forces), as 

interdependent systems.4 As a result, interpretation of ligamentous roles in 

constraining movement could be viewed as an estimation of their relative 

contribution to the overall stability system (boney, muscular, ligamentous) not as 

sole actors on the glenohumeral joint.4 A summary of the ligaments individual 

role in acting as constraints is presented in Table 144 as summarized from 

Rockwood et al.4 

Glenohumeral translation measurement methodology and descriptions 

A critical review of the literature regarding glenohumeral translation is now 

presented. First, traditional methods of studying glenohumeral translation will be 

described with a focus on how methodological differences in subjects, motion 

tracking techniques, and descriptions of translations may account for some of the 
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disparate findings regarding both the magnitude and direction of glenohumeral 

translation during functional tasks. Second, a review of developing methods of 

tracking and describing glenohumeral translations will be presented utilizing 

image-based tracking that has the potential to both improve accuracy and the 

clinical interpretation of the results as applied to specific subject populations. 

 To facilitate an appraisal of the reported translations and methodological 

differences between studies of glenohumeral translation, a review table was 

developed (Table 15). The table demonstrates the variety of techniques utilized 

to study translations from surface based techniques to 2D radiography and 3D 

imaging techniques. The translation values presented in the table are presented 

to facilitate comparison. Some translational values are approximated from a 

studies’ graphs directly because authors differed in how translation values were 

reported.  

Traditional methods of measuring glenohumeral translations 

 Poppen and Walker were among the first to quantify glenohumeral 

translations.57 To measure the translatory motion, they utilized two methods of 

describing the change in position between static images; the distance of a fixed 

point (the geometric center of the humeral head) from the average instant center 
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of rotation (ICR) each 30 degree abduction increment. The authors utilized static 

2D radiographic images to compare the position of the humeral head in 30 

degree increments from 0-150 degrees of scapular plane abduction in both 

healthy individuals and patients with shoulder “lesions” just prior to shoulder 

arthrography.57 The study found that patients with shoulder lesions, on average, 

demonstrated 1.8 ± 1.1 mm of superior translation from 0-150 degrees elevation 

compared to healthy individuals who demonstrated 1.1 ±0.5 mm.57 The average 

displacement of the ICR for the healthy subjects was 6 mm compared to 10 mm 

for the patients. Furthermore, the authors found not all individuals with increased 

average displacement of the ICR also demonstrated increased displacement of 

the geometric center.57 For example, three individuals with previous 

glenohumeral dislocations all had abnormal values in the displacement of the 

ICR rotation (mean 11.4 mm).57 However, one of the three individuals had a 

normal displacement of the geometric center. In this case, glenohumeral 

displacement alone would not have identified an individual expected to possess 

an “unstable joint” however, displacement of the ICR did. The differing 

assessment of stability suggests that to fully describe glenohumeral translations 

occurring during movement, more than one metric may be needed.  
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 The study by Poppen and Walker was the first to describe glenohumeral 

translations with radiographic image tracking of bone.57 However, generalization 

from this study was limited by the static, 2D dimensional nature of radiography, a 

small subject population and limited statistical analyses. Nonetheless, 

subsequent studies have supported the general findings that differences in 

glenohumeral translations exist between healthy and unhealthy 

shoulders.42,43,70,71 

Deutsch et al. utilized a similar radiographic technique to Poppen and 

Walker to study displacement of the geometric center of the humeral head in 12 

healthy individuals and 15 patients with impingement during resisted scapular 

plane abduction.70 Overall, the patients diagnosed with impingement 

demonstrated superior positioning of the humeral head relative to the glenoid 

center compared to the healthy individuals. Patients also demonstrated 

increased displacement (1.2 mm) of the geometric center compared to healthy 

controls (0.7 mm).70 However, unlike Poppen and Walker, Deutsch et al. required 

all subjects to hold a weight equal to 2.5% of their body weight.70 The effect of 

added resistance to arm elevation is theorized to increase rotator cuff activity 

thereby increasing joint congruency and decreasing the magnitude of 
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glenohumeral translations during movement.4,18 Only a few studies have 

examined this effect in-vivo with inconsistent results demonstrated.72-75 It is 

possible that added resistance lessens the magnitudes of translation that would 

have occurred without added resistance. Deutsch et al. provides some evidence 

that differences between subjects with healthy shoulders and those with 

impingement exist, however insufficient group inclusion criteria information and 

minimal statistical analyses70 limits the relevance of the conclusions that can be 

drawn regarding glenohumeral translation differences between groups.  

Two-dimensional radiographic studies such as those by Poppen and 

Walker and Deutsch et al. statically described the component of glenohumeral 

translation (superior/inferior translation) occurring in the plane of the x-ray film. 

Presumably, the authors did not examine anterior/posterior glenohumeral 

translations because these translations would be out of plane and not easily 

tracked. Cadaveric studies have been utilized to overcome this limitation as 

sensors capable of accurate 3D tracking can be rigidly fixed to bone directly.67,76 

Wuelker et al. and Thompson et al. utilized cadaveric experiments to assess 

glenohumeral translations during arm elevation in both the superior/inferior and 

anterior/posterior directions.67,76 These experiments involve disarticulating the 
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scapula from the thorax so the scapula can be mounted and actuators attached 

to the glenohumeral muscles.67,76 Forces are then applied to the muscles in order 

to elevate the arm and track the change in position of the humerus relative to the 

scapula. Utilizing 8 cadavers without pathology, Thompson et al. and Wuelker et 

al. found 2.0 to 5.7 mm of superior translation and anterior translations of 2-3 mm 

from 30-90 degrees of elevation.67,76  

Although cadaveric studies provide the opportunity to track glenohumeral 

translation three dimensionally, generalizability of these results to in-vivo 

conditions is limited. For cadaveric studies, assumptions must be made 

regarding the timing and magnitude of the forces applied to the tendons to move 

the humerus on the scapula. In a study of 5 cadaveric specimens and 5 healthy 

volunteers performing the similar motions, Sharkey et al. demonstrated that 

despite the use of sophisticated methodology to simulate shoulder motion in 

cadavers, healthy subjects still demonstrated significantly less superior 

translation compared to cadavers (approximately 0.5 mm translation for healthy 

subjects, 1.5 mm for cadavers). Tissue quality characteristics in-vitro and the 

older age of cadavers67,76,77 compared to live subjects further limits the 

generalizability of information garnered from in-vitro studies.  
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For in-vivo investigations of glenohumeral translations, sensor-based 

technology (electromagnetic or infrared camera-based systems) capture three 

dimensional information necessary to study translations in three 

dimensions.42,56,74,78,79 Electromagnetic sensors emit a magnetic field that can be 

tracked with 6 degrees of freedom. The sensors can be either affixed to the skin 

surface or rigidly mounted to the bone with intra-cortical pins.49,58,62,74 Ludewig 

and Cook utilized surface-based electromagnetic sensors to track glenohumeral 

translation in 26 asymptomatic subjects and 26 symptomatic construction 

workers diagnosed with impingement during scapular plane abduction with loads 

of 2.3 kg and 4.6 kg and no resistance.74 Translations were larger in the 

symptomatic constructions workers by 1 mm across each phase with the 

direction of translation dependent on the phase of elevation. There was no effect 

of load on either the symptomatic group or asymptomatic group. In another 3D 

electromagnetic sensor study, Ogston and Ludewig utilized a sensor attached to 

a humeral cuff to study differences in glenohumeral translations between 29 

individuals diagnosed with MDI and 29 healthy controls.56 The authors found no 

differences in translations between groups. Generalizability of these results are 

limited to group comparisons for surface based studies of glenohumeral 
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translation because of skin motion artifact associated with surface based 

tracking. A previous study examining the results of skin motion sensors 

compared to sensors fixed to intra-cortical pins found root mean square (RMS) 

differences in measurements of glenohumeral translation.80 Differences in 

translations comparing surface sensors attached to a rigid cuff strapped the arm 

and bone fixed sensors ranged from 1.4 mm to 2.1 mm in the superior/inferior 

and anterior/posterior directions.80 When these errors are present systematically, 

group comparisons remain feasible with a sufficiently powered study because the 

error should be equally distributed between subjects in both groups. However, 

generalizability of the translations magnitude and direction of translations and 

their comparisons to other studies are limited because skin motion artifact may 

limit the accuracy of joint position measurements.  

The glenohumeral translations of 12 asymptomatic and 10 symptomatic 

subjects with signs commonly associated with impingement81 were measured in 

a study utilizing bone-fixed 3D sensors.42 The authors measured translations 

across three phases of elevation (30-60, 60-90, 90-120 degrees ) and three 

planes of motion (scapular plane abduction, flexion, abduction).42 They 

demonstrated that significantly increased translations, as much as 1.4 mm, 
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dependent on both the phase and plane of elevation, were demonstrated by the 

symptomatic group. This is the first study to demonstrate such differences 

directly in individuals without known rotator cuff tears. The magnitude of 

translation seen in both groups ranged from approximately 0-3 mm which is 

similar to other studies. 42,43,70,71,79 Lawrence et al, also demonstrated small 

differences in translations between groups of 1.0 to 1.4 mm where previous 

studies did not.42,56 Methodological differences related to the accuracy of surface 

tracking technology, small populations sizes, and the methods of measuring 

translations (helical vs. pivot point) may account for the differences in the 

direction and magnitude of glenohumeral translation during elevation found in 

this study compared to previous work.56  

Traditional methods of describing glenohumeral translations 

Two methods of describing glenohumeral translations are commonly 

utilized in the literature; tracking a fixed center of rotation and a helical axes 

approach (Table 15). Poppen and Walker is the only study in this review to have 

employed variations of both techniques.57 A review of the strengths and 

limitations of each will be presented as it relates to glenohumeral translations. 

Describing translation by tracking the fixed center of rotation 
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As described with Poppen and Walker, for kinematic studies utilizing 

imaging, identifying the geometric center for tracking a fixed center of rotation is 

frequently utilized.43,57,70-72,77,82-88 The process involves fitting a circle or sphere to 

the humerus either through a visual approximation or a mathematical least 

square approach to determine the best fit.82 The technique can be used two 

dimensionally or three dimensionally. The center of rotation is therefore a fixed 

point from which to track translations throughout shoulder motion. In the case of 

surface sensors tracking, a pivot point method utilizes a least square approach to 

calculate the location of a point of minimal translation occurring during rotations 

of the joint which is then defined as the center of rotation.89 

The main advantage of tracking a fixed point is the ability to relate 

glenohumeral translations to surrounding anatomy. This advantage has been 

utilized to make inferences regarding the effect of glenohumeral translation on 

subacromial space72 the role of the rotator cuff43,71,77 and assessments of joint 

stability.43,57 The primary limitations of tracking a fixed center of rotation are 1) 

the potentially poor reliability and accuracy of locating a fixed center of rotation 

point and 2) the effect of tracking a fixed point during angular motions of the 

shoulder.56,74,79  



 

 

 

34 

First, the reliability of visual approximation for 2D radiographs has been 

claimed as sufficient by some authors.43,70,77 However, Sharkey et al. 

demonstrate that standard deviations of cadaveric translations measurements 

ranged from 0.37 to 0.75 mm from four examiners by visually fitting a circle to 

radiographs during abduction.77 Additionally, because the humeral head is not a 

perfect sphere, the location of the geometric center and therefore the center of 

rotation may be inaccurate.90 These errors would be increased in the presence of 

pathology such as osteoarthritis where the shape of the humeral head is less 

spherical. 90  

Second tracking a fixed humeral center of rotation only may lead to 

inaccurate estimations of translations of the magnitude and direction of the 

translation. Figure 22 is illustrative of this situation. The orange dot represents 

the geometric center of the humeral head while the red dot represents the center 

of rotation of the humerus. From left of right, in this example, the humerus is 

demonstrated to undergo a rotation with translation about its center of rotation. 

However, because the translation is not about the fixed geometric center, 

tracking this geometric center point would lead to an overestimation of inferior 

translation of the humeral head. Differences in the magnitude and direction of 
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translations has been demonstrated when comparing tracking translation of a 

fixed center of rotations with a helical axis approach.79,91 

Describing translations utilizing a helical axis approach 

A helical axis is a single axis about which a segment rotates around and 

translates along for a specific phase of motion.54 The helical calculation can be 

either instantaneous or finite. The helical axis is located at the center of zero 

velocity of the segment and therefore, by definition is always located at the 

instantaneous center of rotation.{Zatsiorsky, 2002 #1336} While the axis may 

move in space and change its orientation, the center of rotation, either finite or 

instantaneous, will remain defined by, and perpendicular to the plane of rotation 

of the object (or joint segment) (Figure 22).54 

 The two primary advantages of the helical axis approach is that 

descriptions of motions are independent of anatomical coordinate system,54 and 

description of the joint translations are not dependent on tracking a fixed point.91 

With traditional anatomical coordinate systems, differences in reported 

orientations and positions of a segment can be dependent on the points chosen 

to define the coordinates. Examples of this have been demonstrated by previous 

authors92,93 and has necessitated the development of standards as set forth by 
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the International Society of Biomechanics.11 Veeger investigated the possibility 

that the two approaches may lead to differing results by tracking motion using 

both the geometric center and helical axis approach in four cadavers.94 

Descriptively, the results of Veeger and other authors79 minimal difference in 

translations with each method for the same motion of flexion/extension, 

internal/external rotation94, or abduction.79 The authors concluded that the 

geometric center is therefore a satisfactory estimate of the joint center of 

rotation.94 However, this cadaveric study was performed passively in an 

undefined but possibly limited range of motion that likely differs significantly from 

in-vivo conditions. In fact, Dal Maso et al, utilizing bone fixed tracking 

demonstrated differences descriptively along the medial-lateral axis of 2 mm 

approximately.79 Fewer differences were found in the anterior posterior or 

superior-inferior directions in the three subjects studied. Poppen and Walker 

demonstrated significant deviations of the geometric center from the instant 

center in patients with shoulder pain.57 Inconsistent findings between the three 

studies are likely secondary to the influence of other variables present in in-vivo 

for subjects that are not reproducible in cadaveric experiments.  
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 A direct comparison of translations described from a fixed center of 

rotation versus the helical axis approach found differences in the approaches in 

in a pooled analysis of subjects with and without shoulder pain.91 The study 

examined the differences in translations described from a fixed point defined by 

the pivot center and the helical axis translation relative to the scapula during 

scapular plane elevation and lowering of the humerus in 22 subjects with 

shoulder pain (n=10) and without shoulder pain (n=12) from a data set previously 

described.42 The motion was tracked with electromagnetic sensors attached to 

bone pins inserted into the humerus and scapula. Translation in the 

anterior/posterior and superior/inferior directions demonstrated significant 

differences in magnitude from 30-120 degrees of arm lowering in the scapular 

plane and significant superior/inferior differences during raising (Figure 23).91 

These results suggest that the difference in approaches for describing translation 

may result in differing measurements in-vivo.  

 The primary limitations of the helical axis approach to describing 

translations are 1) descriptions of translations will be minimized if the rotation of 

the segment is parallel to a defined plane, 2) the description of motion by the 
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helical axis methods does not describe the impact of joint motion on anatomical 

structures.  

 The minimization of translation by helical method compared to the pivot 

point method noted in the work by Staker and Ludewig may have been impacted 

by movement parallel to the defined plane noted above.91 Superior/inferior 

direction of translations from 30-120 degree elevation described by the helical 

method appear minimal in Staker and Ludewig’s work91 (0.2 mm) compared to 

superior/inferior translations described by the helical approach in prior studies 

(up to 1.6 mm).56,74 The comparatively larger translation values may be partially 

attributable to skin motion artifact from surface sensor tracking used in the 

previous studies.56,74 Additionally, alignment of the helical axis may also explain 

the small translation values derived by Staker and Ludewig.91 During scapular 

plane abduction, the helical axis may approach an orientation parallel to the 

reference plane that was located at the acromioclavicular joint in the described 

study.91 Therefore, any superior/inferior translations along the helical axis 

oriented anteriorly/posteriorly would appear minimal. Ludewig and Cook checked 

the helical axis orientation and verified that it was not approaching parallel to the 

anterior/posterior axis, therefore superior/inferior translations were considered 
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acceptable.74 Staker and Ludewig did not verify the orientation of the helical axis 

which leaves the possibility that the small translation in the superior/inferior 

direction may have been located close to anterior/posterior alignment for their 

subjects performing scapular plane abduction.91  

Lastly, because the helical axis is not fixed within a boney segment the 

effect of joint motion on surrounding anatomical structures (e.g. tissue stress, 

impact on subacromial space) is not easily assessed.54 For example, the 

approach has been utilized to describe the magnitude and direction of 

translations in subjects with MDI56 but it is not possible to describe how these 

translations may stress surrounding structures. Developing techniques that 

involve 3D image-based tracking of joints provides the potential for description of 

motion from helical axis parameters to be more readily interpreted relative to joint 

anatomy.  

Glenohumeral translations; developing methodology and descriptions 

Review of three dimensional image-based tracking 

 The development of three dimensional image-based motion tracking 

allows novel approaches for describing glenohumeral translation kinematics. It is 

now possible to precisely describe, both visually and kinematically, the location of 
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the humeral head relative to the glenoid in 3D.82,84,86,95,96 This allows for analyses 

and predictions of glenohumeral position effects on surrounding shoulder 

structural components such as the glenoid labrum or subacromial space.85,96 The 

preferred method of translational descriptions will depend on the research aims. 

In the case of shoulder instability; the amount of translational movement, the 

movement patterns and the impact of those movements on surrounding 

structures are of interest.  

Poppen and Walker provided an early demonstration of the utility of 

image-based tracking of glenohumeral translation but were limited to two 

dimensional analyses.57 Single and biplane image capture techniques along with 

2D-3D shape matching processes overcome the limitations of static positioning 

and the projection and magnification errors associated with previous 2D 

radiographic techniques. Dynamic, 3D image tracking is becoming the 

methodology of choice for the study of glenohumeral translational movements 

(Table 15). One of the earliest applications of the 2D-3D shape matching 

technique as it applies to glenohumeral translations was demonstrated by Bey et 

al. with biplane fluoroscopy and Nishinaka et al. with single plane 

fluoroscopy.85,95 Although the sample sizes for both studies were small and the 
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analyses were limited; the studies demonstrated the potential utility of this 

imaging methodology as it applies to analyzing glenohumeral translations.  

Biplane fluoroscopic image acquisition and shape matching 

To perform biplane fluoroscopic shape matching as described by You et 

al., a 3D bone model is created from an MR image or CT scan by segmenting the 

relevant anatomy.97 Additionally, the imaging geometry or the imaging space 

where joint movement will be captured is defined with a calibration cube.97 

Locating known points on the cube allows for definition of the position and 

rotation of an imaged object relative to the imaging sources.98 Digital 

radiographic reconstructions (DRR) are then created based on the assumption 

that a projection through a correctly located 3D image will reproduce an image 

similar to the actual X-ray image.97 Pre-processing occurs with edge detection 

and contrast and edge enhancement algorithms of both the DRRs and the x-ray 

images. Next, a correlation between the DRR and the radiograph is found. The 

coordinate of this point is then used as the bone center and the correlation value 

of the point is then fed into an optimization process.97 The optimization process is 

iterative and adjusts the bone position until the two images achieve 

convergence.97 It is heavily influenced by the quality of the first initial manual 
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guess.97 If this guess is not close, then the algorithm decomposes and a 

reasonable convergence is unlikely to occur.97 Variations of this process have 

been performed to measure glenohumeral translation in a number of studies 

(Table 15).  

Conclusions regarding the magnitude or direction of glenohumeral 

translations from biplane studies are limited because of small sample sizes and 

methodological differences between existing studies. Of note, is that compared to 

previous 2D imaging studies, biplane imaging studies have more frequently 

reported anterior/posterior translations.99,100 Providing accurate glenohumeral 

translation information in 3D is an advantage of biplane imaging techniques and 

has been validated in previous studies comparing 3D image tracking to 

radiostereometric analysis (RSA). RSA is considered the gold standard in 

validation of 2D/3D shape matching because a cluster of tantalum beads can be 

tracked to a high level of precision in 3D.98,101-105 RMS errors between RSA and 

2D/3D imaging of glenohumeral dynamic tracking have been reported up to 0.4 

mm in cadavers.102,103  

Single plane fluoroscopic image acquisition  
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Single plane fluoroscopic 2D/3D shape matching has the added benefit of 

decreased equipment costs, decreased post-processing time, and potentially 

reduced radiation exposure by half compared to biplane imaging. The shape 

matching processes following single plane motion acquisition are similar to 

biplane acquisition. Although with fewer imaging constraints for a single plane 

image, optimization is more challenging and accuracy for out of plane movement 

may diminish.106 In a single plane in-vivo fluoroscopic study of prosthetic knees, 

Banks and Hodge reported average standard errors for in-plane measurements 

of 0.5 mm and 2.0 mm for out of plane movements.106 Without the known 

geometry of a joint prosthetic, these errors may increase in-vivo because of the 

variability in shape of the humerus and scapula. However, Matsuki et al. reported 

RMS errors in glenohumeral translations of 0.5 mm for in-plane and 1.5 mm for 

out of plane movements in a single cadaver utilizing an RSA technique during 

dynamic abduction.84  

Limitations of fluoroscopic motion tracking 

 Two primary limitations of both single and biplane fluoroscopy is radiation 

exposure and a limited field of view. Careful methodological planning and 

monitoring should limit excessive exposure. For example, although CT scans 
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provide highly detailed bone images for 2D/3D shape matching, MRI’s can 

provide similar sufficient image detail for shape matching without increasing a 

subject’s yearly radiation exposure.107 Additionally, methodological parameters 

can be altered to decrease exposure such as minimizing repeated trials, proper 

shielding, and pulsed x-ray generation.99,108,109 Field of view issues can be also 

be minimized by careful methodological considerations such as subject 

positioning and choice of movements. Additionally, larger excursions of motion 

can be tracked if the imaging source and image intensifier move dynamically to 

track motion. These systems involve mobile robotic gantries that dynamically 

track the joint to maintain the field of view throughout larger movements than 

otherwise possible with fixed units.110  

Descriptions of translations 

Developing imaging technology allows for new descriptions of joint 

kinematics that provide insight into anatomical relationships. The following 

section will present a review of these descriptions and their application to 

glenohumeral translations.   

Glenohumeral translations as component motions 
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 Descriptions of translation as component motions in the superior/inferior 

direction and anterior/posterior directions relative to the scapula has been the 

predominant method in a variety of kinematic data collection methods (Table 15). 

Poppen and Walker described translations both in superior/inferior directions and 

anterior/posterior directions utilizing calculations of the distance of a 2D instant 

center of rotation from the 2D geometric center.57 Both 2D and 3D position 

tracking technology can be utilized to describe the component translations from 

static x-rays, as utilized by Poppen and Walker, to surface and bone fixed 

electromagnetic sensors, as used by Lawrence et al. and others.42,57,79 More 

recently, component translational displacement descriptions have been utilized to 

describe motion tracked with 3D biplane fluoroscopy imaging techniques as 

previously described.83,95,96,100 Describing translations as component projections 

in superior/inferior or anterior/posterior directions is advantageous conceptually 

and quantitatively for complex joint movements. In the case of imaging based 

studies, these translation descriptions can be integrated with geometric anatomic 

data to analyze the impact of a translation on surrounding anatomical structures 

as when measuring the distance of the humerus from the acromion.88,108,109 

Pathway kinematics  
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 Descriptions of glenohumeral translations as component motions may be 

an oversimplification of the variability in direction and magnitude of shoulder 

translational motion. As previously explained, because a helical axis description 

of movement does not track a fixed anatomical point, it does not easily convey 

information on how joint structures move relative to each other. A description of 

the contact path however is, by definition, a description of the relationship of one 

joint surface relative to another. Briefly, contact paths are created by developing 

3D reconstructions of joint surfaces.104,108 The minimum distances are then 

calculated between each vertex that makes up the surface mesh from one 3D 

object to the other.108 Because the location of each vertex is known in space, the 

location of the minimum distance can be calculated for every frame of movement. 

The centroid of minimum distances is commonly calculated.99,104,108 A centroid is 

calculated by placing a defined range of minimum distances in a bin and then 

weighting those bins with smaller minimum distances more heavily. Although no 

study exists comparing tracking of the absolute minimum distance versus a 

centroid of all the minimum distances, it is likely that tracking a minimum distance 

alone would result in an over estimation of the glenohumeral contact path length 

as it relates to joint stability. By weighting the bins, the centroid is more likely to 
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be located in an area of similar distances and less influenced by minimum 

distance points further from the highest concentration of similarly binned 

minimum distance points. By transforming the location of the centroid to the 

anatomical coordinates of the joint surface of interest, its location per image 

frame can be traced and summed as a total length of travel.108 As such, the 

effect of joint translations on surrounding joint structures can be more directly 

appreciated than with other approaches. Contact patterns and path descriptions 

have been utilized in cadaver studies of joint interactions.111 Soloslowsky et al. 

used the contact path method to describe surface contact and migration of the 

humeral head relative to the scapula with a stereo photogrammetric technique in 

cadavers.111 With increased availability of 3D dynamic imaging techniques, 

contact path descriptions of glenohumeral translations are now being applied in-

vivo to track articular kinematics and translation patterns.79,99,104,112-114  

Bey et al. utilized contact path description in-vivo with biplane radiographs 

to describe the humeral contact path on the glenoid surface when evaluating 

glenohumeral kinematics following rotator cuff surgery.108 They also utilized 

traditional component analysis of translations utilizing anatomical landmark 

based conventions.11 The authors note that tracking the contact path is 
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potentially a more “robust” and clinical significant method for describing joint 

kinematics because pathological conditions are not well characterized by the 

displacement translational direction components alone.108 

Work by Miller et al. demonstrates the potential for contact length as a 

measure of glenohumeral stability.112 As previously mentioned the disadvantage 

of traditional kinematic descriptions of translation is the potential for 

overestimation of the translations due to tracking a fixed point. Miller et al., found 

a descriptive trend of decreased (20%) glenoid surface contact paths following 

12 weeks of exercises designed to increase range of motion and rotator cuff 

muscle strength in 5 patients diagnosed with a symptomatic supraspinatus tear. 

However, they observed no differences in component displacements in the 

superior/inferior or anterior/posterior directions. Although the subject population 

was small (n=5) the study demonstrates the potential for contact paths to provide 

information regarding non-linear paths of glenohumeral translation that are 

potentially more illustrative of kinematic differences than component descriptions 

alone.112  

Variance of the helical axis 
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 Previous authors examining joint stability about the spine115, elbow,116 

knee,117 and the temporomandibular joint118 have described limitations in 

traditional descriptions of translations in regards to analyzing joint stability. 

Particularly, measures of joint instability may not be captured by component 

displacements alone. Visualization of helical axis movement as a method of 

qualitatively examining joint motion has been demonstrated in previous 

studies.115-117,119 Additionally, these studies utilized metrics for quantifying helical 

axis variance to characterize joint motion.  

No studies were found of shoulder glenohumeral translations that quantify 

the variability of helical axis translational parameters to analyze joint stability. 

Studies by Ludewig and Cook and Ogston and Ludewig utilized the helical axis 

approach to derive joint translations relative to the scapula in the superior/inferior 

direction, anterior/posterior direction but did not specifically analyze the variance 

of helical axis parameters during a subject’s movement56,74 A study by Duck et al. 

provides an example of such a metric in a study of elbow stability in 18 cadaveric 

specimens.116 Utilizing the orientation of the helical axis relative to a medial 

lateral axis of the elbow, the authors calculated deviations from that axis as a 

measure of joint stability. Therefore, any deviations of the helical axis orientation 
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away from the medial/lateral axis represents motion is no longer purely 

rotational.116 Building upon this technique, measuring the variance in translations 

along the helical axis relative to the glenoid plane may also assist in more fully 

characterizing overall joint stability at the shoulder. 

 

Clinical Examination of glenohumeral translations 

Laxity examination 

Laxity tests were developed as clinical methods to assess joint laxity by 

grading the magnitude of glenohumeral translations along the glenoid.2,19,55 The 

grades are then used to infer joint stability characteristics and potentially provoke 

symptoms.19,45,120 Although anterior drawer, posterior drawer and sulcus tests are 

the most common laxity tests performed in the clinic, description of the 

techniques and performance vary in the literature.2,52,120,121 Generally, the tests 

involve the examiner imparting a translatory force manually on the humeral head 

in an anterior, posterior or inferior direction along the plane of the glenoid. The 

examiner moves the humerus along the glenoid until no further movement is 

sensed and then grades the magnitude of translation subjectively.2,120,121  
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The underlying assumption of shoulder laxity tests performed in a clinical 

exam is that the results provide insight into glenohumeral joint stability.18 

However, this assumption has not been fully investigated. No studies have 

directly identified differences in glenohumeral translations during functional 

activities based on a clinical laxity test’s ability to identify individuals with 

increased translations. Instead, most studies of laxity exam techniques have 

assessed the utility of the exam through reliability studies.122-124 The observed 

variability identified in studies laxity test grading reliability is understandable 

considering the subjective nature of the grading and inconsistency in the 

application of clinical techniques.  

A further assumption of laxity tests is that magnitude of joint laxity 

provides information regarding joint translation during movement, suggesting that 

individuals subjectively graded with higher values on a clinical laxity test 

demonstrate increased translations during the exam. Additionally, the test results 

should be related to joint stability parameters such as contact path, or variance of 

the helical axis during functional movements. No studies were found investigating 

this underlying assumption. Furthermore, sound clinical reasoning suggests that 

laxity test results should be interpreted with respect to other clinical 
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findings.4,18,36,45. However, no studies exist that relate the translation magnitude 

or subjective score from a single laxity test with other laxity tests’ translations or 

subjective scores. In the case of MDI, where excessive translation is expected in 

at least two directions, theoretically combining more than one laxity test would 

aid identification of the movement abnormality in individuals without frank, 

unidirectional laxity. 

Multidirectional instability 

 Although MDI is not an uncommon clinical diagnosis, the criteria for its 

identification is not consistent within the literature.17 The diagnosis was initially 

described by Neer and Foster as the presence of instability in at least 2 

directions.19 In a systematic review, the most consistent diagnostic inclusion was 

a positive sulcus sign and the most consistent exclusion was a history of 

trauma.17 

MDI has been particularly associated with competitive 

swimming.21,22,24,125,In a study of 120 subjects age 9 to 12 Jansson et al. found 

increased generalized joint laxity in competitive swimmers compared to matched 

controls.41 Generalized joint laxity was measured with Beighton’s index.126 The 

index assesses multiple joints bilaterally, and based on range of motion criteria, 
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assigns points for each positive finding (Table 17).126,127 Grading is completed on 

a scale of 0-9 with higher scores generally suggesting higher levels of overall 

joint laxity. In a study by Zemek and Magee, increased glenohumeral translation, 

judged by the anterior drawer and sulcus test subjective grades and the 

apprehension test,2 were demonstrated in 30 elite swimmers compared to 30 

recreational swimmers matched for age and gender.128 Generalized joint laxity as 

defined by Beighton’s Index was demonstrated in the elite swimmers as well.128 

Conclusions based on this study alone are limited because examiners were not 

blinded to the type of swimmer being tested.  

Borsa et al, utilized passive and consistent loading of the glenohumeral 

joint during stress loading of the joint in a position of 90 degrees external rotation 

and abduction in 42 swimmers without shoulder pain and 44 matched controls 

without pain.129 Humeral head translation was measured with 2D ultrasound. The 

translatory force applied during testing was applied consistently across all 

subjects. The study found no difference in joint translation between swimmers 

and matched controls. However, as originally defined the magnitude by which the 

examiner displaces the humerus (anteriorly, posteriorly or inferiorly) should be 

dictated by examiner’s sense of the joint’s resistance to translation and reaching 
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an “end point.”2 As a result, the force applied by the examiner may vary between 

individuals based on the clinician’s tactile sense of their subject’s joint 

characteristics. When applying a consistent force across all subjects, as Borsa et 

al. did, sensitivity to these differences may have diminished and therefore, 

translation differences between groups may not have been evident.129  

Although methodological limitations exist, observational and comparative 

studies21,128,130-132 and persistent clinical theory133,134 suggest that swimmers on 

the whole are more likely to possess increased glenohumeral translations then 

non-swimmers.  

Conclusion 

The inherent mobility of the shoulder joint provides considerable functional 

capabilities but at the sacrifice of joint stability. Advanced 3D imaging techniques 

build upon previous methods of measuring glenohumeral translations. How 

glenohumeral translations are measured and described may impact conclusions 

regarding glenohumeral joint stability. There is preliminary evidence suggesting 

that laxity tests may aid in distinguishing the magnitude of glenohumeral 

translation occurring during reaching activities between groups. Individuals, such 
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as swimmers, identified as possessing MDI may be particularly likely to 

demonstrate glenohumeral translations differences during reaching activities.  
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6. Methods 

Methods Note 

 Detailed methodology related to Aim 1 subject recruitment methods, 

screening and examination procedures have been previously published10,58 The 

following methods will overview Aim 1 and focus primarily on those required for 

Aims 2 and 3 unless otherwise described.  

Subjects 

 Aim 1: Eleven subjects were tested with symptomatic shoulder pain 

consistent with a clinical presentation that has been commonly described with a 

diagnostic label of “impingement.”81 Demographic information is located in Table 

2 of Aim 1. 

 Aims 2 and 3: Competitive swimmers with shoulder pain and MDI and 

asymptomatic non-swimmers without MDI serving as matched controls were 

chosen to test the ability of a clinical exam to produce two groups with distinct 

magnitudes of glenohumeral translations on laxity tests. The inclusion/exclusion 

criteria were chosen because, in theory, the clinical exam should distinguish the 

two groups. Swimmers are commonly associated with increased glenohumeral 

translations as the repetitive nature of the swim stroke has been theorized to 
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contribute to increased laxity of the glenohumeral joint.20,22 The asymptomatic, 

matched control group without signs of MDI were specifically chosen because, in 

theory, they should demonstrate minimal translation compared to competitive 

swimmers. To date, no study has demonstrated a clinical exam’s ability to 

distinguish glenohumeral MDI as a distinct movement pattern from healthy 

individuals. Demographic data are located in Table 9 of Aim 3 

Initial eligibility screening 

 Aim 1: Selection and screening of the subjects occurred for a previously 

published study.59 The screening exam was performed by a licensed physical 

therapist (Ludewig).  

 Aims 2 and 3: Symptomatic competitive swimmers between the ages of 18 

and 55 and asymptomatic, non-competitive swimmers serving as matched 

controls from the local Minneapolis/St. Paul area were recruited and screened to 

determine study eligibility. To be included, competitive swimmers must have had 

a 6-week or greater history of shoulder pain localized to the glenohumeral region. 

Swimmers must have competed at the collegiate level and have trained with a 

coach for a minimum of 3 years. Non-collegiate competitive swimmers were also 

screened if they trained a minimum of 3 hours per week and have trained with a 
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coach. Asymptomatic non-swimmers served as matched control subjects and 

were examined if they reported no history of shoulder pain, and had not 

participated in swimming, throwing or overhead hitting activities such as tennis or 

volleyball more than one time a week. A flow diagram of subject recruitment and 

group assignment process is located in Figure 6. All screening was performed by 

a licensed physical therapist (Staker).  

Inclusion 

Aim 1: Inclusion and exclusion criteria are located in Table 1 of Aim 1 

Aims 2 and 3: To determine study inclusion, symptomatic swimmers and 

matched controls underwent a clinical exam prior to data collection by the 

principal investigator (JS) who is a board-certified specialist in sports and 

orthopaedic physical therapy. Swimmers were included if two criteria regarding 

joint laxity were met: 1) glenohumeral translations were greater than a grade of 

1.5 on the composite laxity score (see below) and; 2) there was one additional 

positive clinical finding indicating excessive joint laxity. The additional positive 

finding included either a positive supine apprehension test2 or a score equal or 

greater than 2 on Beighton’s Index.126,127 As described by Silliman and Hawkins, 

the apprehension test was considered positive if, during the test maneuver, the 
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subject displayed an apprehensive look or verbalized concern that their shoulder 

may “come out.”2 

Composite laxity score 

 Aim 1-3: The composite laxity score was calculated as an average from 

each laxity test grade. Grading of the anterior/poster drawer was based on the 

system described by Hawkins and Mohtadi.45 A grade of 0 represents no 

translation of the humeral head on the glenoid. A grade of 1 indicates the 

humeral head translates up to 50% of the humeral head diameter, and a grade of 

2 indicates the humeral head translates greater than 50%. A grade of 3 

represents the humeral head dislocating beyond the glenoid. There were no 

expectations of any grade 3 scores in the anterior/posterior drawer as none were 

observed in laxity testing in previous work.135 Sulcus test grading was based on 

the examiner’s manual assessment of the estimated distance the humerus 

translates inferiorly in centimeters.55 Less than 1 cm translation is defined as 

grade 1, 1-2 cm is defined as grade 2, and greater than 2 cm translation is a 

grade 3.55  

Aims 2-3: Control group matching criteria 
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Control matching occurred by group and was based on age (± 2 years) 

relative to the group mean, body mass index (± 2 points) and gender.  

BMI calculation: 𝐵𝑀𝐼 =
𝑊𝑒𝑖𝑔ℎ𝑡 (𝑘𝑔)

𝐻𝑒𝑖𝑔ℎ𝑡 (𝑚)2 

Exclusions 

Aim 1 

 See Table 1, Aim 1 

Aims 2 and 3 Exclusion criteria for both groups 

a. History of trauma including fractures or glenohumeral dislocations, 

based on subject self-report.  

b. Previous shoulder surgery based on subject self-report. 

c. Humerothoracic elevation active range of motion less than 120 

degrees as measured by a standard 12-inch plastic goniometer. 

d. Shoulder symptomology that was judged to be of cervical origin as 

determined by provocation of their self-reported symptoms with a 

cluster of clinical tests as described by Wainner et al.47 Subjects who 

reported any symptoms in the shoulder region that improve with 

cervical active range of motion were excluded at the initial screening 

steps. Additionally, subjects were excluded from further testing if all 
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four exam criteria were positive for the diagnosis of cervical 

radiculopathy as described by Wainner et al. These exam items 

included; positive upper limb tension test, cervical rotation less than 60 

degrees, a positive distraction and a positive Spurling’s test.  

e. A visible rib hump indicative of possible scoliosis.  

Aims 2 and 3: Additional exclusion criteria for the control group 

a. Participated in swimming, throwing or overhead hitting activities such 

as tennis or volleyball more than one time a week. 

b. Possessed greater than 1 out of 4 positive impingement tests 

(Hawkins-Kennedy, Neer, empty can, and resisted external rotation).81  

c. Composite laxity score equal or greater to 1.5. 

d. Beighton’s Index score as previously explained, greater than 2.127 

e. A positive apprehension sign as previously explained.2 

Aims 2 and 3: Sample size 

An a priori power analysis was based on a comparison of two group 

means with an estimated within group variability of 2.1 mm. The variability 

estimate was derived from the composite translation calculated from the three 

laxity tests of symptomatic subjects from Aim 1.135 were few studies that provided 



 

 

 

62 

information on differences in translation between subjects with and without MDI 

to aid estimation of a clinically significant difference.130,132 In Aim 1, comparing 

subjects with composite laxity subjective scores at or above 1.5 to subjects with 

composite laxity scores below 1.5, a mean difference in composite translations of 

3.5 mm was demonstrated during clinical laxity testing.135 To account for the 

possibility of higher variability in translation magnitude in subjects with MDI, the 

clinically significant difference to detect for this study was lowered to 2.0 mm. 

Utilizing 2.0 mm as the clinically significant difference in the power analysis 

calculation for the total translation dependent variable (JMP Pro Version 11.2. 

SAS Institute Inc. Cary, NC), and a two-tailed alpha level of 0.05, the power to 

detect such differences between groups was 87% with a total planned enrollment 

of 44 subjects. Post hoc, the observed within group variance in total translation 

across each phase and each group ranged from 1.2 to 1.5 mm. With a clinically 

significant difference set at 2.0 mm and variance set at 1.5 mm, power to detect 

differences was calculated as greater than 90%.136 

Recruitment 

Aim 1: Subjects were recruited from a sample of convenience of the local 

university population and surrounding community. 
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Aims 2-3: Recruitment of symptomatic swimmers from the University of 

Minnesota’s Men’s and Women’s swim team occurred through word of mouth 

with the head athletic trainer and flyers. Additional recruitment of symptomatic 

swimmers occurred from local colleges, and area master’s teams through word 

of mouth, fliers, email recruitment and webpage postings. Matched controls were 

recruited through poster advertisements, webpage postings, and word of mouth 

from the large local population of college students and staff at the University of 

Minnesota and surrounding metro area. A $25 gift card was provided to subjects 

who participated in the fluoroscopy imaging portion of the study and an additional 

$25 gift card was provided to subjects who participated in the MR imaging portion 

of the study.  

Risks 

 Aim 1: Risks associated to subjects for this aim have been previously 

identified.59,162and were primarily associated with risk of infection from the 

invasive nature of the study and localized pain from the pin placement.  

 Aim 2-3: The following participant risks were associated with this study: 

a. Clinical Exam Procedures such as active, passive and resisted range 

of motion activities associated with common clinical exam procedures. 
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can result in mild muscle and joint soreness similar to the kind subjects 

might experience during routine performance of daily tasks.  

b. Magnetic Resonance Imaging risks associated with MRI machines 

include; claustrophobia, nerve stimulation, disruption of devices, 

heating of devices. Pre-scan questionnaire and protocols implemented 

at the University of Minnesota Center for Magnetic Resonance Imaging 

were in place to minimize these risks.    

c. Fluoroscopic Imaging involves exposure to a small amount of ionizing 

radiation while testing procedures are performed. Based on the 

average amount of radiation that an average person would receive 

from these procedures, it was estimated at approximately 2.0% 

(approximately 0.060 mSv) of that received from natural sources of 

radiation by a Minnesota resident in one year (0.3 mSv). These 

estimates were based off of the PCXMC (STUK, Helsinki, Finland) 

software program. The software used a Monte Carlo method for 

estimating patient radiation dose in medical x-rays and fluoroscopy. 

These exposure levels represent minimal risk and were necessary to 

obtain the research information desired. 

http://www.stuk.fi/palvelut/pcxmc-a-monte-carlo-program-for-calculating-patient-doses-in-medical-x-ray-examinations
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Institutional review board and informed consent (Aims 2-3) 

The study protocol was approved by the University of Minnesota 

Institutional Review Board Human Subjects Committee. Additionally, approval 

was obtained by the Human Use Subcommittee (HUS) of the All University 

Radiation Protection Committee (AURPC). All subjects were presented with and 

required to sign the informed consent document explaining the potential risks and 

benefits of study participation before data collection.  

Screening Procedures 

 Potential subjects’ responses to an online questionnaire administered (see 

Appendix 7.1) through a web-based application (REDcap) were screened by a 

board-certified physical therapist to determine eligibility. REDCap is a HIPPA 

compliant web-based application supported by the University of Minnesota for 

secure data collection. Access to the study's data in REDCap was restricted to 

the members of the study team by username and password. In addition to 

information needed for the inclusion/exclusion criteria, the online questionnaire 

gathered the following subject information:  

Data collected for both groups 

a. Subject demographic and contact information 
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b. Functional questionnaire (Disabilities of the arm, shoulder and hand: 

DASH).137  

c. Quantification of pain via a Numeric Pain Rating Scale (NPRS)138  

Data collected for symptomatic swimmers with MDI 

a. Swimming frequency (hours/day/week) 

b. Average weekly swimming mileage  

c. Primary stroke 

d. Dominant side 

e. Dominant breath side 

f. NPRS 

g. History of pain, type, symptoms, location 

 For baseline demographic data, descriptive statistics were performed. To 

compare groups on continuous demographic data two sample t-tests were 

performed. For categorical data a Fisher’s exact test was performed. Significance 

was set at p≤0.05.  

Physical Examination Procedure (Aims 2-3) 

 Subjects who met the online screening criteria for symptomatic swimmers 

and matched controls underwent a physical examination. The physical 
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examination was performed by the primary investigator previously described and 

consisted of the procedures outline below: 

Consent and Examination 

Following initial screening through the online REDcap questionnaire, 

eligible subjects were asked to present for the physical examination. The IRB 

approved informed consent was presented outlining risks and benefits of their 

study participation. A review of their medical history and answers to the online 

questionnaire was then performed.  

Physical Examination 

 The physical examination and associated tests and measures previously 

described were carried out by the primary investigator, a physical therapist and 

board-certified specialist in sports and orthopaedic physical therapy. All results 

were recorded on the REDcap clinical exam form (see Appendix). 

Cervical screening tests47 

a. AROM 

b. Spurling’s Test 

c. Distraction 

d. Upper Limb Tension Test  
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Shoulder movement and postural examinations  

 Movement tests and postural examinations were performed to further 

characterize the groups.  

a. Standing humerothoracic flexion active range of motion measured with 

a standard plastic 12-inch goniometer.  

b. Supine humerothoracic passive range of motion: flexion, 

external/internal rotation (measured in 90 degrees glenohumeral 

abduction) measured with a standard plastic goniometer.  

c. Scoliosis screening. A scoliosis screen was performed to assess for 

potential spinal structural abnormalities that may influence shoulder 

kinematics. A visible rib hump observed during standing forward trunk 

bending was considered a positive screen and resulted in exclusion 

from the study.  

Impingement tests 

The following tests are commonly associated with the diagnosis of 

“impingement.”81 Performing the following impingement tests was considered 

potentially beneficial because the heterogeneous nature37 of the impingement 
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diagnostic classification suggests a number of individuals diagnosed with MDI 

may also demonstrate positive impingement signs.17  

a. Neer Test139 

b. Hawkins-Kennedy140 

c. Painful arc when noted between 60-120 degrees141 

d. Empty Can142 

e. Resisted External Rotation at the subjects side in neutral rotation143 

Other tests  

The following tests were performed to further characterize the group and 

evaluate for potential associated pathology such as labral injuries. 

a. Crank test144  

b. Biceps load test145  

Data Collection Procedures (Aims 2-3) 

Fluoroscopic Image Acquisition 

General procedures.  

A fluoroscopic image of a distortion grid and calibration cube was captured 

for each change in fluoroscopy positioning.146 The distortion grid was used to 

correct for any causes of image distortion by factors such as the curved image 
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intensifier or electromagnetic interference. The calibration grid was utilized to 

define the 3D space for describing image positioning relative to a common global 

reference frame. XMA Lab147 was used to process the distortion grid and 

calibration cube. XMA lab is an open source software platform that integrates 

distortion correction and calibration into one program. A static image was taken 

of each subject prior to dynamic fluoroscopy capture to ensure proper 

subject/fluoroscopy alignment. Two trials were completed for scapular plane 

abduction. Subjects wore a leaded skirt for all imaging procedures. The primary 

investigator also wore a leaded skirt, vest and gloves to perform all the laxity 

tests during fluoroscopy.  

Scapular plane abduction image acquisition:  

Subjects were seated and encouraged to maintain an upright trunk 

posture during movement. The subject was positioned facing toward the source 

with their scapula as close as possible to the image intensifier to reduce 

magnification errors. Further, the subject was rotated such that their scapular 

plane was parallel to the image intensifier of the fluoroscopy unit with the 

coracoid located near the image intensifier’s center. Scapular plane abduction 

was performed at approximately a 3 sec rate (0.3 Hz) from 0 to full elevation 
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(Figure 12). The motion was practiced without imaging two to three times prior to 

image capture to ensure correct pace of arm rising. To achieve scapular plane 

elevation, subjects were asked to slide their arm along a PVC pole. The position 

of the pole was established by positioning the subject in 90 degrees of 

humerothoracic elevation in the scapular plane. Scapular plane position of the 

humerus was approximated by measuring with a standard goniometer 40 

degrees anterior to the trunk.  

Sulcus test image acquisition 

Subjects’ trunk and scapula were positioned in the same manner as 

scapular plane abduction acquisition. The subjects tested arm was placed such 

that the hand was resting on the ipsilateral thigh. The primary investigator (JS) 

was positioned to the subject’s side, outside of the imaging field grasping the 

distal humerus with a hand in a leaded glove. The investigator’s other hand (in 

leaded gloves) was placed on the proximal scapula to stabilize (Figure 7). 

Dynamic image acquisition was captured at 25hz and started approximately one 

second before the test maneuver commenced to approximately one second after 

the arm was fully loaded in the inferior direction (Figure 26).   

Anterior and posterior drawer image acquisition 
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 Subjects were positioned prone on a plinth, the glenohumeral joint was 

abducted with the fluoroscopic source unit placed inferiorly and oriented for a 

projection through the axilla. The imaging source was positioned superior and 

posterior of the scapula at approximately 30 degrees medial to the midline of the 

trunk.. The primary investigator held the subject’s arm in neutral rotation and 90 

degrees abduction. After applying a centering force on the humerus the primary 

investigator performed the anterior and posterior drawer maneuvers as described 

by Gerber and Ganz.120 Dynamic images were acquired at 25 Hz and started 

approximately one second before the centering force was applied and 

approximately one second after the full translatory force had been imparted 

(Figure 27). 

Magnetic Resonance Imaging 

On a subsequent visit, an MRI of each subject’s shoulder was acquired at 

the University of Minnesota’s Center for Magnetic Resonance Research (CMRR). 

The imaging protocol was developed by Dr. Jutta Ellerman, a board-certified 

musculoskeletal radiologist at the Center for Magnetic Resonance Research. The 

protocol optimized bone edge detection for MR, to avoid the need for CT imaging 

(and additional radiation exposure).  



 

 

 

73 

Image Processing 

Bone segmentation 

The digital files from MR scans were imported into Mimics software 

(Materilalise, Leuven, Belgium) to manually segment the humerus and scapula 

from other bones and soft tissue for reconstruction into 3D bone models (Figures 

25-27). Segmentation and thresholding processes were performed to allow 

identification of individual bone structure masks that were then incorporated into 

a 3D object, with a set of mesh triangles, whose vertices have known 3D 

positions. The 3D bone model was then exported as a stereolithography image 

file (STL) for 2D/3D shape matching.146  

2D/3D Shape matching  

Two-dimensional, tagged image file formats (TIFFs) from fluoroscopy 

were shape matched to the 3D bone models from the segmentation process with 

JointTrack, an open source shape matching software (University of Florida, 

available at https://sourceforge.net/projects/jointtrack/).84 The shape matching 

process was blinded to group information to prevent investigator bias. Filtering 

was applied as needed in ImageJ (National Institutes of Health, Bethesda 

Maryland, USA), to enhance identification of bone edges in the TIFF files. The 

https://sourceforge.net/projects/jointtrack/)
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shape matching process was performed by manually manipulating the 3D 

models until the bone edges aligned visually with those in the fluoroscopic image 

frame (Figures 25-27).  

Anatomical coordinate system set up 

To describe the motions in clinically interpretable ways, anatomical 

coordinate systems were defined for both the humerus and scapula.83,148 These 

anatomic coordinate systems were applied to the 3D models created from the 

MR images.  

Humeral coordinate system 

The MR imaging field of view did not include the humeral epicondyles thus 

preventing construction of a humeral-based coordinate system as defined by 

conventions put forth by the International Society of Biomechanics. Instead, they 

were approximated by a method described by Lawrence et al.149 To create the 

humeral head coordinate system, a sphere was fit to the humeral head articular 

surface using a least squares approach (Figure 28). The center of the sphere 

defined the center of the humeral head and origin of the coordinate system. Two 

circles were fit with a least-squares algorithm to the humeral shaft; one at the 

anatomical neck of the humerus and the second at the most distal portion of the 
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humeral shaft feasible. The coordinate of the center of those circles was used to 

project a vector to an estimated mid-point between the humeral epicondyles. The 

length of the humerus was predicted based on the subject’s height using a 

regression equation developed by Lawrence et al.149 The estimated mid-point of 

the epicondyles and the estimated humeral head defined the Y axis pointing 

superiorly. An intermediate axis was defined by creating a vector from the 

estimated humeral head center to the biceps groove. A perpendicular X axis was 

created by a cross product of the intermediate vector and the Y axis and pointed 

forward. The Z axis was established as a cross product of the X and Y axes and 

pointed laterally. 

Scapular coordinate system (Aim 2-3) 

The scapular coordinate system was based on the conventions described 

by International Society of Biomechanics11 with the exception of placing the origin 

at the glenoid center rather than the posterior lateral acromion. The glenoid 

center was defined by marking the vertices of the glenoid rim on the 3D model 

utilizing 3Matic software and calculating the mean coordinate of the marked 

vertices. With the origin of the scapular coordinate system embedded at the 
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glenoid center, the X axis pointed anteriorly, the Y axis pointed superiorly and the 

Z axis pointed laterally (Figure 29).103 

Data Reduction 

Filtering (3) 

Of the two trials captured for scapular plane abduction, the trial with the 

best imaging characteristics conducive to shape matching (clearest bone 

edges and the greatest amount of the humerus and scapula image contained 

within the field of view) was chosen for data reduction and filtering. A fourth 

order low pass Butterworth filter (4.0 Hz at 3db) was applied to the three Euler 

angles and three positional outputs from JointTrack data through a custom 

Matlab code.  

Description of position and orientation: Aim 2-3 

Glenohumeral orientation was represented in a clinically relevant way by 

extraction of Euler Angles.150 To prevent singularities during scapular plane 

abduction, a rotation sequence of elevation (X’), plane of elevation (Z), and axial 

rotation (Y”) was utilized.92 For the left sided shoulder data, rotations about the Z 

axis, Y axis, and translations along the X axis were multiplied by negative 1 for 

conversion to a right handed description of position.  
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Description of glenohumeral translations-laxity tests 

Composite translation (Aim 1-2) 

A composite glenohumeral translation was calculated as the test specific 

(anterior/posterior/inferior) displacement (end position minus start position) from 

each of the laxity tests. Translations from each test were combined through a 

RMS calculation into a single, composite, translation variable. If a laxity test 

resulted in a translation in the opposite direction of the intended motion (eg. a 

small, negative, posterior translation for the anteriorly directed anterior drawer 

test), the magnitude of the value was set to 0. The RMS calculation determines 

the square of each value, averages the values, and then takes the square root. 

For example, if anterior translation from the anterior drawer test was 2.0 mm, 

posterior translation from the poster drawer test was -1.0 mm and inferior 

translation from the sulcus test was -3.5 mm the calculation would work as 

follows for a single subject:  

 𝐶𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒𝑡𝑟𝑎𝑛𝑠 = √
𝑥𝑎𝑛𝑡

2 +𝑥𝑝𝑜𝑠𝑡
2 +𝑥𝑖𝑛𝑓

2

3
= √

2.0𝑎𝑛𝑡
2 +−1.0𝑝𝑜𝑠𝑡

2 +−3.5𝑖𝑛𝑓
2

3
= 2.4 𝑚𝑚 

Description of glenohumeral instability  

Helical axis parameters (Aim 3)  
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 A helical axis is a single axis about which a segment rotates around and 

translates along for a specific phase of motion.54 A helical translation represents 

the displacement of the segment along an oblique axis during one rotation step. 

If the magnitude of the pitch of the helical axis is 0 then the translation is 0 and 

the motion is pure rotation.54 For this project, all helical parameters were 

calculated for every 3% of humerothoracic motion displacement. The start of 

movement was defined as any visually perceptible movement change from no 

movement at rest to any movement of the scapula or humerus. The completion 

of movement was defined visually when no perceptible continuation of humeral 

movement existed relative to the imaging field of view. 

Total translation (Aim 3)  

Helical axis total translation was calculated as the mean absolute 

translation magnitude for each 3% motion step across two phases. Phase 1 was 

defined as the start of motion through 9% of humerothoracic motion. Phase 2 

was defined from 9% of humerothoracic motion to the end of glenohumeral 

motion defined visually as the first frame where the slope of glenohumeral 

elevation motion was near zero.  

Instant center of rotation and geometric center displacement (Aim 3)  
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 To calculate the distance of the humeral head geometric center to the 

instant center of rotation as defined by the helical axis, the orthogonal position 

vector from a point on the helical axis to the mean humeral head center position 

was calculated every 3% of motion as described by Spoor and Veldpaus.151 The 

mean displacement was calculated for phase one and two as previously 

described for the total translation.  

Variance of the instantaneous helical axis (Aim 3) 

 To describe the degree of stability of the orientation of the glenohumeral 

joint, the variance of the vector components of the helical axis orientation was 

calculated. The three vector components of the helical axis orientation relative to 

the scapula were calculated as described by Spoor and Veldpaus for every 3% of 

motion.151 Variance was calculated for phase one (0-9% humerothoracic motion) 

and phase two (9% to end of glenohumeral motion) as previously described. The 

calculation for the standard deviation of each vector component of the helical 

axis was based on previous quantifications of instability for the spine and 

elbow.115,116,152 Additionally, visual representations of the helical axis position 

relative to the glenoid were developed similar to the visual Duck et al. developed 

for the elbow (Figure 15) 



 

 

 

80 

Contact path (Aim 3) 

 To facilitate description of the humeral position relative to the glenoid, the 

surface contact path on the glenoid was calculated. Contact paths were 

developed utilizing the kinematic information from the 2D/3D shape matching 

process(Figure 16). The reconstructed 3D surfaces of the humerus and glenoid 

were made of a triangular mesh. The coordinate of each vertex on each bone’s 

3D surface mesh was known which allowed a custom Matlab code to calculate 

the 3D Euclidian distances between the vertices of the surface mesh of the 

humeral head and glenoid for every 3% of observed humeral elevation. The code 

then determined the location of smallest distance between those points and 

identified that point’s location on the glenoid. The centroid was calculated as the 

mean 3D coordinate of all the minimum distance coordinates measuring from 

100% to 150% of the minimum distance for that position.99 The centroid was 

calculated every 3% of sampled data to track the centroid as a connected contact 

path between the humerus and glenoid throughout scapular plane abduction.112 

The length of path was calculated as the sum of the 3D Euclidean displacement 

of the centroid location for every 3% of motion. Additionally, a contact path for the 

singular minimum distance was calculated similarly by tracking the singular 
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minimum distance across each frame of movement and summing the 

displacements as 3D Euclidean distances.108 Differences in glenoid size were 

accounted for by normalizing the contact path to the sum of the maximum height 

and width of the glenoid.108  

Data Analysis 

Aim 1 

 Determine inter-examiner and cross discipline repeatability of translation 

magnitude for glenohumeral laxity tests, and the relationship between laxity tests 

grades and the magnitude of translation occurring during these tests in 

individuals with atraumatic shoulder pain.  

Hypothesis 1.1 

 Examiners will demonstrate good (ICC>0.75) repeatability of laxity tests 

translations in individuals with atraumatic shoulder pain. 

Variables 

 The independent variables were examiner and test. The dependent 

variables were the inter-examiner repeatability of translation magnitude for each 

test. For all laxity tests analyses the linear displacement was calculated as the 

position at the beginning of the tests from the finish position. For the anterior and 
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posterior drawer tests, the linear displacement along the anterior/posterior 

direction or X axis was calculated. For the sulcus tests, the linear displacement in 

the inferior direction along the Y axis was calculated. 

Statistics 

 Intraclass correlation coefficients (Type 2,1) were performed to determine 

repeatability of examiner imparted translation for a single repetition of each laxity 

test. Additionally, standard errors of measurement were calculated from a one-

way ANOVA and for each laxity test. Finally, mean absolute differences and 

paired t-tests were calculated between examiners. The type I error rate for this 

analysis and all remaining analyses was controlled with a p-value set at 0.05. All 

statistical analyses were performed with IBM SPSS Statistics for Macintosh, 

Version 24 (Armonk, NY; IBM Corp). 

 Hypothesis 1.2 

 The subjective score from one examiner will demonstrate a strong 

association with the amount of glenohumeral translation occurring during each 

laxity test across all subjects  

Variables 
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 The independent variables were single test laxity test scores. The 

dependent variables were individual laxity test linear translations.  

Statistics 

 A simple linear regression was performed for each respective laxity test. 

Presence of outliers were checked visually and with a Cook’s D parameter. The 

presence of overly influential outliers was identified using studentized residual 

calculations and assessed with a Cook’s D parameter.153  

Hypothesis 1.3 

 Composite laxity test grades will be associated with composite translation 

across all subjects.  

Variables 

 The independent variable was composite laxity score from all three laxity 

tests and the composite translation magnitude calculated as the RMS value of 

the three laxity test translations combined. 

Statistics 

 A simple linear regression was performed of the composite mean laxity 

test score with the RMS composite laxity test translation from all three laxity 

tests. Presence of outliers was checked visually and with a Cook’s D parameter.  
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Aim 2  

Determine if differences in glenohumeral laxity exist between competitive 

symptomatic swimmers with MDI and matched controls of asymptomatic non-

swimmers without MDI. 

Hypothesis 2.1 

Swimmers diagnosed with MDI will demonstrate increased composite 

glenohumeral joint translations during the laxity exams as compared to matched 

controls. 

Variables 

The independent variable was group: symptomatic swimmers with MDI 

and matched controls. The dependent variable was composite translation. 

Translation was measured as the linear displacement calculated as the 

difference in the start position from the end position of each test.   

Statistics 

 After checks for normality, the composite translation was calculated as a 

RMS calculation of the displacement from each of the three laxity tests (anterior 

drawer, posterior drawer and sulcus test) and compared between groups using 

an independent t-test.    
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Aim 3 

Determine if laxity tests reveal differences in glenohumeral translations in 

swimmers with MDI and matched controls during scapular plane abduction. 

Determine if laxity tests reveal differences in glenohumeral translations in 

swimmers with MDI and matched controls during scapular plane abduction. 

Hypothesis 3.1  

Symptomatic swimmers with MDI will demonstrate increased helical axis 

total translation compared to matched controls. 

Variables 

The independent factors were group (symptomatic swimmers with MDI 

and matched controls) and motion phase (0-9% of humerothoracic motion, 9% to 

the end of glenohumeral motion). The dependent variable was absolute total 

helical axis translation.  

Hypothesis 3.2 

Symptomatic swimmers with MDI will differ in distance of the helical axis 

from the geometric center compared to matched controls.  

Variables 
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The independent factors were group (symptomatic swimmers with MDI 

and matched controls) and motion phase (0-9% of humerothoracic motion, 9% to 

the end of glenohumeral motion). The dependent variable was the 3D 

displacement of the helical axis from the geometric center of the humeral head.  

Hypothesis 3.3 

 Swimmers with MDI will demonstrate increased variance in the 

instantaneous helical axis orientation compared to matched controls during 

scapular plane abduction.  

Variables 

The independent factors were group (symptomatic swimmers with MDI 

and matched controls) and phase (0-9% of humerothoracic motion, 9% to the 

end of glenohumeral motion). The dependent variable was the variance of the 

three vector components of the helical axis for each phase of motion. 

Hypothesis 3.4 

Symptomatic swimmers with MDI will demonstrate increased glenoid 

contact path lengths compared to matched controls. 

Variables 
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The independent factor was group (symptomatic swimmers with MDI and 

matched controls). The dependent variables were the length of the centroid 

contact path and the length of the minimum distance contact path. 

Statistics for hypotheses 3.1-3.4 

 Checks for normality were performed by assessing skewness and kurtosis 

of the data and by performing Shapiro-Wilk tests for each dependent variable. 

For hypothesis 3.1-3.3, a two-way repeated measures ANOVAs were performed. 

The between subject factor was group, the within subject factor was phase. 

Homogeneity of variance was checked using Mauchly’s Test of Sphericty. If 

Mauchly’s test was significant, a Greenhouse-Geisser correction was planned.136 

If a significant interaction was present for the two-way analyses, follow-up 

pairwise comparisons were planned between groups at each motion interval level 

utilizing a Bonferroni correction. For hypothesis 3.4, independent t-tests was 

performed. 

Exploratory Analyses 

Aim 2 

 A post-hoc two way ANOVA was performed to examine translation 

differences between groups for each laxity test. The independent factors were 
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group (swimmers with MDI and healthy controls) and test (anterior drawer, 

posterior drawer and sulcus). The dependent variables were translation 

magnitudes along the X axis for anterior and posterior drawer and translation 

along the Y axis for the sulcus test. In the case of an interaction, pairwise 

comparisons were planned utilizing t-tests comparing groups for each laxity test 

with a Bonferroni correction.    
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7. Aim 1: Three-dimensional kinematics of shoulder laxity examination and 

the relationship to clinical interpretation*  

Summary 

Study Design: Cross-sectional 

Background: Understanding clinical test kinematics improves utility of exam 

techniques. The purposes of this study were as follows: 1) determine inter-

examiner repeatability of translation magnitude for the Anterior/Posterior Drawer 

and Sulcus shoulder laxity tests; 2) describe the relationships between 

glenohumeral joint translations and subjective grades for each laxity test; and 3) 

describe the relationship of overall glenohumeral joint laxity to a composite 

subjective score from the three laxity tests. 

Methods: Eleven subjects with shoulder symptomology were examined with 

three laxity tests. Motion was tracked with electromagnetic sensors affixed to the 

humerus and scapula via transcortical pins. ICC’s were calculated to determine 

                                            
* As a published article in International Biomechanics.  
(doi.org/10.1080/23335432.2017.1372217) Aim 1 co-authors included 
Amy E Lelwica, MD, Paula M Ludewig, PhD, PT, Jonathan P Braman, MD. Aim 1 
was supported by the National Institutes of Health (NIH) under Grant No. 
K01HD042491 (Ludewig). 
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repeatability of translation magnitudes between two examiners for each test. 

Descriptive statistics and regression analyses were performed for comparisons of 

single laxity test grades with translation magnitudes and for composite subjective 

laxity scores and overall translation across all three tests.  

Results: Inter-examiner ICCs regarding kinematic repeatability were 0.87 for 

Anterior Drawer, 0.84 for the Sulcus test, and not calculable for the Posterior 

Drawer. No linear relationships between subjective grades of individual tests and 

translation magnitudes were found. The relationship of overall translation with the 

composite subjective score from all laxity tests was r2=0.75 (r=0.86). 

Conclusions: Clinicians from different disciplines are capable of imparting 

similar translations during laxity tests. Single test subjective laxity grades 

demonstrate large ranges of translation between subjects for the same grade. By 

combining results of three laxity tests, clinicians are capable of identifying the 

level of overall shoulder joint laxity in patients.  

Keywords: shoulder biomechanics; laxity test; reliability; validity; examination 
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Introduction  

Shoulder pain is the second most prevalent musculoskeletal complaint 

with a 21% point prevalence.15 Despite this, reliability and validity for many 

shoulder clinical examination techniques have not been demonstrated.36 Most 

clinical shoulder tests are designed to elicit a sign or symptom as a result of 

tissue being placed under stress by the test position. Unlike the majority of 

clinical tests, Anterior/Posterior Drawer, and Sulcus tests are developed to 

quantify the magnitude of glenohumeral translations, or joint laxity, through 

subjective grading.19,45,120 The results of laxity tests are used to infer how the 

magnitude of observed laxity may contribute to movement abnormalities and 

symptomology.121 Increased joint laxity is thought to lead to excessive and 

deleterious glenohumeral translations during functional movements.17-19 

However, the ability of clinicians to determine the severity of joint laxity during a 

manual clinical exam has not been established.23,24 Therefore, construct 

validation of these laxity tests should assess any relationship of subjective 

grades to the amount of humeral head translation during testing.  
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Instead, shoulder laxity clinical tests have been examined through 

reliability studies of subjective grading system.122-124 Inter-examiner reliability has 

ranged from poor to fair with studies utilizing differing rating systems, subjects, 

laxity test procedures, and examiner training. No studies have assessed the 

inter-examiner repeatability of the translations being induced during the test 

maneuvers. Establishing that different examiners can impart similar translations 

to the same patients is a prerequisite for improving inter-examiner grading 

reliability and clarity of diagnosis.  

Studies of clinical tests should replicate scenarios under which the tests 

are used and on patients on which they are applied. For example, since clinicians 

with differing clinical disciplines and training typically perform clinical laxity tests, 

examination of the repeatability of imparted joint translations by examiners of 

differing backgrounds is needed. Additionally, clinicians commonly use clinical 

laxity tests across a broad range of patient presentations. The same tests may 

be applied to patients where instability is likely (e.g. those with unstable 

shoulders) and those where laxity is less likely (e.g. “impingement” patients). 

Therefore, it is also necessary to study these tests in a population without a 

history of instability or dislocation but where the possibility of “microinstability” 
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may contribute to their symptoms.122,154,155 Previous work examining 

glenohumeral laxity has utilized radiographic and ultrasound imaging to measure 

joint translations.156-158These studies have demonstrated good reliability and 

accuracy in assessing joint laxity with mechanical devices as it relates to 

stress/strain characteristics of the joint. No studies have tracked translations 

during manually imparted clinical laxity tests and studied their relationship to 

subjective grades of joint laxity.  

Furthermore, an individual clinical test is rarely performed or interpreted in 

isolation of other tests. Clinical recommendations frequently emphasize the 

necessity of including multiple tests for the proper evaluation of shoulder 

conditions.4,18,36,45 Additionally, there is some evidence suggesting that 

combining outcomes from multiple tests increases diagnostic accuracy.47,81,144 No 

studies have examined how subjective grades from a combination of laxity tests 

relate to overall joint laxity. Understanding this relationship may improve the 

ability to diagnose distinct movement patterns and develop more effective 

interventions in subgroups of patients.  

This study utilized three-dimensional electromagnetic sensors rigidly 

affixed to the humerus and scapula to precisely74 measure glenohumeral 
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translations. Bony fixation eliminates surface based skin motion errors previously 

identified as up to 17% of total humeral head translation occurring during laxity 

tests.52 Additionally, with rigid tracking of bone motion, measurement error due to 

operator technique is eliminated compared to its possibility in imaging based 

tracking techniques such as ultrasonography or radiography. This tracking 

technique was utilized for the following study purposes; 1) determine inter-

examiner, cross discipline repeatability of translation magnitude for the 

Anterior/Posterior Drawer and Sulcus shoulder laxity tests; 2) describe the 

relationships between glenohumeral joint translations and the subjective grades 

for each laxity test; and 3) describe the relationship of overall glenohumeral joint 

laxity to a composite subjective score from the three laxity tests in subjects 

without a history of subluxation or dislocation.  

 

Methods 

Subjects 

This study combined data collected from 11 volunteers with atraumatic 

symptomatic shoulders. The subjects were recruited for a previously published 

study group.58 Subjects were included according to the criteria listed in TABLE 1. 
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These were chosen to represent a clinical presentation typical for the shoulder 

“impingement” diagnosis.37 In a heterogeneous cohort such as this subject 

population, identifying cases of “microinstability” is considered important for 

treatment planning.154,159 Demographic data of the subjects are included in 

TABLE 2. The Institutional Review Board of the University of Minnesota 

approved the study protocol (IRB#1603M87561). Written informed consent was 

obtained from all participants prior to testing.  

Instrumentation 

Kinematic data were collected using the Flock of Birds miniBIRD 

electromagnetic (EM) sensors (Ascension Technology, Shellburne Vermont, 

USA) and processed using integrated Motion Monitor software (Innovative Sports 

Training, Inc. Chicago, IL, USA). This configuration allowed simultaneous 

tracking of each sensor at a sampling rate of 100 Hz per sensor. The 

instrumentation static accuracy is reported to be 1.8 mm and 0.5° (Ascension 

Technology Corporation). We verified in our lab for this experiment that the root 

mean square linear static accuracy of the instrumentation was less than 1 mm 

compared to a calibration grid.  

Procedures 
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Data collection for this study occurred at the time of data collection for a 

larger investigation.10,42,58 As previously reported,12,58 transcortical 2.5 mm pins 

were inserted with the use of a local anesthetic to the skin, subcutaneous tissue 

and periosteum. Under sterile conditions and with fluoroscopic guidance the pins 

were placed into the humerus and scapula by an orthopedic surgeon (Figure 1). 

The insertion sites were between 1-2 cm in length to allow the pins to move 

freely during movement without interference by the skin. Sensors were then 

rigidly attached to the pins. Tracking pins placed in the humerus and scapula did 

not hinder hand placement for laxity test performance. A third EM sensor was 

secured by tape over the sternum to track trunk position. Glenohumeral 

translation values were collected for Anterior Drawer, Posterior Drawer, and 

Sulcus. A board certified, fellowship-trained shoulder surgeon performed all tests 

(EX1). Additionally, a physical therapist with expertise in clinical shoulder 

examination and biomechanics (EX2) performed the tests. This allowed 

assessment of inter-examiner kinematic repeatability across two clinical 

disciplines. No intra-examiner comparisons were performed because of the 

number of tests subjects underwent as part of the larger study.  
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The Anterior Drawer maneuver was performed as described by Silliman 

and Hawkins.2 Standing behind the subject, the examiner stabilized the scapula 

with their contralateral hand while applying a compressive, centralizing force into 

the glenoid followed by an anterior gliding force on the posterior humerus by the 

ipsilateral hand. Posterior Drawer was performed similarly, but with the gliding 

force directed posteriorly on the anterior humerus. Sulcus testing was performed 

with the subject’s arm at their side in neutral rotation. The examiner applied a 

longitudinally directed traction force by grasping the humeral epicondyles.45 If any 

examiner, for any test, performed two repetitions only the first repetition of a test 

was utilized for inter-examiner comparisons. The Anterior/Posterior test grade 

was judged by EX1 on a scale of 0-3 for each trial according to Hawkins and 

Mohtadi.45 Sulcus test subjective grading is based on perceived translation 

distance.55 Less than 1.0 cm perceived translation is defined as grade 1, 1-2 cm 

is defined as grade 2, and greater than 2 cm translation is a grade 3. Testing was 

performed in a sequential order of Anterior Drawer, Posterior Drawer, and Sulcus 

test. Only examiner EX1 provided laxity grades. Examiner EX2 was blinded to 

grades provided by EX1. Additionally, self-reported pain ratings on a visual 

analog scale (0-10) were measured with each test. If pain was verbalized, the 
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examiner asked if the pain was shoulder joint pain or related to the transcortical 

pin. 

Data reduction 

Anatomical landmarks were palpated, digitized and used to create 

embedded coordinate systems according to the International Society of 

Biomechanics.11 As previously described36,58,122,123,160 for the scapula, the 

posterior acromioclavicular (AC) joint was digitized instead of the posterolateral 

acromion and the center of the humeral head was located using a functional, 

pivot center method as described by An et al.89 For the purpose of defining initial 

and final positions of the test movement, scapulothoracic angular motion was 

utilized. The sensors detect some scapular movement during the tests with only 

one hand to stabilize the scapula and the other imposing the test motion, as 

performed in clinical practice. This scapular motion was included to avoid 

defining the humeral movement by the dependent variable (humeral head 

translation). Angular motion was described using Euler angles.11 The time point 

at which the maximum position of the scapula had been reached defined the final 

position of the test movement and the rest position defined the start position. 

Subtraction of the start position at rest from the final position of the humeral head 
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provided the time points for calculating the humeral head translation vector 

displacement for each plane of interest. Humeral translations were described as 

vector displacement values of the center of the humeral head relative to the 

origin of the scapula coordinate system.  

Statistical analysis 

Inter-examiner test kinematic repeatability 

Statistical analyses were performed utilizing IBM SPSS Statistics for 

Macintosh, Version 24 (Armonk, NY: IBM Corp). Intraclass correlation 

coefficients (Type 2,1) were performed to check inter-examiner kinematic 

repeatability of humeral translations for each laxity test.161 To quantify error in the 

same units of measurement as the tests, the standard error of the measurement 

was calculated as the square of the mean square error term from a one-way 

ANOVA table with subjects as the factor.162 Additionally, the mean absolute 

difference of translation magnitude, and a paired t-test were calculated between 

examiners for each laxity test. 

Relationship between single test subjective grades and joint translations 

Linear relationships were examined with regression analyses of EX1’s 

grade to the glenohumeral translation for each clinical test. Potential outliers 
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were identified with residual plots and studentized residual calculations. 

Additionally, descriptive analyses were performed to identify the median and 

range of translation for each laxity test subjective grade. 

Relationship of overall glenohumeral laxity to a composite subjective score 

To examine the relationship of overall glenohumeral laxity for each subject 

to their subjective grades, two composite variables were calculated. A composite 

subjective laxity score was calculated from the mean of EX1’s grades during the 

laxity testing for each subject. To calculate the overall glenohumeral laxity for 

each subject, a root mean square (RMS) calculation was performed which 

involved squaring the translation values from each test, averaging the squared 

values, then taking the square root to convert back to original magnitudes. A 

linear regression analysis was then performed with the composite subjective 

score set as the predictor variable and the overall joint laxity set as the response 

variable in the analysis. Presence of any overly influential values were checked 

with Cook’s D.153 No Cook’s D values were >1, indicating no influential outliers, 

and thus no data points were excluded from the model. The a priori alpha level 

was set at 0.05.  
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Results 

The translation magnitude for each subject, test, and examiner has been 

provided as supplementary material (Supplementary TABLE 4). Subjective 

reports of pain on the visual analog scale during any of the test maneuvers 

averaged less than 1.3 for pain attributed by the subjects to either the joint or the 

transcortical pins. Inter-examiner kinematic repeatability of exam translations is 

summarized in TABLE 3. A valid ICC for the Posterior Drawer test could not be 

calculated because the between subject variance was too small.161 The standard 

error of the measurement (SEM) for the Posterior Drawer was 2.6 mm. The ICC 

for the Anterior Drawer was 0.87 (95% confidence interval 0.62 to 0.96; SEM=1.0 

mm) and for the Sulcus test was 0.84 (95% confidence interval 0.51 to 0.95, 

SEM=1.2 mm). Paired t-tests demonstrated significantly less mean translation by 

EX1 for the Anterior Drawer test compared to EX2 (Anterior Drawer 0.9 mm, 

p<0.05) and significantly more translation by EX1 for the Posterior Drawer test 

(2.2 mm, p<0.05). There was no significant difference in translations for the 

Sulcus tests. The mean absolute difference in translations for Anterior Drawer 

was 1.3 mm (SD=0.7 mm), Posterior Drawer 2.6 mm (SD=2.6 mm), and Sulcus 

Tests was 1.8 mm (SD=1.4 mm).  
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No linear relationships were demonstrated between the subjective scores 

for any single laxity test and translations. The r2 values ranged from 0.19 to 0.33 

and were all non-significant. Descriptively, a general trend was observed that the 

smallest median translations corresponded to lowest grades and largest median 

translations corresponded to highest grades across the laxity tests (FIGURES 2-

4).  

The simple linear regression analysis comparing composite subjective 

scores and overall laxity from the RMS calculation of all three instability tests 

(Anterior Drawer, Posterior Drawer, and Sulcus tests) revealed a significant 

association (r2= 0.75, r=0.86, P<0.005) (FIGURE 5). 

 

Discussion 

Our results demonstrated good kinematic repeatability between examiners 

on two of three laxity tests (Anterior Drawer and Sulcus tests). Although 

subjective scores from individual tests were not associated with their test-specific 

translation grades, taken together, the composite subjective score from the 

Anterior and Posterior Drawer and Sulcus tests was highly associated with 

overall glenohumeral joint laxity (r2= 0.75). 
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Inter-examiner test kinematic repeatability 

Our study differed considerably in how reliability of translation was 

assessed from prior work. Sauers et al.163 assessed the repeatability of the 

magnitude of the applied loads during mechanically constrained laxity tests. 

Understanding how applied joint loading may affect stress/strain characteristics 

of the joint does not assess how differences in examiner’s subjective grades may 

be influenced by differences in the amount of translation examiners are imparting 

to the joint. Therefore, studies assessing clinical laxity test reliability must directly 

evaluate whether examiners reproduce the same amount of translation during 

the examination. A study by Lippit et al.53 used bone fixed motion tracking but 

only for a single examiner’s performance. They reported “highly reproducible” 

trial-to-trial translation kinematics in both magnitude and direction for three 

repetitions.  

Most studies describe the reliability of laxity tests subjective grades based 

on the agreement between examiners. These studies have demonstrated poor 

overall agreement in subjective grades of translations between 

examiners.36,122,123,160 However, our examiners demonstrated good136 between-

examiner kinematic repeatability of translations occurring during the Anterior 
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Drawer and Sulcus tests (ICC= 0.84 and 0.87). The subjective nature of the laxity 

test grading systems likely contributes to the limited between-examiner 

agreement despite the possibility examiners are producing similar joint 

translations during the tests.  

Furthermore, our study suggests the grading system for a single test may 

be “offset” relative to underlying bone translations. For example, the average 

translation displacements of the humeral head center recorded during the Sulcus 

test results were approximately 3 mm, but the subjective grading system is based 

on centimeter increments. Similarly, Anterior and Posterior Drawer tests have 

been based on percentage of humeral diameter displacement45 and if an average 

humeral head diameter of 46 mm164 considered, translations of potentially 

greater than 23 mm are being perceived. The examiner may perceive these large 

magnitudes of motion, however, less translatory motion is likely occurring at the 

joint. Other studies utilizing radiography and ultrasound measurements of joint 

translation have demonstrated similar translations of typically less than 7 mm 

with varying joint loads and patient populations.130,156,158,165 Therefore, the 

grading systems appear to represent an examiner’s interpretation of imparted 

glenohumeral motion, not the actual magnitude of translation occurring.  
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There were no constraints on the imposed translation force and no pre-

study training other than verbal agreement between the two examiners. 

Therefore, the finding of good translation repeatability in two laxity tests suggests 

that despite poor inter-examiner reliability of subjective grades in the literature, 

these tests remain clinically relevant. Inconsistencies in the magnitude of force 

application and disparate examiner training have been considered as potential 

causes of low subjective grade reliability observed in laxity test.123,163 Our 

findings suggest it is possible to produce similar clinical laxity tests kinematics by 

two examiners with different clinical backgrounds. Further study involving more 

clinicians with diverse training is necessary to confirm the repeatability of laxity 

test kinematics. The poor repeatability observed in the Posterior Drawer test may 

have been caused by an inconsistency in achieving the initial neutral position 

between the examiners. Follow up debriefing, revealed that the joint compression 

step prior to the posterior glide might have been applied inconsistently between 

the examiners. This may explain the differences in translations imparted by the 

examiners for the Anterior Drawer (0.9 mm) and Posterior Drawer (2.2 mm).  

Additional work is needed to develop methods to improve correlation of 

subjective grading with actual translation. The development of more objective 
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tools to provide measures in a clinically feasible manner may also be 

beneficial.157,163,166 However, the clinical implementation of complex mechanical 

devices is likely to be limited. Furthermore, the good inter-examiner kinematic 

repeatability in this study suggests that joint loading devices designed to impose 

consistent forces across the joint may not be necessary. This study provides 

initial evidence that the tests provide potentially useful information but more valid 

and reliable techniques to measure translations occurring during clinical laxity 

tests is important to enhance their utility. Emerging technology in clinical sensors 

and imaging approaches may assist in this effort.    

Relationship of subjective test grades to joint laxity 

Laxity tests are routinely utilized in the clinic despite documented poor 

inter-examiner reliability and no studies of translation grading validity.36,122,123,160 

However, clinicians must still make treatment decisions incorporating information 

from these laxity tests when better alternatives do not exist. How best to 

incorporate the finding from an isolated test to assess joint laxity in cases of 

subtle, “microinstabilities” is not currently known. Individual test grades in this 

study were not linearly associated with translation. Regression can be applied to 

ordinal data, but our individual test data did not fit a regression line well. 
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Subsequently, descriptive trends were observed demonstrating that lower grades 

had smaller median translations and vice versa. However, the ranges of 

translations at each grade were large (2.7-11.2 mm). This result indicates that a 

single laxity test grade may not provide the precision necessary to sufficiently 

overcome variation at each grade level to diagnose microinstability or 

glenohumeral hypomobility.  

Although individual test precision may be limited, this study provides a 

biomechanically supported approach for interpreting these three laxity tests 

together to more precisely predict joint laxity. In doing so, clinicians may have the 

potential to clinically identify subtle differences in overall joint laxity between 

patients. Although clustering signs and symptoms to provide diagnostic guidance 

is not uncommon47,81,144 this study is the first, to our knowledge, that utilizes 

composite subjective scores from three tests to provide an overall assessment of 

joint laxity. When combined, the potential clinical utility of the three tests was 

substantially improved (r2=0.75, P<0.005). The ability to clinically identify a 

continuum of shoulder joint laxity permits subgrouping of patients. In turn, 

targeted treatment interventions for individuals can be developed and studied. 

Theoretically, individuals scoring low on the scale (glenohumeral hypomobility) 
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would benefit from interventions designed to improve joint motion and conversely 

individuals with high scores would benefit from joint stabilization techniques.  

Interpretation of this study’s results should be considered in light of its 

limitations. The small sample size may impact the distribution of translation 

magnitudes. Although minor skewness and kurtosis existed, no statistically 

influential data points or outliers were detected in follow-up tests. The small 

sample size potentially limits generalizability of its findings beyond this subject 

population.  

The inclusion criteria for this study were not created to identify subjects 

with shoulder instability. Rather, they were developed to represent the 

heterogeneous group of patients commonly seen in the clinic with shoulder pain. 

These clinical laxity tests are frequently used to diagnose microinstability 

theorized to contribute to shoulder dysfunction.21,22 It was our goal to specifically 

determine the utility of these clinical tests in a population without definitive 

instability related to joint dislocations.  

Generalizability of this study may be affected by the persistent nature of 

atraumatic shoulder pain of the study’s subjects (average of 9 year history of 

intermittent shoulder complaints). However, many patients with overuse 
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conditions only seek clinical care after repeated bouts of symptoms. Therefore, 

these subjects represent the clinical population seen for recurrent, non-acute 

shoulder symptoms. The atraumatic and persistent nature of subjects’ symptoms 

are supportive of the common clinical theory that increased laxity played a 

causative role in subject’s development of shoulder pain. However, no 

conclusions regarding casual relationships can be made from this study because 

of the cross-sectional design.  

The invasive nature of the study limited data collection time and therefore 

only inter-examiner repeatability was examined. However, previous investigators 

have demonstrated low intra-examiner variance utilizing similar testing 

methods.52 Additionally, our results demonstrated high inter-examiner 

repeatability. Because intra-examiner repeatability is typically greater than inter-

examiner repeatability, we believe our examiners would have demonstrated 

similarly high inter-examiner repeatability.  

Non-invasive, imaging-based technology such as ultrasonography that is 

minimally affected by skin motion could allow simultaneous joint motion 

measurement during movement but their two-dimensional nature limits accuracy. 

Studies examining clinical test kinematics utilizing developing techniques 
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matching radiographic images of joint movement with 3D bone anatomy (2D/3D 

shape matching) hold promise for improving accuracy and decreasing the 

necessity of invasive tracking methods.  

This study suggests laxity test translations are reproducible, and when 

findings from multiple tests are taken together, composite subjective scores may 

improve precision in identifying the level of joint laxity in patients with shoulder 

pain. The ability to clinically identify subtle differences in movement abnormalities 

in patients is an important step in developing targeted, biomechanically sound 

interventions.  

 

Conclusion 

Clinicians with differing training performing shoulder laxity tests have the 

potential to demonstrate high between-examiner kinematic repeatability. The 

composite subjective scores from Anterior Drawer, Posterior Drawer and Sulcus 

tests were strongly associated with overall joint laxity.  
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Tables (Aim 1) 

Table 1. Subject Inclusion/Exclusion Criteria 

Inclusion Exclusion 

● 18-60 years of age 
● Shoulder pain during 

active shoulder motion  
● Current localized 

anterolateral shoulder pain 
● Pain with resisted internal 

or external rotation 
● At least two positive 

impingement tests: 
Hawkins-Kennedy, Neer or 
Jobe.   

● Visible scapula dyskinesia* 

● Joint disease (osteoarthritis or 
rheumatoid arthritis) 

● 25% or greater reduction in 
glenohumeral internal or external 
rotation when compared to opposite 
shoulder 

● Reproduction of symptoms during 
cervical spine screening 

● Positive drop arm or apprehension 
tests 

● History of shoulder surgery, known 
labral tear, or known rotator cuff tear 

● Previous fracture of clavicle, scapula, 
humerus 

● Symptom onset following trauma 
● History of glenohumeral dislocation  

*Scapular dyskinesia was defined as excessive medial border or inferior 
border prominence during raising or lowering the arm similarly described by 
McClure et al.167  
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Table 2. Subject Demographic Data 

Age, years 37.8 (14.5) 
Gender  6 females/5 males 
Height, cm 170.0 (10.3)  
Mass, kg 78.7 (10.7) 
BMI 27.2 (4.5) 
Handedness (right), n 11 
Dominant side tested, n 9 
Symptom Duration, years 9.4 (7.8) 
VAS (0-10) 2.5 (1.7) 

DASH (0-100) 19.8 (10.8) 

BMI, body mass index; n, number; DASH, Disability of the Arm 
Shoulder and Hand; VAS, visual analog scale of usual shoulder 
symptom pain severity. Mean (SD). 

 

Table 3. Descriptive values and inter-examiner translation repeatability for 
shoulder laxity tests 

Test  Anterior Drawer  Posterior Drawer  Sulcus  

Examiner EX1 EX2 EX1 EX2 EX1 EX2 

Mean Translation 
(mm) 3.1 4.0 -3.9 -1.7 -3.0 -2.9 

ICC (CI) 0.87 (0.62-0.96) na 0.84 (0.51-0.95) 

SEM (mm) 1.0 2.6 1.2 

ICC, intraclass correlation coefficient (2,1); CI, 95% confidence interval; na, not 
applicable (ICC calculation for posterior drawer not valid due to low between-
subject variation;161 SEM, standard error of measurement. 
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Table 4. Translation Magnitudes for Each Test and Examiner 

 
 

 Anterior Drawer (mm) Posterior Drawer (mm) Sulcus Test (mm) 
Subject EX1 

(grade) 
EX2 Abs. 

Diff. 
EX1 

(grade) 
EX2 Abs 

Diff. 
EX1 

(grade) 
EX2 Abs. 

Diff. 
1 1.0 (1) 2.7 1.7 -4.0 (2) -1.3 2.7 -3.8 (1) -4.5 0.7 
2 2.7 (0) 1.5 1.2 -2.4 (1) -1.2 1.2 -1.5 (2) -0.5 1.0 
3 0.4 (1) 1.7 1.3 0.3 (1) 0.6 0.3 -1.6 (1) -0.4 1.2 
4 1.3 (0) 3.4 2.1 -2.7 (1) -1.0 1.7 -0.7 (1) -1.2 0.5 
5 3.2 (2) 4.1 1.0 0.5 (0) -1.4 1.8 -2.4 (0) -0.1 2.3 
6 11.2 (2) 10.0 1.2 -5.4 (2) -5.5 0.1 -1.3 (3) -2.3 1.0 
7 4.0 (0) 6.0 2.0 -11.2 (2) -3.0 8.2 -5.9 (3) -7.1 1.2 
8 5.6 (1) 5.7 0.2 -9.4 (2) -2.3 7.1 -8.2 (3) -10.4 2.2 
9 3.8 (1) 3.9 0.1 -3.9 (1) -2.4 1.4 -0.2 (1) -2.3 2.1 

10 1.5 (1) 3.6 2.1 0.0 (2) -0.2 0.2 -6.2 (2) -4.1 2.1 
11 0.2(1) 1.5 1.3 -4.9 (1) -1.6 3.3 -5.2 (2) 0.6 5.7 

 
Mean (SD) 1.3 (0.7) Mean (SD) 

2.6 
(2.6) 

Mean (SD) 1.8 (1.4) 

Grade, examiner EX1 subjective grade; Abs. Diff., absolute difference in translation magnitude between 
examiners. Means are mean absolute differences in translation magnitudes 
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Figures (Aim 1)  

 

Figure 1. Intracortical pin placement in humerus and scapula in a representative 
subject 
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Figure 2. Box plot (median, interquartile range, minimum and maximum) of EX2 
translations for each subjective grade during Anterior Drawer testing 
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Figure 3. Box plot (median, interquartile range, minimum and maximum) of EX2 
translations for each subjective grade during Posterior Drawer testing. A single 
line without surrounding box plots indicates only one observation at that grade 
level 
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Figure 4. Box plot (median, interquartile range, minimum and maximum) of EX2 
translations for each subjective grade during Sulcus testing. A single line without 
surrounding box plots indicates only one observation at that grade level 
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Figure 5. Regression of combined Anterior Drawer, Posterior Drawer and Sulcus 
tests RMS translation with the composite subjective test score.  r2=0.75, r=0.86, 
P<0.005 
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8. Aim 2: Kinematics and Utility of Shoulder Joint Laxity Tests as 

Diagnostic Criteria in Multidirectional Instability 

Summary 

Background: The ability to clinically identify the joint laxity characteristics 

associated with multidirectional instability (MDI) may assist in its diagnosis. 

Swimmers and overhead athletes are thought to be particularly affected by MDI 

from increased glenohumeral translation that may occur with repetitive activities 

in end range positions. The best diagnostic criteria to identify individuals with 

increased glenohumeral laxity is not fully understood. The purpose of this study 

was to determine if differences in glenohumeral laxity existed between 

competitive symptomatic swimmers diagnosed with MDI and matched controls of 

asymptomatic non-swimmers without MDI. 

 

Methods: Sixteen subjects (nine non-swimming matched controls, seven 

swimmers with MDI) participated. Subjects were classified as having MDI with a 

composite laxity score from three laxity tests (anterior/posterior drawer and 

sulcus tests). Single plane dynamic fluoroscopy was used to capture joint motion 
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during laxity tests. Data were derived using an MRI of each subject’s scapula and 

humerus for 3D model reconstruction, and registering these models to 

fluoroscopic kinematics using 2D-3D shape matching. Composite glenohumeral 

translations occurring during the laxity tests were calculated as root mean square 

averages of the translation from each of the laxity tests and compared between 

groups using an independent sample’s t-test. Post hoc, exploratory analyses 

were completed using a repeated measures ANOVA to examine possible 

interactions between group and laxity tests.  

 

Results: Mean composite translation for swimmers (3.8 mm ± 0.8) was not 

significantly greater (p=0.10, t(1,14)=1.8) than controls (2.4 mm ± 0.8). Pairwise 

comparisons of each laxity tests revealed no significant differences between 

swimmers and controls. Anterior drawer: 0.3 mm less translation by controls 

(p=0.70, F(1,14)=0.16). Posterior drawer: 1.8 mm more translation by swimmers 

(p=0.07, F(1,14)=3.9). Sulcus test: 2.4 mm more translation by swimmers 

(p=0.07, F(1,14)=3.8).  
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Conclusions: Swimmers clinically diagnosed with MDI demonstrated a trend of 

increased composite joint translation for the three laxity tests. Diagnostic criteria 

that involve an explicit method of combining subjective grades of anterior drawer, 

posterior drawer and sulcus tests may be more effective at identifying MDI then 

by considering their results separately.  

Keywords: biomechanics; shape matching; fluoroscopy; validation 

Introduction 

Joint laxity is a normal joint attribute describing the tendency of one bone 

to translate relative to another bone passively and actively. Both osteokinematic 

motions of translation and rotation naturally occur in all synovial joints.66 

However, the shoulder has considerable range of osteokinematic motion and 

therefore sacrifices some elements of stability, such as joint congruency, to 

increase range and enhance functional mobility.18 The diagnostic term for 

excessive joint laxity in multiple directions in combination with symptoms, is 

multidirectional instability (MDI). MDI has been defined as the presence of 

excessive joint laxity in at least two directions in the presence of symptoms such 

as pain or feelings of instability.19 Competitive swimmers are thought to be at risk 

for MDI due to exposure to a repetitive overhead activity and their tendency to 
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develop or naturally possess increased shoulder joint laxity.21,22 For swimmers, it 

has been suggested that increased laxity of the shoulder allows a longer arm 

reach and thus a greater ability to pull the swimmer forward through the water.22 

However, excessive laxity has also been theorized to lead to increased risk of 

mechanical injury of the surrounding joint structures such as the rotator cuff, long 

head of the biceps, or the labrum.21,22,168 Therefore, identifying cases of MDI is 

essential to developing targeted treatment and prevention techniques in this 

population.  

Laxity tests such as the anterior drawer, posterior drawer and the sulcus 

test are commonly utilized clinically to identify cases of MDI.17 However, no 

studies have examined the ability of joint laxity tests to detect differences in 

translation magnitudes in-vivo in individuals diagnosed with MDI. The kinematic 

studies of joint laxity tests that do exist use laboratory-based, mechanical 

instruments designed to measure glenohumeral joint translation in-vivo. Studies 

involving these instruments typically involve stabilization of the trunk, scapula 

and humerus in some manner while standardized external loads are applied 

either manually through a force gauge or by means of pulleys and weights.157,166 

The use of these laboratory techniques to impart a standardized translational 
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force across all subjects differs from how the tests are commonly described.45,120 

Commonly, these tests are described as clinical techniques in which joints 

translations are imparted manually until a patient’s translational endpoint of 

movement is sensed by the examiner.53 These laboratory-based studies have not 

detected differences in joint laxity between subject groups.157,166 One potential 

reason is that laxity tests performed mechanically do not benefit from the 

examiner’s ability to sense an endpoint and therefore may lack the sensitivity 

necessary to identify differences in joint translations between individuals.  

Another potential reason that laboratory based studies have failed to find 

differences in translation is that group selection criteria were not based on the 

examiner’s laxity tests’ subjective scores.130,158,169 Instead, group selection was 

based upon criteria such as pathology, history of dislocation, and work or sport 

exposure. As a movement disorder, any tests used to diagnose MDI must be 

validated by examining differences in joint laxity between individuals, not 

associated tissue pathologies. Consequently, pathology based selection criteria 

are unlikely to result in detection of distinct translation magnitudes between 

groups during joint laxity because of the heterogeneous nature of the groups. No 

study has examined the utility of manually induced laxity test translations by 
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comparing joint translation in individuals subjectively assessed to have normal 

joint laxity to those assessed to have excessive multidirectional joint laxity and 

the movement diagnosis of MDI. 

Previous studies have demonstrated that symptomatic subjects and 

healthy control subjects often differ by less than 2 mm of translatory motion 

during reaching activities.42,57 However, the symptomatic subjects in these 

studies were not specifically identified based on any clinical criteria of excessive 

joint laxity. Consequently, the likely heterogeneous joint laxity characteristics of 

the two groups may hinder finding more significant differences in translation 

magnitudes. To validate the premise that individuals with MDI should exhibit 

increased translations in multiple directions requires subject selection criteria 

specifically intended to find groups that differ in joint laxity characteristics.  

Clinicians rarely arrive at a diagnosis by conducting a single test in 

isolation. It has been demonstrated that the assessment of clustered signs and 

symptoms improves diagnostic accuracy.47,81,144 Based on the diagnostic 

definition of MDI, one unidirectional test cannot be used to identify its presence.19 

Previous work has demonstrated a linear relationship (r2=0.75) between a 

combined laxity score from the anterior and posterior drawer and sulcus tests 
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graded by a surgical specialist and the overall translation that occurred during the 

three tests.135 Therefore, the composite laxity score which incorporates the 

subjective findings of the magnitude of translations in the anterior, posterior and 

inferior directions may be helpful in identifying cases of MDI.  

Past limitations in methodological techniques for tracking joint translations 

have further challenged the validation of laxity tests. Translational errors due to 

skin motion artifact preclude the use of surface sensors to identify differences 

where errors have been reported as 2 mm or above.80 A study by Lippit et al., 

utilized intracortical pin tracking while performing laxity tests and observed trends 

of differing translation magnitudes between individuals with unidirectional 

instability, atraumatic multidirectional instability, and healthy subjects.53 In this 

case, it is likely the invasive nature of the study limited subject recruitment and 

the ability to detect statistically significant differences between groups. Two-

dimensional (2D), static x-ray imaging57 and ultrasound measurement have been 

utilized170,171 but are subject to projection errors that preclude three-dimensional 

(3D) measurement of translatory motion. With magnetic resonance imaging 

(MRI), 3D measurement is possible, but those techniques are limited by image 

capture time and diminished freedom of movement within the imaging 
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space.82,86,172 Single and biplane fluoroscope techniques have the capability to 

overcome skin motion artifact while being minimally invasive. Developing 

techniques involving biplane and single plane fluoroscopic movement capture 

combined with 3D subject specific anatomic modeling allows for dynamic imaging 

and 3D measurements of motion with 2D-3D shape matching techniques.87,95,96,99 

Therefore, the purpose of this study was to utilize 2D-3D shape matching 

techniques to determine if differences in glenohumeral laxity existed between 

competitive, symptomatic swimmers diagnosed with MDI and matched controls 

of asymptomatic non-swimmers without MDI. The experimental hypothesis was 

that swimmers diagnosed with MDI would demonstrate increased composite 

glenohumeral joint translations during the laxity exams as compared to matched 

controls. Confirming the ability to identify excessive, multidirectional laxity is 

especially important in populations traditionally thought to be afflicted by this 

movement abnormality, e.g. overhead athletes and swimmers. 

Methods 

As part of a larger study, 44 volunteers were recruited from the local 

metropolitan and university communities. Two subject groups were recruited; 

competitive swimmers with shoulder pain (n=22) and asymptomatic individuals 
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without shoulder pain (n=22). A subgroup of 16 (9 asymptomatic controls, 7 

swimmers) of those volunteers were chosen randomly to undergo this laxity 

exam study. Upon completion of an online questionnaire, potential subjects from 

both groups, between the ages of 18 and 55 with no history of trauma or previous 

shoulder surgeries, underwent a clinical examination. To be included in the larger 

study, swimmers were required to be experiencing shoulder pain for six weeks or 

greater, swim at least two miles per session and train a minimum of 3 hours per 

week with a coach. The asymptomatic control group was matched on age, sex, 

BMI and hand dominance. The matched controls were excluded if they reported 

a history of shoulder pain or regular participation in swimming, throwing, or 

overhead hitting activities (e.g. volleyball, tennis) which might contribute to the 

development of glenohumeral laxity. A flow diagram of subject recruitment is 

included (Figure 6).  

A physical therapist with 15 years of experience and board certified by the 

American Physical Therapy Association as a Sports and Orthopaedic Specialist 

performed the clinical examinations. Subjects from both groups were excluded if 

they demonstrated symptoms determined to be of cervical origin47 or possessed 

humerothoracic elevation less than 120 degrees. For the swimmers, exam 
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inclusion criteria required two conditions be met; 1) a composite subjective score 

from anterior, posterior and sulcus laxity testing of greater than 1.5 and, 2) either 

a positive apprehension sign2 or a score of equal or greater than two on the 

Beighton’s Index. The anterior and posterior drawer tests were performed as 

described Gerber and Ganz120 and graded as described by Hawkins and 

Mohtadi.45 The sulcus test was performed and graded as described by Altchek et 

al.55 The composite laxity score was calculated as mean of the subjective scores 

of the three laxity tests. The control group underwent the same clinical 

examination. Any control subjects with a composite laxity score of greater than 

1.5 or a Beighton’s index of greater than 2 were excluded. Additionally, the 

control group subjects could not have a positive apprehension test or greater 

than 1 of 4 positive impingement tests.81 Swimmers’ numerical pain rating scale 

and Disabilities of the Arm Shoulder and Hand (DASH)137 scores were collected 

via an online tool. Subjects’ demographics and swimmer’s characteristics are 

located in Table 5 and Table 6 respectively. The University of Minnesota 

Institutional Review Board Human Subjects Committee approved the study 

protocols (IRB# 1603M85761).  

Procedures 
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Dynamic images for each laxity test were captured with a Phillips BV 

Pulsera (Philips Medical Systems Nederland B.V.) mobile c-arm fluoroscopy unit 

(30 cm field of view, 1024x1024 image resolution and 99.5 cm source to image 

distance, 25 Hz dynamic mode sampling rate). All imaging was set to 

dynamically capture the movement with voltages (KV) and current (mA) adjusted 

automatically for image quality by the fluoroscopy unit. Images of distortion and 

calibration grids were acquired to correct for image distortion and to calibrate the 

3D capture volume.146 XMALab 1.3 software147 was used to perform the 

distortion and 3D volume calibration. This calibration step was performed for 

each image acquisition position for each subject.  

Each laxity test was performed once unless a muscle activity signal from 

the deltoid of greater than 10% of a sub maximum effort was recorded. Muscle 

activity was monitored with a portable clinical surface EMG unit (PhsioPlux, 

Arruda Dos Vinhos, Portugal). The two sensing electrodes were placed mid-

substance of the middle deltoid muscle two centimeters apart with a reference 

electrode placed at the wrist for all subjects. The sub maximum effort was 

determined by collecting EMG activity of the deltoid during a 3.2 newton meter 

isometric torque production of shoulder abduction (measured by hand-held 
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dynamometry) at the subject’s side. For the sulcus test, subjects were seated 

with the glenohumeral joint centered in the imaging field and trunk axially rotated 

approximately 40 degrees away from the imaging plane visually aligning the body 

of the scapula parallel to the posteriorly positioned image intensifier to enhance 

through-joint visualization Figure 7.173 The examiner wore leaded gloves and 

garments and stabilized the scapula proximally and as medially as possible. With 

the subject’s arm at rest and their hand placed on their ipsilateral thigh, the 

examiner’s mobilizing hand was placed at the humeral epicondyles and provided 

the traction force inferiorly. Imaging lasted approximately three seconds and 

started just prior to the traction maneuver and ended just after the maneuver was 

complete.  

Anterior and posterior drawer tests were performed in prone. The subject 

was positioned with their arm at 90 degrees abduction and neutral 

external/internal rotation. The imaging source was placed superiorly 

approximately 15-30 degrees off midline and toward the contralateral side being 

imaged (Figure 8). Additionally, the source was tilted approximately 30 degrees 

posteriorly, away from the frontal plane. Because the source and image 

intensifier are rigidly linked through the C-arm, the image intensifier was 
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approximately 30 degrees anterior to the frontal plane. The image intensifier was 

placed as close to the axilla as possible without touching the subject’s arm or 

interfering with the test maneuvers. For each maneuver the joint was first 

compressed and then mobilized in either the anterior or posterior direction. 

Dynamic imaging of the maneuver began just prior to joint compression and 

ended just after reaching the end position. Aside from the prone position, the 

laxity tests were performed as previously described.45,120 An average of 50 

images were captured for each laxity test. Two frames for shape matching were 

chosen by visual observation. The first frame was defined as the image just prior 

to the onset of any movement of the scapula or humerus visible on the images. 

The second frame was the image observed visually to be at the end of the test 

maneuver when no further humeral movement in the test direction was occurring.  

Subject specific 3D models of the humerus and scapula were necessary 

for single plane 2D-3D shape matching. Magnetic resonance images of the 

tested shoulder were obtained using a three Tesla Siemens Magnetom SKYRA 

(Siemens Healthineers, Erlangen, Germany) with a shoulder coil. The imaging 

protocol utilized a 3D gradient echo sequence T1-VIBE with a slice thickness of 

0.6 mm. Magnetic resonance images were checked to ensure that the entire 
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scapula and at least the upper 1/3 of the humerus were captured. The digital 

image files (DICOMs) were imported into Mimics software (Materialise, Leuven, 

Belgium) for manual bone segmentation, and creation of subject specific 3D 

anatomical models.146  

Anatomical coordinate systems were embedded in the 3D models to allow 

derivation of 3D kinematics in clinically interpretable ways. The field of view of 

the MR scanner did not allow the humeral epicondyles to be captured in the 

scans and therefore needed to be estimated by a previously described process 

that embeds a humeral coordinate systems to approximate International Society 

of Biomechanics conventions.149 Briefly, a least squares sphere fit was used to 

define the humeral head center utilizing Materialise 3-matic software (Materialise, 

Leuven, Belgium). The midpoint of the humeral epicondyles was determined by a 

projecting a vector inferiorly through the center of fitted circles located at the 

anatomic neck and at the distal portion of the visible humerus. The magnitude of 

the projected vector was determined by a regression equation based on the each 

subject's height.149 The Y axis was defined as a vector located between the 

humeral head center and the estimated midpoint of the humeral epicondyles. A 

cross product of an intermediate vector (created as a vector from the humeral 
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head center through the bicipital groove) and the Y axis created a perpendicular 

X axis. The Z axis was created as a cross product of the X and Y axis.  

A scapular coordinate system was developed based on International 

Society of Biomechanics conventions,11 with its origin located at the center of the 

glenoid. The glenoid center was defined as the center of mass of the glenoid rim 

vertices using a custom Matlab code (MATLAB Release 2016b, The MathWorks, 

Inc., Natick, Massachusetts, United States). The glenoid rim edge was marked 

visually in 3Matic software (Materialise, Leuven, Belgium) as an area 1.2 mm in 

width and centered visually on the rim over the area of inflection where the 

concave glenoid surface becomes convex.99 The X axis pointed anteriorly, the Y 

axis pointed superiorly and the Z component pointed laterally. Translations of the 

humerus are described relative to the scapular system.  

The 3D models of the subjects’ humerus and scapula were shape 

matched to the 2D undistorted tagged image file formats(TIFFS) captured with 

fluoroscopy during each of the three laxity tests. An open source model 

registration software was utilized for the shape matching process (JointTrack, 

available at https://sourceforge.net/projects/jointtrack/). The 3D models were 

manually manipulated until bone edges visually aligned between the 3D model 

https://sourceforge.net/projects/jointtrack/)
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and the fluoroscopy image. The primary investigator, blinded to group 

assignment, performed the shape matching process. Accuracy of single plane 

shape matching within our lab with cadaveric specimens was established in a 

previous study by Lawrence et al. utilizing radiostereometric analysis.146 With the 

arm at the side, in a position similar to sulcus testing, superior/inferior translation 

had a root-mean-square (RMS) error of 1.2 mm (bias 0.3 mm, precision 1.1mm). 

Prone positioning accuracy was tested similarly by the primary investigator on a 

single cadaveric specimen with the arm at approximately 90 degrees abduction 

for every 15 degrees of external rotation from 0-75 degrees of external rotation. 

Joint position RMS errors for prone positioning were 2.1 mm anterior/posterior 

(bias -1.1 mm, precision 2.0).  

Glenohumeral translations were described as displacement calculations 

(end minus start position) along the scapular X (anterior/posterior) axis for 

anterior and posterior drawer tests. Sulcus test glenohumeral translations were 

described along the scapular Y (superior/inferior) axis. If a small translation was 

calculated in the opposite direction of the intended motion (eg. a positive 

translation for a posterior drawer or sulcus test), the magnitude of translation was 

set to zero. A RMS calculation was performed to determine the composite 
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translation.135 The RMS was calculated as the square root of the mean of the 

squared magnitudes of translation for each of the three laxity tests in each 

individual. 

Data Analysis 

Checks for normality were performed by assessing skewness and 

kurtosis, by performing Shapiro-Wilk tests and visually assessing histograms of 

the dependent variables. Group demographic data and composite translation 

results were compared using independent samples t-tests. Non-normally 

distributed data were analyzed with Wilcoxon’s tests for non-parametric data. 

Frequency counts between groups were analyzed with chi square analyses. If 

any cell counts less than five were encountered, a Fisher’s Exact test was 

performed. ‘ 

To examine the relationship of the composite laxity score to the composite 

translation of the three tests, a simple linear regression was performed. The 

composite laxity score was set as the predictor and composite translations as the 

response variable. Group was not included as a variable in the analysis. Cook’s 

D values were checked for overly influential outliers.153 The alpha level was set at 
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0.05 for all analyses a priori. All statistical analyses were performed with IBM 

SPSS Statistics for Macintosh, Version 24 (Armonk, NY: IBM Corp).  

Exploratory analyses were conducted post hoc. To examine possible 

interactions, a two-way repeated measures ANOVA with factors of group 

(controls and swimmers) and test (anterior drawer, posterior drawer, sulcus tests) 

was utilized. Simple effects of group were also examined.  

Results  

Demographic data were normally distributed with exception to Beighton’s 

index and the composite laxity score. There were no significant differences 

between group demographics (Table 5) with the exception of the composite laxity 

score and Beighton’s index. Swimmers with MDI had a significantly higher 

(p<0.05, Wilcoxon W=45) average composite laxity score (1.8 ± 0.2 standard 

deviation (SD)) than the control group (1.0 ± 0.2 SD). For the Beighton's index, 

swimmers had a significantly higher (p<0.05, Wilcoxon W=51) average score (3.3 

± 0.2 SD) than the controls (0.3 ± 0.1 SD). There were no differences between 

groups in shoulder passive range of motion for internal rotation (t=0.97, p=0.34) 

or external rotation (t=1.45, p=0.17). Subject demographics and swimmer’s 
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characteristics are located in Table 5 and Table 6 respectively. Raw data of the 

laxity tests grades, translations and composite values are located in Table 7 

Composite laxity translations were normally distributed. Mean composite 

translations for swimmers (3.8 mm ± 0.8 SE) was not significantly greater 

(p=0.10, t(1,14)=1.8) compared to controls (2.4 mm ± 0.8 SE) (Figure 9). The 

simple linear regression analysis between the composite laxity score and 

composite translation revealed a moderate, significant association (r=0.59, 

r2=0.35, p=0.02) (Figure 10).  

Assumptions of normality were met for the exploratory analyses. A 

significant interaction between group and test was not observed (p=0.07, 

F(2,28)=2.9) (Figure 11). Pairwise comparisons (Table 8) revealed no significant 

difference existed between swimmers (1.8 mm ± 0.70 SE) and controls(2.1 ± 

0.70 SE) in anterior translations for the anterior drawer test (p=0.70, 

F(1,14)=0.16). No significant differences were observed for the posterior drawer 

test (p=0.07, F(1,14)=3.9). Swimmers demonstrated 2.8 mm (± 0.94 SE) 

posterior translations compared to controls with 0.9 mm (± 0.94 SE). No 

significant differences in translation magnitude between groups were found for 
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the sulcus test (p=0.07, F(1,14)=3.8) with the swimmers demonstrating 5.3 mm 

(± 1.24 SE) and controls 3.0 mm (± 1.24 SE).  

Discussion 

The results suggest that laxity tests, taken together, may be a useful 

method for identifying cases of excessive multidirectional joint laxity consistent 

with the diagnosis of MDI. This study did not demonstrate significant differences 

between groups in the amount of composite translation that occurred during the 

laxity tests. However, descriptively, swimmers demonstrated 1.4 mm more 

composite translation than controls. A post hoc power analysis revealed that with 

the meaningful difference set at 2.0 mm translation a priori and the 1.7 mm 

variance found in the data, the study achieved 74% power to detect 

differences.136 Therefore, with two more subjects, a statistically significant 

difference may have been achieved. The ability to identify excessive joint laxity in 

individuals that lack the tell-tale signs and symptoms of gross unidirectional 

instability and pathology18 is important in the development of targeted treatment 

and prevention techniques for individuals with MDI. 

This study is unique in the methods used to diagnose and quantitatively 

identify MDI by combining grades and translations from three laxity tests. The 
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inclusion criteria were specifically chosen as representative of common 

descriptions of MDI.16,19 Namely, that excessive laxity should exist in more than 

one direction. Other signs of increased joint hypermobility measured by a 

Beighton’s index score and/or a presence of a positive apprehension sign without 

a history of dislocation are commonly reported and were used to further refine 

grouping criteria.16,41,122 By defining groups in this manner, it was possible to test 

the underlying construct of the diagnosis; individuals with MDI should have 

increased joint laxity or translation during exam in more than one direction 

compared to individuals without joint laxity.  

An important consideration for the interpretation of this study’s results is 

that no individual with a history of dislocations was included in the study. 

Previous work has indicated it is possible to identify frank instability, consistent 

with a history of dislocation, through a single laxity test.39 MRIs identifying 

pathologic injury to the labrum or capsule were used to confirm the diagnosis of 

unidirectional instability.46 The results of the current study suggest it may be 

possible to detect relatively subtle differences in joint translations between 

groups without a history of dislocation or obvious signs of unidirectional instability 

or pathologic findings. Translations for subjects with a history of dislocations 
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have been described in magnitudes greater than 10 mm.53 In the current study, 

the mean descriptive difference in translations between the controls and 

swimmers was only 1.8 mm (0.94 SE) for the posterior drawer and 2.4 mm 

(1.2 SE) for the sulcus test. No previous studies have demonstrated the ability 

to quantitatively identify subtle joint laxity differences between a control group 

and individuals identified with MDI without a history of frank instability. In fact, 

when looking at individual subject data, filtering out any subjects with composite 

laxity scores of greater than one for controls (n=7) and less than two for 

swimmers (n=2) demonstrated a trend of greater composite translation 

differences between groups than the study score criteria cut-off of 1.5 (5.3 mm  

vs. 1.0 mm 1.0 SE). Furthermore, there were only two females in the swimmers 

group compared to 4 in the control group. Females are considered to possess 

inherently greater overall joint laxity than males, and the greater number in the 

control group may have increased comparative laxity scores.174 If a larger 

difference between the groups in the composite laxity score cut off had been 

used and the number of females had been more evenly distributed between 

groups, it is likely greater translation differences would have been observed for 

each laxity test and the overall composite translation values. 
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No previous studies have utilized a subjective composite score of three 

laxity tests to identify composite translation differences between groups. Previous 

studies, using laboratory-based mechanical instruments, investigated translation 

differences between groups, but only by examining laxity tests separately.130,174 A 

study by Borsa et al. used a mechanical instrument and a standardized force to 

induce translations in collegiate swimmers with and without a history of shoulder 

pain, and in age matched controls without a history of exposure to overhead 

motion sports.130 They found no difference in anterior/posterior translations 

between any of the groups. Unlike the present study, group assignment criteria 

for Borsa et al. were only based upon swimming history, not clinically assessed 

differences in joint laxity.130 The potential heterogeneity of joint laxity within the 

study groups may have prevented finding potential differences between the 

groups. Further, the application of a consistent force with instrumented devices 

such as the ones used by Borsa et al. and others166 do not benefit from an 

examiner's perception of a subject’s “end feel” of available joint translation.52,53,122 

Discerning this end feel has been described as necessary for identifying cases of 

excessive joint laxity. Consequently, standard force application may overestimate 

or underestimate the amount of joint laxity for each subject and obscure potential 
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group differences. The results of this study suggest that to study the joint 

kinematics and laxity tests associated with MDI, inclusion and exclusion criteria 

need to match the criteria used to diagnose MDI. Further, to effectively identify 

MDI amongst individuals, investigations utilizing laxity tests may need to 

incorporate an examiner’s sense of a joint’s end feel.  

A composite laxity score from the anterior drawer, posterior drawer, and 

sulcus tests has been previously shown by Staker et al. to have a strong 

association (r2=0.75, p<0.05) with composite translation for an individual.135 To 

determine if a similar relationship existed for the current investigation, an 

exploratory linear regression analysis was performed. A moderate association 

between subject composite laxity scores and composite translation was found 

(r=0.59, r2= 0.32, p=0.02). Differing performance of the laxity tests between 

studies may partly explain the inability to find a stronger linear relationship in the 

current study. Anecdotally, it was observed by the examiner, that of the drawer 

tests, the anterior drawer tests were most difficult to perform in prone positioning. 

Further exploratory analysis was attempted to determine if a linear relationship 

existed between composite translation of the posterior drawer and sulcus test 

with the overall composite score from all tests. In doing so, a stronger linear 
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relationship was demonstrated (r=0.66, r2= 0.43, p<0.01). The challenge 

associated with prone performance of the anterior drawer test may have limited 

the ability to find as strong a linear relationship between composite laxity and 

composite translation as in the previous study.  

The results may have been further affected by the timing of the clinical 

exam and fluoroscopic data collection. The previous study by Staker et al. used 

bone fixed tracking that allowed for performance and grading of laxity testing to 

occur in a seated position simultaneously.135 The current study subjectively 

graded the drawer tests in supine position. However, for fluoroscopic imaging, 

prone positioning was required for drawer tests in this investigation of 

glenohumeral translations. The departure from the originally described supine 

methods120 may partly explain the lack of differences observed for the drawer 

test. Additionally a time gap between rating of joint laxity tests and fluoroscopic 

capture of the tests existed. These two factors may have led to a disconnect 

between the magnitude of translation captured fluoroscopically and the laxity 

scores of the tests. In fact, the subjective scores for the anterior drawer testing 

were higher than posterior drawer ratings for both swimmers (1.7 anterior, 1 

posterior) and controls (1.4 anterior, 0.9 posterior) Yet in the fluoroscopic testing, 
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posterior translations were larger (2.8 mm) than the anterior drawer translations 

(1.8 mm) of the swimmers. Lastly, fluoroscopy required the examiner to use 

leaded gloves during laxity testing thus reducing the ability to sense an “end-

feel.” It is conceivable that without these challenges associated with fluoroscopic 

data collection, significant differences in composite translation between groups 

and a stronger linear relationship between the composite laxity score and 

composite translation may have been more apparent.  

Limitations of this study should be considered. There was only a single, 

unblinded examiner responsible for identifying the groups and performing the 

laxity tests. If a bias existed toward imparting increased translations in swimmers 

compared to matched controls, it would have been expected to have anterior 

drawer differences between groups be predominate, as this was judged 

anecdotally to be a primary difference in laxity during the clinical exam. A lack of 

significant group differences in translations in the laxity tests, argues against 

examiner bias as a predominate factor. Additionally, a bias toward an avoidance 

of the laxity endpoint could have occurred in swimmers due to a desire to limit 

iatrogenic symptoms. Generalizability of the results would be improved by 
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including multiple examiners in order to ensure, at minimum, imparted 

translations were repeatable between examiners.  

A pragmatic approach was utilized to reproduce clinical conditions and to 

facilitate imaging positioning requirements, the scapula was not stabilized with a 

belt or other mechanism and standardized loads were not used during laxity 

testing. A benefit of fluoroscopic imaging and shape matching techniques is that 

it is possible to describe humeral motion relative to the scapula regardless of the 

scapular position on the thorax. Additionally, the magnitudes of translations 

detected were on par with studies that did stabilize the scapula.130,166,171 We 

therefore believe the impact of a non-stabilized scapula in this study is minor and 

does not outweigh the benefits of investigating the tests in a similar manner to 

their clinical performance.  

The single plane imaging technique utilized for the 2D-3D shape matching 

in this study is a potential source of error and findings should be considered with 

respect to its limitations. Positioning for sulcus test imaging was performed such 

that the primary motion of interest (superior/inferior translations) occurred as 

close to parallel to the imaging plane as possible. Consequently, shape matching 

errors should be relatively small (RMS 1.2 mm, bias 0.3 mm, precision 1.1mm)146 
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in the superior/inferior direction because the majority of the movement was 

parallel to the imaging plane. Shape matching motion that occurred out of the 

imaging plane was experienced to be difficult without the stereoscopic 

perspective a biplane fluoroscopic system allows. Anterior and posterior drawer 

test imaging required adaption of a modified West Point view to maximize 

anterior/posterior translation in the imaging plane.173 In prone there were more 

obstructions to the field of a view and it was significantly more challenging to 

maintain the primary movement of interest (anterior/posterior translations) 

parallel to the imaging plane. However, because the shape matching processing 

was blinded to group assignment, any errors should be distributed equally across 

both groups. The lack of group differences in translation during the anterior 

drawer tests, however, may be due in part to the error associated with shape 

matching in this direction. A priori validation testing performed by the authors 

demonstrated a -1.1 mm error bias for the anterior/position bone positions 

compared to a 0.3 mm bias for superior/inferior bone positions. Although 

fluoroscopy positioning was adapted to minimize out of plane errors for 

anterior/posterior drawer tests, it is conceivable potential perspective errors 

resulted in consistent under estimates of anterior drawer translations and over 
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estimations of posterior translations. Future studies utilizing biplane fluoroscopy 

would limit these perspective errors and potentially demonstrate more substantial 

differences in composite translations between groups.  

Conclusion 

No significant differences were identified although a trend of overall 

increased composite translation from three laxity tests in individuals clinically 

identified with MDI compared to healthy controls was demonstrated. By 

measuring the amount of translation occurring during a laxity test, the underlying 

construct of the test can be more appropriately validated. Diagnostic criteria such 

as a composite laxity score that involve combining the subjective grading of 

anterior drawer, posterior drawer and sulcus tests in conjunction with other signs 

and symptoms may be more effective at identifying MDI then a single test alone. 

Further work is required to determine the optimal composite threshold and the 

reliability of utilizing such criteria in identifying MDI from a larger, more diverse 

subject and examiner population. Further work is also needed to determine if 

those identified with MDI in a clinical test demonstrate similarly increased 

translations during functional motions or activities.  
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Tables (Aim 2) 

Table 5. Subject Demographics and Characteristics 

 Matched 
Controls 

(n=9) 

Swimmer 
with MDI 

(n=7) 

df Test 
statistic 

p value 

Sex (female) 4 (44.4%) 2 (28.6%) - Exact 0.63 

Age 37.8 ± 7.7 36.8 ± 9.2 1,14 t=0.22 0.83 

BMI 23.2± 1.8 22.7 ± 2.3 1,14 t=0.70 0.50 

Dominant 
Side tested 
(%) 

4 (44.4%) 3 (42.9%) - Exact 1.0 

Handedness 
(Right, Left) 8,1 6,1 - Exact 1.0 

Composite 
Laxity Test 
Score (0-3) 

1.0 ± 0.2 1.8 ± 0.2 - 
Wilcoxon 

W=45 
<0.01 

Beighton 
Index Score 
(0-9)  

0.3 ± 0.2 3.3 ± 1.8 - 
Wilcoxon 
W=51.0 

<0.01 

Internal 
Rotation 
Range of 
Motion 
(ROM) 

56 ± 12 50 ± 11 1,14 t=0.97 0.34 

External 
Rotation 
ROM 

95 ± 7 100 ± 8 1,14 t=1.45 0.17 

Values are means ± standard deviation, unless a count variable. MDI; 
multidirectional instability df=degrees of freedom; numerator, denominator. 
BMI; body mass index. Exact; Fisher’s Exact statistic utilized  
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Table 6. Swimmer Characteristics (n=7) 

Primary competition stroke 
Freestyle 57.1% 
Backstroke 28.6% 
Butterfly 14.3% 

NPRS-greatest pain in last 
month 

50/100 ± 20.0 

NPRS-lowest pain in last 
month 

15/100 ± 17.5 

Duration of pain (years) 5.9 ± 8.0 

DASH score 37.3 ± 17.1 

DASH Sport Subscale 
(Swimming) 

54.5 ± 30.7 

NPRS; numeric pain rating scale, DASH; Disabilities of 
the Arm Shoulder Hand 
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Table 7 Raw data of laxity test translations and grades with composite laxity score and composite translation 

Subject Group 
Anterior 
Drawer 
Grade 

Anterior 
Translations  

(mm) 

Posterior 
Drawer 
Grade 

Posterior 
Translations 

(mm) 

Sulcus 
Test 

Grade 

Inferior 
Translations 

(mm) 

Composite 
Laxity  
Score 

Composite 
Translation 

(mm) 

1 Control 0 3.2 0 2.3 1 3.5 0.7 3.2 

2 Control 1 1.6 1 1.1 2 7.3 1.3 4.3 

3 Control 1 4.6 1 0.0 1 2.1 1.0 2.9 

4 Control 1 3.6 0 2.5 2 1.2 1.0 2.6 

5 Control 1 0.0 1 0.1 1 0.5 1.0 0.3 

6 Control 1 2.6 1 0.1 2 6.4 1.3 4.0 

7 Control 1 2.5 1 1.2 1 3.7 1.0 2.7 

8 Control 1 0.3 1 0.0 1 1.4 1.0 0.8 

9 Control 1 0.2 0 0.3 2 0.5 1.0 0.4 

10 Swimmer 2 2.2 2 6.8 2 6.6 2.0 5.6 

11 Swimmer 2 1.0 1 0.0 2 3.0 1.7 1.9 

12 Swimmer 2 2.3 1 0.7 2 8.0 1.7 4.8 

13 Swimmer 2 0.5 1 3.1 2 3.4 1.7 2.7 

14 Swimmer 2 1.4 1 0.8 2 2.3 1.7 1.6 

15 Swimmer 2 2.0 1 2.9 2 8.0 1.7 5.0 

16 Swimmer 2 3.2 1 5.2 3 6.1 2.0 5.0 
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Table 8. Comparison of mean translations between controls and swimmers 

Laxity Test Control 
(mm) 

Swimmer 
(mm) 

SE 
(mm) 

P value F df (n,d) 

Anterior 2.1 1.8 0.69 0.70 0.2 1,14 

Posterior 0.9 2.8 0.94 0.07 3.9 1,14 

Sulcus 2.9 5.3 1.24 0.07 3.8 1,14 

SE; standard error of differences df=degrees of freedom, n=numerator, d=denominator 

 

 



 

153 

 

Figures (Aim 2) 

 

Figure 6. Subject recruitment/Testing Flow Diagram 

 



 

154 

 

 
Figure 7. Sulcus test position. Examiner’s left hand stabilizing scapula proximally 
and right hand providing inferior distraction force at the elbow wearing black, 
leaded gloves 
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Figure 8. Anterior/posterior drawer test position. Prone position of subject with 
head rotated and flexed to the left to avoid image obstruction. Examiner’s hands 
are as proximal on humerus as possible without image obstruction applying 
compression and then posterior or anterior (mobilization) forces on the humerus 
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Figure 9. Composite translation for each group. Group comparison: p=0.10, 
t(1,14)=1.8. Error bars represent standard error of the difference 

 



 

157 

 

  

Figure 10. Regression of the composite laxity score and composite translations. 
(r=0.57, r2=0.32, p=0.02 
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Figure 11. Translations for each laxity test. Interaction of group and test: p=0.07, 
F(2,28)=2.9). Anterior drawer group effect: p=0.70, F(1,14)=0.16. Posterior 
drawer group effect: p=0.07, F(1,14)=3.9. Sulcus group effect: p=0.07, 
F(1,14)=3.8. Errors bars represent standard errors of group differences for each 
laxity test.  
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9. Aim 3: Comparison of Dynamic Joint Kinematics During Shoulder 

Elevation in Individuals Diagnosed with Multidirectional Instability and Healthy 

Controls  

Summary 

Background: Glenohumeral multidirectional instability (MDI) is thought to 

particularly affect competitive swimmers due to the repetitive strain the shoulder 

experiences during an overhead swim stroke. Excessive joint translations or joint 

instability and resulting strain to surrounding structures are thought to lead to 

injury. No studies have investigated if swimmers diagnosed with MDI 

demonstrate joint instability during an overhead reaching activity. Therefore, the 

purpose of this study was to determine if any differences in glenohumeral 

translations are present in swimmers with clinically diagnosed MDI compared to 

matched controls during scapular plane abduction.  

 

Methods: Twenty-three symptomatic swimmers were compared to 21 matched 

controls. Inclusion criteria for swimmers required a clinical diagnosis, by the 

primary investigator, of MDI based off composite laxity scores from the 

anterior/posterior drawer and sulcus laxity tests. Each subject had dynamic 
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images recorded during scapular plane abduction using single-plane fluoroscopy. 

These images were shape matched to 3D reconstructions of the scapula and 

humerus obtained from magnetic resonance images. Joint stability was 

described utilizing four dependent variables; helical axis parameters (total 

translation, displacement of the ICR, variance in orientation of the helical axes), 

and contact path lengths. Three, two-way repeated measures ANOVAs were 

performed to analyze helical axis parameters. Contact path length comparisons 

between groups were performed with a two sample independent t-test. 

  

Results: Swimmers reported an average of 149 ± 56 weeks of shoulder pain and 

DASH scores of 51.5 ± 3.9. There was no effect of group for any of the helical 

parameters (p values: 0.09-0.59). Additionally, there was no significant difference 

between controls and swimmers in contact path with MDI (p=0.32, t(1,42)=1.0). 

 

Conclusions: Helical approaches and contact path measures of glenohumeral 

stability did not show group difference during scapular plane abduction. To detect 

differences in glenohumeral stability between swimmers and controls, 
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movements may need to more closely replicate forces, joint positions and fatigue 

levels thought to occur during the swim stroke. 

 

Keywords: biomechanics; laxity test; MDI; helical axis, contact paths, swim 

Introduction 

The diagnosis of glenohumeral multidirectional instability has been 

described as excessive joint laxity in at least two directions in the presence of 

shoulder symptoms. Laxity tests such as the sulcus test and the 

anterior/posterior drawer tests are performed to assess the magnitude of joint 

laxity.45,120 The magnitude and direction of joint laxity assessments is assumed to 

provide insight into the magnitude and direction of excess joint translations 

occurring during functional movement.45,55 For non-traumatic multidirectional 

instability (MDI), it is assumed increased joint laxity leads to excessive 

translations in multiple directions during functional movement.18 As such, 

glenohumeral stability during functional activities such as swimming is presumed 

to be reduced.22 Glenohumeral instability has been theorized to lead to increased 

strain on the surrounding joint tissues potentially leading to secondary 

complications such as rotator cuff disease, labral injuries, or neurovascular 
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compromise.22,168 However, no studies exist that have demonstrated increased 

joint translations during overhead motion in individuals diagnosed with MDI 

compared to a control group.  

Glenohumeral multidirectional instability (MDI) is commonly associated 

with competitive swimmers secondary to their high exposure rates.20,24,41,175 It 

has been estimated that, on average, a competitive swimmer will swim around 

10,000 yards per day and will perform approximately 10-17,000 shoulder 

revolutions per side per week.176 During the early hand entry and catch phase of 

the freestyle stroke, swimmers place their shoulder in extreme positions of 

elevation and external rotation in a loaded condition.177 The repetitive strain at 

this end range joint position is thought to lead to adaptive lengthening resulting in 

excessive joint laxity and increased glenohumeral translations during reaching 

activities.20,22 Therefore, it would be expected that swimmers diagnosed clinically 

with MDI would be likely to demonstrate excessive joint instability during 

overhead activities. No studies have investigated this assumption in swimmers.  

To test whether individuals with MDI demonstrate increased joint instability 

during overhead motion, a methodology must be employed that is capable of 

accurately measuring the clinical understanding of MDI. Namely, that excessive 
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translation occurs during arm motions.19 To do so, precise tracking of 

glenohumeral motion must occur dynamically. The development of two-

dimensional (2D) to three-dimensional (3D) shape matching techniques utilizing 

dynamic imaging technology such as biplane fluoroscopy permits precise,109 

dynamic and non-invasive tracking of joint motion compared to known issues of 

skin motion artifact with surface tracking techniques.49 Combining 2D-3D shape 

matching with helical descriptions of joint translation can advance quantitative 

investigation of joint instability in cases of MDI.  

The majority of existing studies describe joint translation as the movement 

of a fixed point along fixed axes of embedded coordinate systems.43,71,72,82,86 As 

a result, descriptions of translations must be subdivided into the three axial 

descriptions of position. Furthermore, the magnitude of translation can be 

overestimated if the fixed-point translation is not the instant center of 

rotation.74,94,151 Helical approaches utilizing calculations of total translation, 

helical axis orientation variance, and displacement of the ICR provide singular 

composite values and have been utilized effectively for measures of joint 

instability of the spine, elbow and ankle.116,178,179 A study by Poppen and Walker 

is the only known measure of glenohumeral joint instability utilizing ICR 
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displacements as a 2D measure of joint instability.57 However, the 2D, static 

techniques, along with its descriptive-only study design limit the generalizability 

and interpretation of the study’s findings.  

A drawback of the helical approach of describing joint motion is the 

challenge of directly or intuitively relating descriptions of motion to anatomic 

structures. However, an additional advantage of fluoroscopic motion capture over 

surface motion capture techniques is the ability to relate the impact of joint 

kinematics directly to subject specific anatomical models. In doing so, the inter-

relationships of motion with surrounding anatomy can be directly visualized and 

quantified by measures such as contact path lengths.95 Contact path 

measurements have been shown in the literature as a promising means of 

quantifying joint arthrokinematics.79,99,112-114,180 Contact paths do not rely on 

embedded coordinate systems with unidirectional descriptions of joint 

translations. In doing so, this technique provides a composite measurement that 

can aid in simplifying the interpretation of the potential deleterious effects of 

abnormal joint kinematics.  

Advancements in motion capture technology allow the implementation of 

more representative measures of joint kinematics and arthrokinematics in human 
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subject investigations. Utilizing methodology capable of accurately quantifying 

shoulder instability dynamically with both helical and arthrokinematic approaches 

is a critical step in determining if clinical diagnostic findings are linked to 

glenohumeral movement. Doing so is also a critical first step in refining 

diagnostic approaches and developing more targeted and effective treatments. 

Therefore, the purpose of this study was to determine any differences in 

glenohumeral translations in swimmers with clinically diagnosed MDI compared 

to matched controls during scapular plane abduction. The experimental 

hypothesis was that symptomatic swimmers would demonstrate increases in 

dynamic joint instability as measured by the three helical parameters and longer 

contact path lengths compared to matched controls 

Methods 

Subjects: 

Two groups of volunteers were recruited for the study from the university 

and surrounding metropolitan communities through a combination of: word-of-

mouth, flyers, or local connections with coaches, athletic trainers and the local 

medical community. Inclusion and exclusion criteria were chosen in order to 

enroll two groups that would differ in shoulder joint laxity; 1) competitive 



 

166 

 

swimmers with MDI (swimmers) and 2) healthy matched control subjects 

(controls) without shoulder pain or joint instability. A sample size of 22 subjects 

per group was set based on an a priori power analysis. The power analysis was 

based on an estimated clinically meaningful differences between groups of 2.0 

mm or more total helical translation. With significance set at 0.05, and expected 

variance of 2.1 mm,135 the power to detect differences between groups was 

estimated at 87%.  

To be eligible for the study the volunteers for the MDI group needed to be 

regular swimmers training a minimum of three hours per week under the 

supervision of a professional swim coach. Additionally, volunteers needed to 

have current complaints of shoulder pain present for at least the previous six 

weeks. Volunteers for the control group were enrolled based on group matching 

criteria of age (+/- 2 years), body mass index, and sex. Additional exclusion 

criteria for the control group included regular participation in overhead athletic 

activities such as swimming, throwing, or overhead hitting activities (eg. tennis, 

volleyball) that might contribute to development of glenohumeral laxity.  

Each enrolled volunteer underwent a screening examination based on the 

inclusion/exclusion criteria to determine their eligibility as a study subject. All 
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screening was performed by the primary investigator, a licensed physical 

therapist with over 15 years of experience and board certified by the American 

Physical Therapy Association as a specialist in sports and orthopaedics. 

Swimmers with shoulder pain remained in the study if they were judged to 

possess increased glenohumeral joint laxity as determined by subjective scoring 

of 1.5 or greater on a composite laxity score from the sulcus and 

anterior/posterior drawer laxity tests.135 The composite laxity score was 

calculated as the average subjective grade from each of the three laxity tests.135 

Further, swimmers were required to have one additional finding indicating 

excessive joint laxity from either a positive apprehension test or a Beighton score 

of two or greater.127 Exclusion criteria for both groups included history of 

significant trauma as the cause of shoulder pain, including dislocations or a 

history of previous shoulder surgery. Subjects were excluded if they possessed 

less than 120 degrees of humerothoracic elevation. Swimmers whose shoulder 

symptoms were considered to be of cervical origin47 were excluded from further 

data collection. Symptoms were considered of cervical origin if they tested 

positive on any of the tests described by Wainner et al. or had symptoms that 

changed as a result of head movement through full active cervical range of 
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motion.47 The control group subjects were also excluded if they demonstrated a 

positive apprehension sign or a Beighton’s Index score127 equal to or greater 

than 1.5. Additionally, supine shoulder internal and external passive range of 

motion were measured with a standard goniometer by the primary investigator 

with the subject’s arm resting at 90 degrees of humerothoracic abduction. Prior to 

examination or data collection, all subjects signed the informed consent in order 

to participate. The University of Minnesota Institutional Review Board Human 

Subjects Committee approved all study procedures (IRB#1603M85761).  

Procedures:  

All swimmers provided their numerical pain rating score and completed a 

Disabilities of the Arm, Shoulder, and Hand (DASH) questionnaire.137 A Phillips 

BV Pulsera (Philips Medical Systems Nederland B.V.) mobile c-arm fluoroscopy 

unit was used to collect dynamic images of each subject’s arm elevation in the 

scapular plane. The device has a 30 cm field of view, 1024x1024 image 

resolution and 99.5 cm source to image distance. Images were captured at 25 Hz 

in dynamic mode sampling with voltage and current adjusted automatically by the 

fluoroscopy system for best imaging quality. Subjects were positioned in front of 

and facing away from the image intensifier of the fluoroscopy unit (Figure 12). 
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Subjects were positioned in order to visually align their scapula parallel and as 

close as possible to the image intensifier without touching it. Additionally, 

subjects were aligned to place the coracoid as close as possible to the center of 

the field of view. Patients were guided by sliding the dorsal aspect of their 

forearm along a pole positioned such that the arm was guided in scapular plane 

abduction. Positioning in the scapular plane was achieved by placing their arm in 

90 degrees elevation and 40 degrees anterior to the trunk as measured with a 

handheld goniometer (Figure 13) With a starting position of the arm resting at 

their side, subjects were instructed to raise their arm from at their side to the pole 

and along it over a three second interval to full elevation. Subjects were 

encouraged to maintain an upright posture during this motion with their hand 

allowed to move freely. Motion was practiced two to three times prior to dynamic 

image capture with fluoroscopy. At least two repetitions of scapular plane 

abduction were captured with the best repetition based on image quality utilized 

for the 2D-3D manual shape matching process. All dynamic images were 

exported from the fluoroscopy unit as DICOM files and converted to tagged 

image file formats (TIFFs). Fluoroscopic images of a distortion grid and 3D 

calibration cube were acquired prior to subject data collection. This step is 
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necessary for image distortion correction from the curved image intensifier and to 

define the 3D capture volume relative to the fluoroscopic image.146 This process 

was performed with XMALab 1.3 software.147  

The shape matching process required subject specific 3D models of the 

humerus and scapula to match to the images captured during scapular plane 

abduction for each subject. The 3D models were segmented from magnetic 

resonance (MR) images of the tested shoulder from each subject, which were 

collected using a three Tesla Siemens Magnetom SKYRA (Siemens 

Healthineers, Erlangen, Germany). A T1-VIBE imaging protocol designed to 

enhance visualization of bone edges was utilized. Magnetic resonance slice 

thickness was set at 0.6 mm.149 The MR segmentation process necessary to 

develop the 3D models was performed manually for each subject by the primary 

investigator utilizing Mimics software (Materialise, Leuven, Belgium). Anatomical 

coordinate systems were set up for the humerus and scapula as have been 

previously described (see Aim 2 methods).  

 Images were shape matched every 3% of motion, therefore each subject 

had 36 images to shape match from the rest position to the completion of 

humeral movement. Shape matching was performed by the primary investigator 
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who was blinded to group assignment and utilized JointTrack software, an open 

source model registration platform (available at 

https://sourceforge.net/projects/jointtrack/). The initiation of movement was 

defined visually as a change from no perceptible movement at rest to any 

perceptible movement of the scapula or humerus in the image file. The 

completion of movement was defined as the position when visually no 

perceptible continuation of humeral movement existed relative to the imaging 

field of view. Previous validation studies of scapular plane abduction in this lab 

indicated RMS tracking errors for superior/inferior glenohumeral position were 

1.2 mm (0.3 mm bias +/- 1.1 mm precision), for medial/lateral position were 1.8 

mm (-1.5 mm bias +/- 1.0mm precision), and 4.2 mm (2.4 mm bias +/- 3.5 mm 

precision) for anterior/posterior position.146 Further, details of the shape matching 

process were previously described (see Aim 2 methods).  

Data Reduction: 

Kinematic data derived from the shape matching process in JointTrack 

software underwent filtering with a fourth order, low pass Butterworth filter using 

a custom Matlab code (MATLAB Release 2016b, The MathWorks, Inc., Natick, 

Massachusetts, United States). The Butterworth filter function available in Matlab 

https://sourceforge.net/projects/jointtrack/)
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was set at 4Hz at 3db for the average 11 Hz sampling frequency. Each of the 

three Euler angles and three positional outputs from the JointTrack software 

were filtered with these parameters such that each bone was filtered separately 

about its anatomical axes. 

Descriptions of glenohumeral joint stability: 

Helical axis descriptions of glenohumeral motion and contact path 

descriptions of joint surface interactions were used to characterize joint stability 

of the groups. All helical parameters were calculated as 3% motion steps. All 

helical parameters were reduced by calculating an average of the helical 

parameters of interest during two phases of motion. Phase one was defined as 

the start to 9% of humerothoracic motion. Phase two was defined as 9% of 

humerothoracic motion to the end of glenohumeral motion. The end of 

glenohumeral motion was defined as the first frame where the slope of the 

glenohumeral elevation motion was interpreted visually to be near zero. 

The helical axis parameter of translation along its axis was calculated as 

described by Spoor and Veldpaus.151 Total translation was then analyzed as the 

mean absolute translation117 for phase one and phase two motion intervals. 
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The displacement of the instant center of rotation (ICR) position was 

defined as the helical axis displacement from the humeral head center. The 

humeral head center of the 3D model was defined as previously described with a 

least squares fit to a sphere (see Aim 2 methods).The magnitude of the 3D 

orthogonal vector traveling from the helical axis to the mean humeral center 

position (between the two matched positions) for each respective 3% motion 

interval was defined as the ICR displacement (Figure 14).151 The mean humeral 

head center position was defined by the mean coordinates of each of the two 

sequential positions within the respective motion step. The averages of the 3D 

Euclidean distances between the ICR and the mean geometric center for phase 

one and phase two motion intervals were used in the statistical analysis. 

The three components of helical orientation were calculated as the vector 

components of the glenohumeral helical axis orientation relative to the scapular 

anatomic axes for every 3% of motion.151 The variance of each of the 

components used in statistical analysis was calculated as the standard deviation 

of the orientation of each component for phase one and phase two motion 

intervals (Figure 15). 
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The contact path of the joint surface of the humerus relative to the glenoid 

was determined. The contact paths of the humerus on the glenoid were 

calculated by determining the closest points between the 3D models of the 

humerus and the glenoid for every 3% of shape matched motion. The coordinate 

of each vertex on each model’s surface mesh is known in space and therefore 

the minimum distances between these vertices can be determined. Through the 

use of a custom Matlab code, the contact path for each joint position was defined 

by determining the location of a centroid of all the minimum distances. The 

centroid was defined as the mean 3D coordinate on the glenoid of all the 

minimum distance vectors up to150% of the absolute minimum distance.99 The 

3D vector magnitude between each centroid location for each frame of 

movement was then summed as a contact path length and plotted for visual 

representation as a connected path (Figure 16). The length of the contact path 

was normalized by the summed maximum width and height of the glenoid108 for 

each subject for statistical analysis.  

Data Analysis: 

All statistical analyses were carried out using IBM SPSS Statistics for 

Macintosh, Version 24 (Armonk, NY: IBM Corp). The significance level was set a 
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priori at p≤0.05. Demographic data were compared between groups with 

independent sample t-tests for continuous data and chi square analyses for 

categorical data. If there were counts less than five in any of the cells for the chi 

square analysis, a Fisher’s exact test was performed. If continuous data was not 

normally distributed, a Wilcoxon non-parametric test was performed.  

Assumptions of normality for all planned comparisons were checked 

through assessments of skewness and kurtosis and Shapiro-Wilk’s tests.181 Two-

way repeated measures ANOVAs were performed for the dependent variables of 

helical axis translation, the displacement of the ICR from the humeral head 

center, and the helical axis orientation variances. For helical axis translation, the 

displacement of the ICR from the humeral head center, and variance of the 

helical axis components, the between subject factor was group (swimmers, 

matched controls) the within subject factor was phase of motion (phase one and 

phase two). If an interaction (p≤0.05) between group and phase of motion was 

observed, post hoc comparisons were planned between groups at each phase of 
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motion. Only the effects of the interaction with group and the main effect of group 

were of interest in these analyses. For the helical axis orientation analysis, three 

repeated measures ANOVA were performed, one for each component of the 

helical axis orientation. For contact path length comparisons between groups, a 

two sample independent t-test was performed.  

Results 

Subject demographics: 

 Subject demographics for both groups, and swimmers’ characteristics are 

located in Table 8 and Table 9 respectively. There were no observed differences 

between sex, age, BMI, dominant side tested or passive internal rotation range of 

motion. Consistent with inclusion criteria, swimmers (n=23) had significantly 

(p<0.01) higher composite laxity observational scores (mean 1.74 ± 0.3 SD, 

standard deviation) than controls (n=21, mean 0.98 ± 0.25 SD); and significantly 

higher Beighton’s Index scores (3.48 ±1.7 SD) than controls (0.67 ± 0.91 SD, 

p<0.01). Swimmers had significantly (p<0.05) larger (105° ± 12° SD) passive 

external rotation range of motion compared to controls (98° +/- 10° SD).  
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 Swimmers on average reported onset of symptoms 149 ± 56 weeks prior 

to data collection. Swimmers averaged 4.5 ± 0.3 days of swimming per week. 

Their primary competition swim stroke was freestyle (65.2%). The average 

greatest pain in the past one month (out of 100) reported on the numeric pain 

rating scale was 51.5 ± 3.9. Average DASH score for swimmers was 34.2 ± 10.4 

and the average DASH Sport Subscale score was 52.8 ± 23.3. 

Total helical translation: 

  Tests of normality for total translation indicated assumptions of normality 

were met. A significant interaction of group and phase was not found (p=0.84, 

F(1,42)=0.04). There was no effect of group on observed total helical axis 

translation (p=0.29, F(1,42)=1.1). Controls demonstrated 0.6 (±0.08 standard 

error of differences SE) mm total translation and swimmers demonstrated 0.5 

(±0.08 SE) mm total translation (Table 11, Figure 17). 

ICR displacement: 

 Tests of normality for ICR displacement from the mean geometric center 

indicated non-normal distributions were present in controls for phase 1 and for 

swimmers in both phase 1 and 2. However, there was no significant interaction of 

group and phase (p=0.20, F(1,42)=1.7). There was also no effect of group on 
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ICR displacement (p=0.32, F(1,42)=1.0). Swimmers demonstrated 18.1 (±4.5 SE 

of the differences) mm total displacement and swimmers demonstrated 22.7 

(±4.5 SE) mm total displacement (Table 12, Figure 18).  

Helical axis orientation variance: 

 Test of normality indicated assumptions were met for each of the helical 

axis orientation components. For the anterior/posterior component, there was no 

interaction of group and phase (p=0.59, F(1,42)=0.29). There was no effect of 

group (p=0.16, F(1,42)=2.1). For the superior/inferior component there was no 

interaction of group and phase (p=0.24, F(1,42)=1.4). There was no effect of 

group (p=0.09, F(1,42=3.0). For the medial/lateral component, there was no 

interaction of group and phase (p=0.54, F(1,42)=0.4). There was no effect of 

group (p=0.19, F(1,42)=1.8) (Table 13, Figure 19).  

Contact path length: 

Shapiro-Wilk tests indicated non-normality may have been present for 

contact path lengths. Skewness and kurtosis values indicated only a slight non-

normal distribution. No significant differences were demonstrated between 

swimmers and controls (p=0.32, t(42)=1.0). Mean normalized contact path length 
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for matched controls was 122% ± 13% SE of difference. Normalized contact path 

length of swimmers was 109% ± 13% SE. (Figure 20).  

Discussion 

  The results of this study demonstrate that matched controls and 

swimmers clinically diagnosed with MDI did not differ significantly in joint stability 

during dynamic motion as described by any of the helical axis parameters (p 

values range: 0.19-0.69). There was also no significant difference in contact path 

measures during scapular plane abduction (p=0.32, t(42)=1.0).  

No differences in any of the four measures of dynamic stability in this 

study were detected despite the examination of swimmers with pain in whom 

MDI is commonly thought be a primary cause of symptoms. Swimmers in this 

study demonstrated greater composite laxity scores, Beighton’s index scores and 

increased external rotation during clinical examination compared to matched 

controls in this study. All of these clinical findings, in addition to pain, have been 

associated with MDI diagnostic criteria in previous work.16,17,41,56,182 The lack of 

difference between swimmers and controls in this study is likely multifactorial.  

First, shoulder elevation in the scapular plane may not have adequately 

challenged the swimmers’ ability to stabilize the joint. The swim stroke requires 
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repetitive positioning into glenohumeral horizontal adduction and abduction.183 

This position has been postulated as an injury mechanism due to excessive 

obligate posterior or anterior translation in other overhead athletes.170 

Conceivably, because the humerus was elevating into the scapular plane, the 

test motion may not have sufficiently challenged glenohumeral joint stability of 

swimmers to detect differences from controls during overhead motion. Further, 

competitive swimmers generate large propulsive forces in their upper extremities 

repeatedly between 10,000 to 18,000 times in a typical week’s practice.176,184 

However, in this study, subjects elevated their arm only twice without an external 

load. Previous studies have demonstrated the effect of fatigue and external loads 

on scapular and glenohumeral kinematics.185-188 If the impact of relative fatigue 

levels and external loads on swimmers during practice had been reproduced for 

this study, it is possible joint kinematics would have been affected and 

differences in glenohumeral stability more evident. The fact that subjects 

reported relatively high scores on the numeric pain rating scale along with high 

scores on both the DASH and DASH Sport Subscale, yet reported no pain during 

testing, suggests that more strenuous test conditions may be needed to elicit 

signs of MDI during scapular plane abduction. These scores also suggest there 
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is a substantive element of disability for these subjects that we were unable to 

elicit in this comparative motion analysis. A simulated swim stroke moving 

through multiple planes of motion with external loads and the presence of fatigue 

may have more effectively represented the element of dynamic joint instability 

these swimmers likely possess.  

Few studies have examined differences in shoulder joint stability 

dynamically in individuals diagnosed with MDI.56,74 A study by Ogston and 

Ludewig used a helical approach to study differences in joint translation in 

individuals diagnosed with MDI. The authors employed similar diagnostic criteria 

as the current study and compared component translations between 29 

individuals diagnosed with MDI and 29 matched controls groups.56. Similar to the 

current study the authors measured joint translation during a relatively slow 

overhead motion in the scapular plane and also failed to find significant 

differences in joint translations between groups. Future studies of MDI involving 

trained athletes such as competitive swimmers would likely demonstrate more 

significant differences between groups by the addition of external loads and 

inducing fatigue in order to reproduce the conditions in which joint stability is 

most challenged.  
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Although no differences in joint translations between groups were found in 

this study, differences in glenohumeral translations has been shown in other 

studies of symptomatic and asymptomatic subjects. Ludewig and Cook observed 

1.0 mm more anterior translations and 1.0 mm less posterior translation in 26 

construction workers diagnosed with impingement during scapular plane 

motion.74 Lawrence et al. found 1.4 mm more anterior translation during flexion 

and 1.0 mm more inferior translation during abduction in symptomatic subjects 

diagnosed with impingement compared to asymptomatic subjects.42 However, 

these studies do not involve individuals who train regularly in overhead activity 

such as swimmers. Therefore, scapular plane abduction may have been 

sufficient to elicit excessive joint translations compared to controls. 

The use of helical descriptions of motion (total helical translation, ICR 

displacement and helical variance) in the current study and the study by Ogston 

and Ludewig and Ludewig and Cook overcome limitations of tracking embedded 

coordinate systems.56,74 An advantage of a helical approach to describing joint 

motion is the ability to examine and quantify joint instability in a manner that more 

closely aligns with the clinical construct of glenohumeral MDI. Namely, 

individuals with MDI should demonstrate greater overall translations compared to 
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controls. Although Ogston and Ludewig and Ludewig and Cook tracked motion 

with a helical approach, the translations were described relative to the scapular 

plane in the anterior/posterior and superior/inferior direction.56,74 In order to 

measure the construct of overall multidirectional joint instability where excessive 

translations are expected in multiple directions, the current study did not 

decompose the helical parameters to component, axial descriptions of 

translations. Similar investigative approaches with the spine, knee and elbow 

have effectively utilized helical parameters to describe joint overall 

stability.115,117,189,190 For the shoulder, only one study used a helical parameter 

(ICR displacement) in a similar manner as the current study. Poppen and Walker 

examined 2D ICR displacement during static shoulder abduction positioning 

recorded with static radiographic in 15 asymptomatic, and 12 symptomatic 

subjects who planned to undergo arthrography.57 In doing so, they observed 

larger ICR displacements in a subgroup of seven symptomatic subjects (9-14 

mm) compared to the remaining eight symptomatic subjects (4-8 mm) and all of 

the asymptomatic subjects (mean 6 mm). They noted that in the subgroup of 

seven symptomatic subjects, three had a history of shoulder dislocation. The 

other symptomatic subjects possessed rotator cuff injuries, arthritis or shoulder 
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pain. Although the descriptive nature of the Poppen and Walker study limits 

direct comparisons with the current study, it does demonstrate the potential utility 

of ICR displacement to identify subgroup of subjects with potentially decreased 

joint stability.57  

Despite the potential utility of ICR displacement to characterize joint 

instability, the current study found no significant differences in ICR displacement 

between controls and swimmers. Although no interaction was found between 

groups and phase of motion, controls demonstrated 10.4 mm more ICR 

displacement than swimmers during phase 1 (p=0.25). A post hoc power analysis 

using the controls’ variance of 31 mm, revealed a 10% power to detect a 

difference of 3 mm between groups during phase of elevation.136 During phase 2, 

swimmers demonstrated a trend of 1.3 mm more ICR displacement (p=0.38). 

Using the swimmer’s variance of 6 mm, post hoc power analysis demonstrated a 

46% power to detect a 3 mm difference in displacement between groups. It 

appears therefore, that there is considerable variability in ICR displacement 

across individuals during slow, unloaded movement and the lack of significantly 

greater values in swimmers are unlikely due to a type II error. With more 
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challenging movements, more distinct movement abnormalities may become 

apparent between individuals diagnosed with MDI and controls.  

In contrast to helical descriptions of instability, analyzing joint contact 

lengths provide information on how bone surfaces move relative to one 

another.95 In the hypothetical case of a perfectly stable ball and socket joint, the 

point of closest contact between two surfaces on the socket surface should 

remain in the same location throughout motion through a balance of roll and slide 

arthrokinematics.66 Conversely, as shoulder joint translation occurs, the location 

of the closest contact point on the glenoid should displace over time. Previous 

authors have demonstrated the potential utility of contact paths as measures of 

glenohumeral joint stability.79,99,112-114,180 Bey et al. demonstrated increased 

overall contact path lengths in 21 individuals’ shoulders that had undergone 

rotator cuff repair compared to their contralateral shoulders using dynamic 

biplane fluoroscopy.108 Miller et al.112 also utilized biplane techniques and 

identified an exercise training effect post-operatively with a small sample of 

individuals demonstrating descriptively decreased contact path lengths after 6 

weeks of physical therapy treatment.  
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No significant differences in normalized contact path lengths were found 

between subjects for the current study. However, the method of normalization 

may have impacted the results. Studies of morphological differences between 

individuals for the shoulder have become more prevalent with the development of 

improved imaging and subject specific modeling.191-193 The developing 

understanding of the variability in shoulder joint morphology and its impact on 

shoulder biomechanics is expanding.194 A post hoc visual inspection of glenoid 

morphology suggests swimmers may develop a wider glenoid than healthy 

controls. If swimmers possess larger glenoids, the increased glenoid dimensions 

could make their contact path length appear disproportionately small. Further 

study of glenoid morphologic differences between groups with differing activity 

exposure is needed to account for this potential covariate. Alternatively, using 

other methods of normalization that would be less affected by potential adaptive 

response to the unique exposure of repetitive swim strokes may be required.  

 A further reason for the lack of significant differences between groups in 

joint stability may be that the inclusion criteria were not discrete enough to 

produce significantly distinct patterns of glenohumeral motion between controls 

and swimmers thought to have MDI in this study. The laxity tests and Beighton’s 
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index were originally designed to identify cases of excessive joint laxity and not 

to rule it out.2 The composite laxity score in the swimming group only averaged 

1.7 ± 0.1 with the controls averaging 1.0± 0.3. It is possible that with greater 

difference in passive joint laxity more substantial differences in dynamic joint 

stability would have been observed. Supporting this theory, Aim 2 demonstrated 

that by analyzing a subgroup of subjects with larger differences in composite 

laxity scores, swimmers demonstrated larger composite translations during 

passive testing compared to controls. Future work testing differences in joint 

stability dynamically may need to examine groups that differ more significantly in 

composite scores to identify changes in joint stability during dynamic motion.  

 As with any study, recognition of the limitations of this study is required. 

Generalizability of these findings is limited to the study population of swimmers 

with characteristics similar to the sample tested. However, swimmers were 

chosen as the group of interest because, based on clinical theory,21 they are 

most likely to possess observable joint instability during a functional reaching 

activity. To examine the assumption that increased laxity during clinical exam is 

associated with increased glenohumeral instability in functional activities, it was 

necessary to study two groups that would be sufficiently distinct in joint stability in 
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order to increase the likelihood of finding differences. For example, differences in 

joint stability may have been more likely had the comparison group been 

individuals who demonstrate abnormally decreased laxity as seen in cases of 

glenohumeral hypomobility or adhesive capsulitis. However, in an effort to 

balance the need for experimental control and a pragmatic approach that 

improves generalizability and the potential clinical impact, selection criteria were 

chosen to represent a clinical scenario of requiring identification of patients with 

MDI amongst those with normal joint laxity.  

 The helical axis approach to describing joint motion has the advantage of 

fully describing motion without the impact of choices in how an embedded 

coordinate system was created. However, helical axis calculations are negatively 

impacted by noise in the data as has been previously described. The lack of 

descriptions in the literature of best practices for filtering glenohumeral 

kinematics for helical axis calculations challenges methodological choices. 

Ludewig and Cook filtered data with a 40 Hz sampling frequency with a cut off of 

4.7Hz using a low pass Butterworth filter.74 The authors were able to observe 

differences between groups using embedded coordinate-based descriptions of 

helical axis translations in individuals with shoulder impingement symptoms. With 
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an average 11 Hz sampling frequency, the current study used a 4th order low 

pass Butterworth filter with a cutoff frequency of 4 Hz. Filtering of kinematic data 

for the spine and elbow using helical approaches has been described at 1.5Hz 

and lower.116,152 The choice of 4Hz was a compromise between demands of 

smoothed data for realistic helical axis calculations195 and the goal to avoid 

visually altering the quality of shape matching in JointTrack.  

 Finally, the use of a single plane clinical fluoroscopy unit may have 

impacted results. Although single plane fluoroscopy reduces radiation exposure 

by half compared to biplane techniques, out of plane error in shape matching is 

likely when matching a 3D model to a single plane image.146 Because of subject 

alignment, the majority of errors were likely in anterior or posterior translations. 

Work from this lab has demonstrated average RMS accuracy of 4.2 mm for 

anterior/posterior positioning in a cadaveric-based validation study.146 

Comparatively, average positioning errors occurring more parallel to the imaging 

plane were smaller in the superior/inferior (RMS 1.2 mm) and medial lateral (1.8 

mm) directions. Excessive positioning and displacements in these directions 

have been described in the literature for individuals with unidirectional joint laxity 

or a diagnosis of MDI.17,120 The large variance within subject groups (up to 31mm 
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for ICR displacement) may have masked potential group differences. The use of 

biplane techniques or examining only in plane kinematics may be required to 

identify differences in joint stability in individuals diagnosed with MDI.  

Conclusions 

 No differences in joint stability were found between swimmers diagnosed 

with MDI and matched controls. To detect differences in glenohumeral stability 

between groups, tested movements may need to more closely simulate forces, 

positions and exposures thought to be associated with the diagnosis of 

multidirectional instability  
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Tables (Aim 3) 

Table 9. Subject Demographics and Characteristics (n=44) 

 Matched 
Controls 
(n=21) 

Swimmers 
with MDI 
(n=23) 

df Test 
statistic 

P Value 

Sex (female) 12 (57.1%) 12 (52.2%) 1 X2=0.11 0.74 

Age 34.0 ± 8.5 33.5 ± 11.2 1,42 t=0.16 0.88 

BMI 24.1 ± 2.5 23.8 ± 2.7 1,42 t=0.45 0.66 

Dominant Side 
tested (%) 11 (52.4%) 11 (47. 8%) 1 X2=0.09 0.76 

Handedness 
(Right, Left) 19,2 18,5 - Exact 0.42 

Composite 
Laxity Test 
Score (0-3) 

1.0 ± 0.3 1.7 ± 0.1 - 
Wicoxon 
W=231.0 

<0.01 

Beighton 
Index Score 
(0-9)  

0.7 ± 0.9 3.5 ± 1.7 - 
Wilcoxon 
W=274.0 

<0.01 

Internal 
Rotation 
Range of 
Motion (ROM) 

57 ± 11 60 ± 16 1,42 t=0.78 0.44 

External 
Rotation ROM 98 ± 10 105 ± 12 1,42 t=2.18 <0.05 

Values are means ± standard deviation, unless a count variable. MDI; 
multidirectional instability df=degrees of freedom; numerator, denominator. 
BMI; body mass index. Exact; Fisher’s Exact statistic utilized 
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Table 10. Swimmer characteristics (n=23)  

Symptom onset prior to data 
collection(n=22) 

149 ± 56 

Days per week swimming (n=22) 4.5 ± 0.3 

Miles per day swimming (n=23) 2.6± 0.2 

Primary Competition stroke (n=23) Freestyle: 65.2% 
Butterfly: 21.7% 

Backstroke: 8.7% 
Breaststroke: 4.3% 

NPRS greatest amount pain in the last 
month (0-100) (n=22) 

51.5 ± 3.9 

NPRS lowers amount of pain in the last 
month (0-100) (n=22) 

13.3 ± 2.9 

DASH (n=22) 34.2 ± 10.4 

DASH Sport Subscale (n=20) 52.8 ± 23.3 

NPRS; numeric pain rating scale, DASH; Disabilities of the Arm 
Shoulder Hand 

 

Table 11. Absolute total helical translation 

Phase of 
motion 

Group n 
Mean 
(mm) 

SE 

1 
Matched Controls 21 0.61 0.08 

Swimmers with MDI 23 0.51 0.06 

2 
Matched Controls 21 0.63 0.08 

Swimmers with MDI 23 0.55 0.05 

MDI; multidirectional instability. SE; standard error of means for each 
group and phase 
Group and phase comparison; p=0.84, F(1,42)=0.04 
Group comparison; p=0.29, F(1,42)=1.1 
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Table 12. Displacement of the ICR from the humeral head center  

Phase of 
motion 

Group n 
Mean 
(mm) 

SE 

1 
Matched Controls 21 33.8 6.4 

Swimmers with MDI 23 23.4 6.1 

2 
Matched Controls 21 11.6 1.0 

Swimmers with MDI 23 12.9 1.0 

ICR; instance center of rotation. MDI; multidirectional instability. SE; 
standard error of means for each group and phase 
Group and phase comparison; p=0.20, F(1,42)=1.7 
Group comparison p=0.32, F(1,42)=1.0 
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Table 13. Variance of the orientation of the helical axis components 

Helical 
Component 

Group n Mean  SE 

X (phase 1) 
Matched Controls 21 0.30 0.03 

Swimmers with MDI 23 0.35 0.03 

X (phase 2)  
Matched Controls 21 0.25 0.01 

Swimmers with MDI 23 0.27 0.01 

Y (phase 1) 
Matched Controls 21 0.58 0.07 

Swimmers with MDI 23 0.44 0.06 

Y (phase 2) 
Matched Controls 21 0.50 0.02 

Swimmers with MDI 23 0.47 0.02 

Z (phase 1) 
Matched Controls 21 0.48 0.06 

Swimmers with MDI 23 0.56 0.05 

Z (phase 2) 
Matched Controls 21 0.44 0.01 

Swimmers with MDI 23 0.46 0.01 

MDI; multidirectional instability. SE; standard error of means for each group and 
phase. No significant interactions or group comparisons observed for any helical 
component. X component; variance of axis anterior/posterior direction relative to 
scapula. Y component. Y component; variance of axis superior/inferior direction 
relative to scapula. Z component; variance of axis medial/lateral direction relative to 
scapula. 
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Figures (Aim 3) 

 

Figure 12. Images of C-arm orientation during scapular plane elevation. Start 
position (left), middle position (center), and end position (right) 
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Figure 13. Scapular plane elevation positioning set-up. Transverse plane of 
elevation measured with a goniometer 
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Figure 14. Instant center of rotation displacement calculation. The blue line 
represents a helical axis location for a 3% motion interval. The red dot is the 
humeral head geometric center location in 3D, averaged between the two 
positions of the motion interval. The closest perpendicular distance from the 
helical axis to the humeral head center is represented by the orange line. 
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Figure 15. Examples of the helical axis orientation calculated for seven intervals 
of motion(15% of motion displacement for first six intervals,10% of motion 
displacement for last interval) from the arm at rest to the final overhead position. 
Axis colors darken going from starting interval to final interval of motion. Circular 
axis end indicates direction of the helical axis  
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Figure 16. Examples of normalized contact paths (white) on the glenoid during 
glenohumeral scapular plane abduction. Circle indicates starting location of path, 
diamond indicates ending location of the path. Color bar indicates average 
distance (mm) between glenoid and humerus throughout motion. 

 

 

 

 

 



 

200 

 

 

Figure 17. Total helical translation calculated as the mean of phase 1 of motion 
(start to 9% humerothoracic motion) and phase 2 (9% of humerothoracic motion 
to completion of glenohumeral motion). Interaction: p=0.84, F(1,42)=0.04. Effect 
of group: p=0.29, F(1,42)=1.1. Error bars represent standard error of the 
differences for each group and phase. 
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Figure 18. ICR displacement calculated as the mean of phase 1 of motion (start 
to 9% humerothoracic motion) and phase 2 (9% of humerothoracic motion to 
completion of glenohumeral motion). Interaction: p=0.20, F(1,42)=1.7. Effect of 
group: p=0.32, F(1,42)=1.0. Error bars represent standard error of the differences 
between groups for each phase. 
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Figure 19A-C. Variances of the helical axis components in the anterior/posterior, 
superior/inferior and medial/lateral components of axis orientation. 
Anterior/posterior component interaction: p=0.59, F(1,42)=0.29, group: p=0.16, 
F(1,42)=2.1. Superior/Inferior component interaction: p=0.24, F(1,42)=1.4, group: 
p=0.09, F(1,42)=3.0. medial/lateral component interaction: p=0.54, F(1,42)=0.4, 
group: p=0.19, F(1,42)=1.8. Error bars represent standard error of the difference 
between groups for each phase 

 

Figure 19C. Medial/lateral component  

Figure 19A. Anterior/posterior 
component  

Figure 19B. Superior/inferior 
component 
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Figure 20. Contact path length of the centroid of minimum distances up to 150% 
of the absolute minimum distance. Contact path length is normalized to the sum 
of the height and width of the glenoid. p=0.32, t(42)=1.0 
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10. Conclusion 

Summary 

The clinical diagnosis and understanding of the functional implications of 

shoulder multidirectional instability (MDI) have been advanced through this work 

in the following ways: 1) the clinical laxity test kinematics used to diagnose 

shoulder MDI are reproducible between two examiners, 2) combining clinical 

laxity tests into a single composite score has the capability to identify subtle 

differences in overall joint laxity in subjects with shoulder pain, 3) composite 

laxity scores in a clinical exam can be used to identify individuals that 

demonstrate increased overall joint laxity consistent with a diagnosis of MDI, and 

4) To detect dynamic joint instability in individuals diagnosed with MDI, the test 

movement must be sufficiently challenging to elicit signs of joint instability.  

Reproducibility of laxity tests and the development of the composite laxity 

score 

Shoulder MDI is defined as excessive joint laxity in at least two directions 

in the presence of symptoms.19 Consequently, laxity tests have been the primary 

method for detecting shoulder MDI. However, the majority of studies that 

examine the utility of these tests have focused on the reliability of the grading 



 

205 

 

system.122-124 Results of these efforts have indicated poor to fair agreement 

between examiners in the assessment of joint laxity.39,122,123,160 Unlike previous 

studies,39,122,123,160 the efforts of this work focused on the reproducibility of joint 

kinematics in three laxity tests: 1) anterior drawer, 2) posterior drawer, and 3) 

sulcus tests. In doing so, the examiners in this study demonstrated good136 (ICC= 

0.84 and 0.87) examiner kinematic reproducibility for two of the three laxity tests 

(anterior drawer and sulcus test). The demonstration of kinematic reproducibility 

of the laxity tests between examiners is a first step to determine the practical use 

of laxity tests to diagnose shoulder MDI.  

Excessive joint translations occurring during arm elevation are thought to 

cause increased tissue stress that may lead to injuries of surrounding joint 

structures such as the labrum and biceps tendon.20-22 Although the purpose of 

joint laxity tests is to subjectively quantify glenohumeral joint laxity 

characteristics, the relationship between a laxity score and the imparted joint 

translations occurring during the test have not been previously assessed.23,24 

Results from this work have demonstrated poor relationships (r2 0.19 to 0.33) 

between single laxity test scores and translations occurring during those tests. 

However, clinical recommendations and developing evidence suggest that in the 
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diagnosis of shoulder MDI and other conditions, no tests should be interpreted or 

performed in isolation.4,18,36,45,47,81,144 The results of this study support these 

clinical recommendations. When an examiner’s laxity scores for three tests were 

combined as a composite laxity score and compared to the overall translation 

magnitude across the tests, a strong linear relationship was demonstrated 

(r=0.86, r2= 0.75, P<0.005). Further, because the selection of subjects in this 

study was not based on assessments of joint laxity, they likely possessed a wide 

range of joint laxity characteristics. Therefore, examiners may be able to detect 

subtle differences in joint laxity across individuals. Future work is required to 

determine if the strength of the linear relationship would be maintained with a 

larger sample size and a wider sample of examiners with differing training. 

Multidirectional instability and its diagnosis based on a composite laxity 

score 

Prior to the current work, it had not been demonstrated that laxity test 

scores were capable of identifying groups that differ in joint laxity. Previous work 

by Borsa et al,130 examined differences in translations during anterior and 

posterior drawer laxity tests between competitive swimmers and controls 

matched on age and sex. Competitive swimmers are commonly assumed to 
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have excessive shoulder joint laxity because of the repetitive loading at end 

range positions the shoulder experiences during a typical swim stroke.20,22,24,41 

Borsa et al. did not find differences in joint laxity between groups.130 A possible 

reason for this is swimmers were only selected based on their sport participation 

levels, and not on their joint laxity characteristics. Although swimming is 

commonly associated with MDI, no studies have demonstrated excessive joint 

laxity kinematically in swimmers. Consequently, the swimmers may not have 

been sufficiently different from controls in joint laxity to detect any differences. 

Further, Borsa et al. examined laxity in anterior and posterior directions alone.130 

However, excessive inferior joint laxity is commonly associated with shoulder 

MDI.19,21,53,55,168 Therefore, the authors’ measurement criteria to detect 

differences in individuals thought to possess MDI may not have fully captured the 

phenomenon as it is understood.  

The current work used clinical criteria based upon the new knowledge 

gained from this work that composite laxity scores are related to composite 

translations. And, it is believed that the use of composite translations occurring 

during the laxity tests as a dependent variable more fully represented MDI 

because it took into account the magnitude of translations occurring during all 
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three laxity tests. In doing so, a significant relationship between the composite 

laxity score and composite translations was found, although group differences 

did not reach significance. The use of single plane fluoroscopy was 

advantageous for identifying these differences in laxity because it permitted 

accurate tracking of joint laxity tests in-vivo, which was previously limited 

because of skin motion artifact associated with the use of surface sensor motion 

capture techniques.80 

Trends toward differences between groups for translations during laxity 

tests were found for posterior drawer and sulcus tests, which would have 

reached significance with a slightly larger sample size. The anterior drawer laxity 

test did not demonstrate any evidence of increased translations for the swimmers 

compared to the control group. While some clinical literature suggests excess 

anterior laxity as a typical finding in cases of MDI, the literature is not conclusive 

as a number of biomechanical studies have reported no association between 

MDI and increased anterior joint laxity.41,53,130 Methodological differences in 

measurement techniques and definitions in previous studies limit comparisons to 

the current work. However, the prone positioning required for image capture of 
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anterior drawer testing in this study may partially explain the inconsistency with 

previous studies  

Future work regarding the ability of the composite laxity score to identify 

differences in composite translations would benefit from investigations that 

include multiple examiners to determine the reproducibility of these results. 

Additionally, to more fully understand the prevalence of excessive joint laxity in 

the competitive swimming population it would be beneficial to expand the groups 

to include swimmers without pain. As previously stated, the diagnosis of MDI was 

defined here as excessive joint laxity in multiple directions in the presence of 

pain.19 Whereas authors who used clinical tests exclusively identified excessive 

joint range of motion and laxity in swimmers without pain.22,41,128 By incorporating 

swimmers with and without pain, a greater understanding may be gained of the 

role of pain in the composite laxity score’s ability to identify excessive joint laxity. 

As a result, the prevalence of excessive joint laxity within competitive swimmers 

would be better understood.  

Developing knowledge of how clinical tests relate to joint stability during 

overhead motion 
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Several studies prior to the current work have investigated glenohumeral 

translation during overhead motion.42,56,74,82,83,85-88,95,96,100 However, few studies 

have investigated the movement patterns of individuals diagnosed with MDI 

during overhead motion.56,57 A previous study by Ogston et al.56 investigated 29 

subjects identified with MDI through the use of clinical exams that required 

findings of excessive translations in at least two laxity tests. The study then 

compared the subjects with MDI to 29 matched controls believed not to have 

excessive shoulder joint laxity. Therefore, the Ogston et al. study had well 

defined group selection criteria that would theoretically allow identification of 

distinct differences in joint translations. Furthermore, similar to this current work, 

the study by Ogston et al. used a helical approach to describe glenohumeral 

translation and thus overcame the limitations of embedded coordinate system 

descriptions of translations195,196 which can lead to misrepresentation of 

translational values because of tracking a fixed point. With a helical approach, 

the authors found decreased scapular plane upward rotation and increased 

scapular internal rotation, but compared to the control group found no differences 

in glenohumeral translations during overhead motion. Similarly, results of the 

current work did not find differences in measures of glenohumeral instability 
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during scapular plane motion between swimmers diagnosed with MDI and 

matched controls. However, the relative slow and controlled motion the subjects 

were asked to perform in Ogston et. al. and in the current work may have 

impacted the results.56 Previous studies have indicated the importance of rotator 

cuff activation for glenohumeral stability.75,87,172 The slow movements performed 

by subjects in Ogston et al. and in the current work may not have sufficiently 

challenged the rotator cuff’s ability to stabilize the joint and to replicate the 

conditions in which excessive and deleterious translation may be occurring. The 

current work used highly trained swimmers who consistently experience 

repetitive joint loading at extremes of motion177,183,197 while training and 

competing. The lack of translational differences between individuals with MDI 

and controls in Ogston et al. combined with the lack of differences observed in 

the current work suggests that the groups with MDI in both studies were 

insufficiently challenged to elicit excessive translations representative of a clinical 

diagnosis of MDI. 

The choice of positional tracking methodology can influence the ability to 

detect differences. Ogston et. al. used surface sensor to track the motion that 

may have impacted their ability to detect differences between the groups in 
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translations.56 Errors of surface motion tracking have been described up to 2.1 

mm.80 These errors are particularly impactful considering translations 

displacements have been described ranging from 0-5 mm in superior inferior 

directions with similar ranges in the anterior posterior direction during scapular 

plane motion.42,57,71,72,74,82,85,86,88,96,105  

With the advent of dynamic imaging of bone position through fluoroscopic 

techniques, more precise tracking of glenohumeral translations and quantifying of 

joint instability is possible.99,102,108,180 The description of how excessive 

glenohumeral translations relate to shoulder joint anatomy is made possible 

through the use of contemporary imaging technology. Using biplane fluoroscopy, 

Bey et al. demonstrated the potential utility of describing contact paths as 

measures of joint stability in 21 individuals following rotator cuff repair.108 The 

authors demonstrated that contact paths for repaired shoulders compared to the 

contralateral asymptomatic shoulder were more anterior and superior. In a small 

study of 5 subjects with rotator cuff tear diagnoses, Miller et al. described a trend 

of decreased contact path lengths following 12 weeks of physical therapy.112 A 

retrospective study of 46 subjects diagnosed with asymptomatic rotator cuff 

pathology demonstrated longer overall contact path lengths compared to 
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subjects judged to have normal rotator cuffs.180 Although the results cannot be 

directly compared to subjects with MDI, rotator cuff function is considered an 

essential component to glenohumeral stability.75,87,172,198 These studies have 

illustrated the potential utility of contact paths descriptions as a measure of 

glenohumeral joint stability.  

The current work did not find differences in contact path lengths between 

groups. The swimmers in the current work differ from previous studies involving 

contact path descriptions because of the repetitive exposure to overhead motion 

that they experience during training. Along with swimmers potentially being 

insufficiently challenged in the task, humeral bone remodeling may have 

impacted results. Repetitive mechanical stress has been previously 

demonstrated in throwing athletes with whom increased humeral retroversion has 

been observed.199 The normalizing process using glenoid dimensions to facilitate 

comparison between subjects may not account for potential glenoid remodeling 

that could occur as an adaptive process to repetitive stress. Future work 

investigating joint arthrokinematics in individuals frequently exposed to repetitive 

tasks may need to consider normalizing measures that would be less affected by 

potential bone remodeling.  
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Conclusions 

In order to investigate how the clinical diagnosis of MDI relates to 

functional movement kinematically, advanced descriptions of joint stability 

characteristics and motion capture techniques were used for the current work. 

Composite translations description of joint laxity and helical axis parameters and 

contact path descriptions of joint stability were possible due to the use of bone-

fixed electromagnetic tracking and dynamic fluoroscopy to capture glenohumeral 

motion during performance of laxity tests or overhead motion. Furthermore, this 

work established the potential for good repeatability of shoulder laxity test 

kinematics between two examiners. This work also demonstrated relationships 

between composite laxity score for identifying the magnitude of joint laxity in 

individuals. With a better understanding of the relationship between joint laxity 

scores and the magnitude of joint translations, this study demonstrated that 

composite laxity scores may be able to distinguish overall joint laxity differences 

between individuals fitting the clinical definition of shoulder MDI compared to 

healthy controls. The study did not establish that individuals identified to have 

increased overall composite translations during a clinical exam will demonstrate 

signs of instability during an overhead reaching motion compared to healthy 
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controls. Methodological considerations need to be considered in order to 

understand the failure to find differences. Equally important is considering the 

challenge of the task presented to the subjects. It is likely the task did not 

sufficiently challenge swimmers’ ability to stabilize the glenohumeral joint and 

therefore no differences in joint stability parameters were found between groups. 

As part of the overall investigation, a simulated swim stroke maneuver was 

captured with dynamic fluoroscopy. Analysis of this data may result in more 

distinct differences in joint stability. As it stands, the work presented represents a 

step forward in the understanding of how a clinical diagnosis of shoulder MDI 

relates to joint kinematics occurring during the exam techniques and during an 

overhead functional motion. More work is needed to determine if the clinical 

criteria presented to categorize individuals suspected of MDI in this work can be 

implemented more broadly in the clinic with a variety of examiners and patients.  
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12. Appendix 

Tables 

Table 14. Summary of function of ligamentous anatomy and function as 
presented by Rockwood et al4 

Ligament Proximal 
Attachment 

Distal 
Attachment 

Role 

Coracoacromial 
ligament 

coracoid 
process 

acromion Superior stabilization during 
elevation motion as part of 
the coracoacromial arch 

Coracohumeral 
ligament 

Anterior lateral 
base of 
coracoid 
process 

blends with 
capsule 
near 
greater and 
less 
tuberosities 

Unclear: “suspensory” role to 
prevent inferior translation in 
adducted positions or 
possibly more so in externally 
rotated positions. May only 
limit external rotation of 
humeral head 

Rotator interval 
capsule/space 

A space between 
supraspinatus and 
subscapularis muscles 
pierced by the coracoid 
process medially and bridged 
by the glenohumeral capsule 
laterally and extending to the 
intertubercular groove (D T 
Harryman et al., 1992) 

Unclear:  

• May provide inferior 
stability when the arm is in 
internal rotation.   

Superior 
glenohumeral 
ligament 

Supraglenoid 
tubercle 
anterior to 
long head 

Proximal tip 
of the lesser 
tuberosity 

Inferior stability, possibly 
posterior stability may 
become particularly taut and 
therefore resist translation 
when arm is adducted and 
externally rotated 
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Middle 
glenohumeral 
ligament 

Supraglenoid 
tubercle, 
anterior 
aspect of 
labrum 

Extends 
laterally to 
blend with 
subscapularis 
and inserts 
on lesser 
tuberosity 

Limits anterior translation of 
the humeral head particularly 
in externally rotated positions 
and lower angles of abduction  

Inferior 
glenohumeral 
ligament 
(IGHL) 

Anterior 
glenoid 
labrum 

Inferior 
margin of the 
humeral 
articular 
surface to the 
anatomic 
neck 

Multiple bands of the IGHL 
lead to multiple stabilizing 
functions.   

• Provides substantial 
resistance to external 
rotation at 90 degrees 
abduction.   

• Posterior band resisted 
internal rotation.  

• Anterior band resists 
anterior translation in 
abduction and ER.  

• Bands also resist posterior 
translation in flexion, IR 
and ER.  

• Resists inferior translation 
in elevation  
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Table 15 Review of Glenohumeral Abnormal and Normal Translation Studies  

Article Data capture 
method/ 
descriptive 
method of 
translation 

Subjects Mean Displacement (± 
SD) 

Movement 
Observed 
 

Poppen 
and 
Walker, 
1976 

x-rays/instant 
center of 
rotation and 
geometric 
center tracking 

Symptomatic 
N=12 

Sup: 1.8± 1.1 mm 
 

30-150 
 SAB 

Static hold Asymptomatic 
N=15 

Sup: 1.09± 0.475 mm 

Wuelker 
et al, 
1994 

6 sensor 
ultrasound 
motion 
detection/fixed 
center of 
rotation 

Cadavers, no 
pathology 
N=8 

Sup: 5.7 ± 2.0 mm 
 
Ant: 3.0 ± 1.5 mm  

30-90 SAB 
Static hold 

Sharkey 
et al, 
1995 

x-rays/geometric 
center tracking 

Cadaver
s, N=5 

No 
pathology. 
Selective 
“activation” 
of 
combination 
of rotator 
cuff 
muscles 

Full RC and deltoid 
loaded: 1.5 mm Sup 
Deltoid, infraspinatus, 
subscapularis active: 1.7 
mm Sup 
Deltoid, supraspinatus 
active: 1.6 mm Sup 
Deltoid only: 1.7 Sup, but 
positioned higher 
throughout ROM 

0-120 abduction 
Static hold 

Healthy controls, N=5 0.5 mm* superior 
translation (significantly 
less than cadaver with full 
simulated RC activity) 

Thompso
n et al, 
1996 

EM in-vitro/ 
undefined 
tracking method 

Cadav
ers  
N=8 

No pathology Sup/Inf: <2.0 mm  
Ant/Post: < 2.0 mm 

30-90 Abduction 
Static hold 

Induced 
supraspinatu
s “paralysis” 

No difference 

Induced full 
thickness 
tear 

Sup: 8mm until 30 deg 
then <1mm 

Deutcsh 
et al, 

x-rays/geometric 
center tracking 

Controls N=12 Sup: 0.7mm  0-120 SAB 
Static hold with Stage I impingement Sup: 1.2 mm  
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1996 N=15 weight 

RC tear N=20 Sup: 0.3 mm  

Paletta et 
al, 1997 

x-rays in two 
planes: scapular 
plane, axillary 
view/geometric 
center tracking 

Controls 
N=6 

 A/P, or Sup/Inf: No 
change 

0-full elevation 
SAB 

Static hold with 
weight 

Instability  
N=18 

Pre-op Sup: 39% demonstrated 
increase translation 
Ant: 78% demonstrated 
increase translation 

Post-op Sup/Post: 100% normal  
Ant/Post: 100% normal  

RC tear  
N=15 

Pre-op Sup:100% demo increase 
translation 
Ant/Post: 100% normal  

Post-op Sup: 12% demo increase 
translation 
Ant/Post: 100% normal  

Yamaguc
hi et al, 
2000 

x-rays/geometric 
center tracking 

Controls  
N= 10 

Inf: 0.5 mm.  “minimal 
variability” between 
subjects 

30-120 SAB 
 

Static hold 

Asymptomatic with RC 
tear 
N=10 

Sup: 3.0 mm*. “increased 
variability” between 
subjects 

Symptomatic with RC 
tear 
N=10 

Sup: 1.5 mm* “small 
variability” between 
subjects. 

Graichen 
et al, 
2000 

MRI with 3D 
post processing/ 
geometric 
center tracking 

Asymptomatic, no 
pathology 
N=15 

Inf: 0.96 mm 
 
Post: 1.25 mm 

60-120 Abduction  
Static hold 
(supine)  

 

Inf: 1.22 mm 
Post: 1.62 mm 

30-150 Abduction  
Passive hold 

 

Ludewig 
and 
Cook, 
2002 

EM/helical axis Asymptomatic 
N=26 

Sup: 0.1-1.6 mm 30-120 SAB 

Ant: 2.7mm  30-60 SAB 

Post: 1.5mm 60-90 SAB 

Post: 4.5 mm 90-120 SAB 

Symptomatic 
N=26 

Sup: 1.3 mm 30-120 SAB 

Ant: 1.0 mm more than 
asymptomatic 

30-60 SAB 

Post: 1.0 mm less than 
asymptomatic 

60-90 SAB 
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Post: 1.0 mm less than 
asymptomatic 

90-120 SAB 

Graichen 
et al, 
2005 

 
MRI with 3D 
post processing/ 
geometric 
center tracking 

Asymptomatic 
N=12 

Sup: 1.2 mm 30-
120  

 

Abducti
on, 

Static 
hold 

(supine) 
 

Inf: 0.9 ± 2.1 mm 120-
150 

Lin et al, 
2006 

EM surface 
sensors/helical 
axis 

Tight Posterior 
shoulder N=6 

Sup: 5.6 mm (peak 
translation) 

Rest-100 SAB, 
Abduction, 

Flexion Post: 1.5 mm (peak 
translation) 

Tight Anterior shoulder 
N=6 

Sup:  1.8 mm (peak  
translation) 

Post: 5.9 mm (peak 
translation) 

Ogston 
and 
Ludewig, 
2007 

EM surface 
sensors/helical 
axis 

MDI N=19 No difference in 
translations between 
groups 

30-120, SAB, 
Abduction Matched Controls N=19 

Sahara et 
al, 2007 

MRI with 3D 
post processing/ 
geometric 
center 

Asymptomatic N=14 Inf: 0.9 mm 0-to 
max  

Abducti
on, 

Static 
hold 

Ant: 2.4 mm 0-90 

Post: 1.4 mm 90-
150 

Bey et al, 
2008 

Biplane x-ray 
with 3D CT 
shape matching/ 
geometric 
center tracking 

RC post-operative 
shoulder 
N=5 

 
Inf: 2.6 mm  
No difference in 
translations between 
groups 

15-105 Abduction 
 

 

Contralateral shoulder 
N=5 

Nishinak
a et al, 
2008 

Single plane 
fluoroscopy 3D 
shape matching 
/ geometric 
center tracking 

Asymptomatic, no 
pathology 
N=9 

Sup: 1.7 mm, less 
variability with increasing 
elevation 

Rest-150 SAB  
 

Teyhen 
et al, 
2010 

Single plane 
fluoroscopy/ 
geometric 
center tracking 

Asymptomatic, no 
pathology 
N=30 

Sup: 2.29 mm* active 
motio

n  

Rest-
135 
SAB  

 Sup: 3.22 mm* static 
hold 

Massimin
i et al, 

Biplane 
Fluoroscopy 3D 

Asymptomatic, N=5 Sup: 1.6 mm (position) 0-45 Abducti
on, Inf: 0.3 mm (position) @90 
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2012 shape matching/ 
geometric shape 
matching 

Ant: 4.8 mm (position) 0-45 Static 
hold Ant: 3.2 mm (position) @90 

Matsuki 
et al, 
2012 

Single plane 
fluoroscopy/ 
geometric 
center tracking 

Asymptomatic, N=25 Sup: 2.1 mm rest-
105 

rest-
135, 

maximu
m 

Inf: 0.9 mm 105-
max 

San Juan 
et al, 
2013 

Single plane 
fluoroscopy with 
EMG/3D shape 
matching, 
geometric 
center tracking 

Asymptomatic, N=20 Increased superior 
translation of 
approximately 1.3 mm* at 
60 degrees elevation with 
nerve block 

SAB 0-120 
degrees Same subjects, N=20 

with suprascapular 
nerve block  

Giphart 
et al, 
2013 

Biplane 
fluoroscopy 3D 
shape matching 

Asymptomatic, N=8 Sup: 4.2 ± 2.3 mm 
Ant: 5.1 ±1.1 mm 

20-150* 
Abduction 

Sup: 2.5 ± 1.1 mm 
Ant: 2.4 ± 0.6 mm 

20-150* 
SAB 

Sup: 3.0 ± 1.1 mm 
Ant: 3.6 ± 1.1 mm 

20-150* 
Flexion 

Lawrence 
et al, 
2014 

EM sensors 
affixed to 
intracortical 
bone pins 

Asymptomatic, N=12 
Mean displacement 

Symptomatic, N=10 
Mean Displacement 

 Flexion, 
abductio
n, SAB Ant: 0.8±0.2 mm (abd) 

Post: -0.09±0.3 mm 
(flex) 
Ant: 0.8 mm (SAB)* 
Inf: -0.1 mm (abd)* 
Inf: -0.2 mm (flex)* 
Inf: -0.1 mm (SAB)* 

Ant: 1.5 mm±0.3 (abd) 
Post: -0.9±0.3mm (flex) 
Ant: 1.6 mm (SAB)* 
Inf: -0.6 mm (abd)* 
Sup: 0.1 mm (flex)*   
Inf: -0.6 mm (SAB)* 

30-60 

Post: 1.3±0.3 mm (abd) 
Ant: 0.7±0.3mm (flex)  
Ant: 1.2 mm (SAB)* 
Inf: -0.3 mm (abd)* 
Inf: -0.6 mm (flex)* 
Inf: -0.2 mm (SAB)* 

Ant: 1.4 mm±0.3 (abd) 
Ant: 0.4±0.3 mm (flex) 
Ant: 1.2 mm (SAB)* 
Inf: -1.9 mm (abd)* 
Inf: -1.2mm (flex)* 
Inf: -1.8 mm (SAB)* 

60-90 

Post: 0.57±0.2 mm 
(abd) 
Ant: 0.8±0.3 mm (flex) 
Ant: 0.6 mm (SAB)* 
Inf: -0.4 mm (abd)* 
Inf: -1.8 mm (flex)* 
Inf: -0.4 mm (SAB)* 

Ant: 0.05 mm ±0.3 (abd) 
Ant: 2.2±0.3 mm (flex) 
Ant: 0.01 mm (SAB)* 
Inf: -1.4 mm (abd)* 
Inf: -2.2 mm (flex)* 
Inf: -1.3 mm (SAB)* 

90-
120    
(to 
110 
for 

abd) 
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Millet et 
al, 2016 

Biplane 
fluoroscopy/ 
geometric 
center 

Asymptomatic, N=10 Symptomatic, N=14  SAB 

Post: 4.0 ±1.0 mm* 
Sup: 1.0 ±0.2 mm* 

Post: 4.0 ±2.8 mm* 
Sup: 0.4 ±0.9 mm* 

20-70 

Post: 4.2 ±1.7 mm* 
Sup: 1.0 ±1.5 mm* 

Post: 3.3 ±2.6 mm* 
Inf: 0.6 ±1.7 mm* 

80-
140 

Sup: superior, Inf: Inferior, Ant; Anterior; Inf; Inferior,, SAB: scapular plane abduction, Flex: flexion, MDI: 
multidirectional instability. RC: rotator cuff , EM: Electromagnetic sensors  
* denotes derived from graph or table, not directly reported 
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Table 16. Descriptive Statistics for Comparing GH Translations During Elevation of the Arm in 11 
Symptomatic Subjects Depending on Laxity Testing* 

 Negative Laxity Testing Positive Laxity Testing Mean Difference 

 Ant/post 
translation 

Sup/inf 
translation 

Ant/post 
translation 

Sup/inf 
translation 

Ant/post 
translation 

Sup/inf 
translation 

Abduction   
30 to 60 degrees 0.89 ± 0.54 -0.31 ± 0.26 2.44 ± 0.54 -1.51 ± 0.34 1.6 ± 0.92 1.19 ± 0.46 
60 to 90 degrees 0.88 ± 0.37 -1.46 ± 0.59 2.33 ± 0.49 -2.62 ± 0.62 1.45 ± 0.66 1.16 ± 1.0 

90 to 110 degrees -0.07 ± 0.23 -1.05 ± 0.37  0.92 ± 0.63 -2.32 ± 0.44 0.99 ± 0.54 1.27 ± 0.62 

Flexion   
30 to 60 degrees -1.10 ± 0.70 -0.33 ± 0.66 0.39 ± 0.36 -0.16 ± 0.44 -1.49 ± 1.15 -0.17 ± 1.07 

60 to 90 degrees 0.38 ± 0.33 -0.04 ± 0.47 0.53 ± 0.33 -1.96 ± 0.19 0.16 ± 0.56 1.92 ± 0.75 
90 to 120 degrees 1.63 ± 0.58 -1.91 ± 0.51 2.67 ± 0.21 -3.58 ± 1.05 1.04 ± 0.85 1.67 ± 1.02 

Scapular Plane Abduction   
30 to 60 degrees -0.22 ± 0.42 -0.09 ± 0.29 1.34 ± 0.84 -0.98 ± 0.56 1.56 ± 0.83 0.90 ± 0.57 
60 to 90 degrees 0.55 ± 0.3 -0.60 ± 0.48 2.59 ± 0.34 -2.47± 0.44 2.05 ± 0.52 1.87 ± 0.80 

90 to 120 degrees 1.0 ± 0.55 -2.31 ± 0.55 2.29 ± 0.55 -3.49 ± 0.07 1.29 ± 1.11 1.18 ± 1.07 

    RMS Mean 
Difference 

1.39 mm 1.36 mm 

Notes: Values are listed as mean ± SE mm.  Glenohumeral joint laxity indicated by positive sulcus sign (0 
degrees or 90 degrees) and/or AP load and shift.  Negative values for anterior/posterior translation indicate 
posterior translation.  Negative values for superior/inferior translation indicate inferior translation. *Adapted 
from a table provided by Rebecca Lawrence, DPT based on data from previous work42 
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Table 17. Beighton's Index Scoring(Cameron et al., 2010) 

Test maneuver Criteria for positive score Possible score 

Passive hyperextension of 5th 
MCP joint of the hand 

>90 degrees 2 (for both 
sides) 

Passive thumb opposition to 
the forearm 

Thumb reaches forearm 2 

Elbow hyperextension >10 degrees 2 

Knee hyperextension >10 degrees 2 

Standing trunk flexion with 
knees fully extended forward 
bend 

Both palms placed flat on 
the floor 

1 (only one side 
possible) 
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Figures 

 

 

 

Figure 21. Helical axis (n). Motion of an object (humeral head) described by 

translation (t) and rotation () along the moving axis with position of a point (s) on 
the axis relative the global reference frame  
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Figure 22. Representation of potential difference in embedded coordinate system 
measurement of glenohumeral translation (orange dot) vs. helical axis (red 
line/dot) 
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Figure 23. Measurements of glenohumeral translation by helical and embedded 
coordinate system tracking methods during arm lowering(left) and raising(right). 
p<0.05 (*) 
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Figure 24. Regression of a single laxity test (posterior drawer) with subjective 
grades 
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Figure 25. Example of 2D/3D shape matched 
scapula and humerus utilizing JointTrack 
software 
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Figure 26. Sulcus test radiograph in JointTrack software. Start position on left, 
finish position on right. On top, 3D model edges represented in blue. On bottom, 
full representation of 3D model 
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Figure 27. Anterior drawer radiograph in JointTrack software. Start position on 
left, finish position on right. On top, 3D model edges represented in blue. On 
bottom, full representation of 3D model. 
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Figure 28. Humeral head with 
defined coordinate system with 
origin (yellow) at center of fitted 
sphere (blue) 
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Figure 29. Scapula based coordinate 
system with origin at geometric center of 
glenoid 
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Descriptive Statistics  

Plots of scapular plane abduction of swimmers and match controls provided to 

indicate glenohumeral joint position as a function of humerothoracic motion using 

traditional embedded coordinate systems. Orientation described in an XZ’Y’’ 

Euler rotation angle sequence.  

Figure 

30. Mean glenohumeral elevation angle of embedded coordinate system 

with rotation sequence X,(elevation), Z(axial rotation), Y(plane of elevation) 

as a function of percent of humerothoracic motion during scapular plane 

abduction (Aim 3). Error bars represent two times standard errors of group 

means.  

Swimmers

Controls
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Figure 31. Mean glenohumeral plane of elevation angle of embedded coordinate 
system with rotation sequence X,(elevation), Z(axial rotation), Y(plane of 
elevation) as a function of percent of humerothoracic motion during scapular 
plane abduction (Aim 3). Error bars represent two times standard errors of group 
means. 

 

 

Swimmers

Controls
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Figure 32. Mean glenohumeral axial rotation angle of embedded coordinate 
system with rotation sequence X,(elevation), Z(axial rotation), Y(plane of 
elevation) as a function of percent of humerothoracic motion during scapular 
plane abduction (Aim 3). Error bars represent two times standard errors of group 
means. 

 

Swimmers

Controls
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Figure 33. Mean glenohumeral position in the anterior/posterior direction of the 
scapular coordinate system with origin at the center of the glenoid. Data plotted 
as a function of percent of humerothoracic motion during scapular plane 
abduction (Aim 3). Error bars represent two times standard errors of group 
means 

 

 

Swimmers

Controls
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Figure 34. Mean glenohumeral position in the superior/inferior direction of the 
scapular coordinate system with origin at the center of the glenoid. Data plotted 
as a function of percent of humerothoracic motion during scapular plane 
abduction (Aim 3). Error bars represent two times standard errors of group 
means 

 

 

Swimmers
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Figure 35. Mean glenohumeral position in the medial/lateral direction of the 
scapular coordinate system with origin at the center of the glenoid. Data plotted 
as a function of percent of humerothoracic motion during scapular plane 
abduction (Aim 3). Error bars represent two times standard errors of group 
means 
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Online Screening Questionnaire 
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Physical Examination Form  
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DASH questionnaire 
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