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Abstract 

Background: Shoulder pain is a common musculoskeletal complaint that is often 

associated with rotator cuff injury and abnormal scapular movement. In particular, 

decreased scapulothoracic upward rotation has been theorized to increase an individual’s 

risk for subacromial rotator cuff compression. However, the effect of abnormal shoulder 

motion on mechanisms of rotator cuff injury remains unclear. Further, the ability to 

accurately and non-invasively quantify shoulder complex kinematics is limited. 

Objectives: The objectives of this thesis are: 1) Develop and validate a protocol for using 

single-plane fluoroscopy and 2D/3D shape-matching to quantify shoulder complex 

kinematics; 2) Determine the impact of decreased scapulothoracic upward rotation on 

subacromial proximities; and 3) Identify the kinematic mechanisms by which 

sternoclavicular and acromioclavicular motion contributes to scapulothoracic upward 

rotation. 

Methods: A protocol for using single-plane fluoroscopy and 2D/3D shape-matching to 

quantify shoulder complex kinematics was validated using radiostereometric analysis in 

four cadaveric specimens. Shoulder complex kinematics were quantified in 60 

participants with and without shoulder pain during scapular plane abduction using the 

validated protocol. Subject-specific 3D bone models reconstructed from MR images were 

animated with each participant’s glenohumeral kinematics. Subacromial proximities were 

calculated between the coracoacromial arch and rotator cuff insertion. The effect of 

decreased scapulothoracic upward rotation on subacromial proximities was assessed. The 

relative contribution of sternoclavicular and acromioclavicular motion to scapulothoracic 

upward rotation was calculated using two derived coupling functions. 
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Results: Single-plane fluoroscopy and 2D/3D shape-matching can accurately quantify 

static shoulder complex kinematics. Subacromial proximities were generally smallest 

below 90° humerothoracic elevation. The normalized minimum distance for participants 

in the low scapulothoracic upward rotation group was significantly smaller (35%) than 

those in the high scapulothoracic upward rotation group at the minimum position. 

Scapulothoracic upward rotation can be estimated from acromioclavicular upward 

rotation, sternoclavicular posterior rotation, and sternoclavicular elevation. 

Conclusions: Decreased scapulothoracic upward rotation shifts the range of motion in 

which normalized minimum distances are smallest to lower angles. Acromioclavicular 

upward rotation and sternoclavicular posterior rotation are the predominant component 

motions of scapulothoracic upward rotation. 
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Chapter 1: Introduction 

The shoulder is a complex structure that is capable of producing a large range of 

motion in order to accomplish a variety of functional, occupational, and athletic 

activities. Like all joint systems, the shoulder’s anatomical structure not only defines its 

functional capabilities, but also influences its predisposition to injury. Therefore, a review 

of shoulder anatomy and biomechanics provides a necessary foundation for the clinical 

and research questions that are explored in this thesis. 

Shoulder Anatomy and Biomechanics 

The shoulder consists of three bones (humerus, scapula, and clavicle; Figure 1) 

which, together with the thorax, produce three true joint systems: glenohumeral, 

sternoclavicular, and acromioclavicular. Although not technically a joint because it lacks 

articular structure, the scapulothoracic “joint” is also critical to shoulder function.  

 

Figure 1: Bony anatomy of the shoulder complex. 
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Glenohumeral Joint 

The glenohumeral joint consists of the humeral head and the glenoid fossa of the 

scapula (Figure 1). Compared to the depth of the glenoid fossa, the size of the humeral 

head is quite large resulting in substantial range of motion (Ludewig et al., 2009a) but at 

the cost of structural stability. Glenohumeral joint stability is increased by several inert 

structures including a cartilaginous labrum that deepens the socket, a fibrous joint 

capsule, and a network of supporting ligaments. The rotator cuff muscles, however, 

provide the primary source of joint stability and consist of the supraspinatus (superiorly), 

subscapularis (anteriorly), and infraspinatus and teres minor (posteriorly) (Figure 2). 

Collectively, the muscles form a “cuff” around the humeral head, produce a compressive 

force, and help maintain a centered position of the humerus on the glenoid (Inman et al., 

1944).  

 

 

Figure 2: Rotator cuff muscles. A) Anterior view; B) Superior view; C) Posterior view. 

Abbreviations: SST=supraspinatus, IST=infraspinatus, Sub=subscapularis, TM=teres 

minor. 
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The glenohumeral joint is capable of producing substantial motion in six degrees 

of freedom including the following angular motions: abduction/adduction (i.e. humeral 

elevation) about an approximately anterior/posterior axis perpendicular to the epicondylar 

axis, anterior/posterior plane of elevation about the epicondylar axis, and internal/external 

axial rotation about the humeral long axis (Figure 3). During arm raising, the humerus is 

generally described to elevate and externally rotate relative to the scapula (An et al., 

1991; Ludewig et al., 2009a). The amount of glenohumeral plane of elevation depends on 

the direction of arm motion (Giphart et al., 2013; Ludewig et al., 2009a). The humerus 

also translates a small amount on the glenoid during functional motion (Giphart et al., 

2013; Lawrence et al., 2014b; Ludewig & Cook, 2000).  

 

 

Figure 3: Glenohumeral joint motions. A) Anterior/ posterior plane of elevation; B) 

Elevation. Not shown: internal/external axial rotation. Figure adapted from: Ludewig et 

al. (2009a).  

Sternoclavicular Joint 

The sternoclavicular joint consists of the medial clavicle and the sternum of the 

thorax. It is capable of producing motion in six degrees of freedom including the 
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following angular motions: protraction/retraction about an approximately 

superior/inferior axis, elevation/depression about an axis perpendicular to the clavicle’s 

long axis, and anterior/posterior rotation about the clavicle’s long axis (Figure 4). During 

arm raising, the clavicle is generally described to posteriorly rotate and retract relative to 

the trunk, with a small amount of elevation (Ludewig et al., 2004; Ludewig et al., 2009a; 

McClure et al., 2001; Sahara et al., 2007). Importantly, the sternoclavicular joint serves 

as the only true articulation between the upper extremity and the axial skeleton.  

 

Figure 4: Sternoclavicular joint motions. A) Protraction/retraction; B) Elevation/ 

depression; C) Posterior/anterior axial rotation. Figure from: Ludewig et al. (2009a). 

 

Acromioclavicular Joint 

The acromioclavicular joint consists of the scapular acromion (Figure 1) moving 

relative to the clavicle. The joint plays a crucial role in facilitating glenohumeral motion 

by orienting the glenoid in the direction of the moving humerus while also creating a 

“gliding plane” between the scapula and the trunk (Pronk et al., 1993). In order to 

accomplish this function, the acromioclavicular joint produces the following angular 

motions: internal/external rotation about an approximately superior/inferior axis, 

upward/downward rotation about an axis perpendicular to the plane of the scapula, and 
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anterior/posterior tilt about an approximately medial/lateral axis along the plane of the 

scapula (Figure 5). During arm raising, the acromioclavicular joint is generally described 

to posteriorly tilt, upwardly rotate, and internally rotate (Ludewig et al., 2009a; Sahara et 

al., 2007; Teece et al., 2008). 

 

Figure 5: Acromioclavicular and scapulothoracic motions. A) Internal/ external rotation; 

B) Upward/downward rotation; C) Anterior/ posterior tilt. Figure from: Ludewig et al. 

(2009a). 

 

The acromioclavicular joint surfaces are not inherently congruent; therefore, the 

joint is supported by a joint capsule, superior and inferior capsular ligaments, and the 

coracoclavicular ligaments. The coracoclavicular ligaments (i.e. conoid and trapezoid) 

extend from the coracoid process of the scapula to the undersurface of the clavicle. 

Importantly, the coracoclavicular ligaments serve as the only non-contractile link 

between the upper extremity and the axial skeleton, and facilitate functional shoulder 

motion by transferring motion between the scapula and clavicle (Dvir & Berme, 1978). 

Scapulothoracic “Joint” 
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The scapulothoracic “joint” is a functional unit describing motion of the scapula 

relative to the thorax. Because it does not consist of typical joint architecture (e.g. joint 

capsule, synovial fluid, articular cartilage), it cannot be considered a true joint structure. 

However, scapulothoracic motion plays several critical roles in shoulder function 

including orienting the glenoid to promote glenohumeral joint congruency, maintaining 

muscle length to maximize contractile function, and increasing overall shoulder range of 

motion (Inman et al., 1944; van der Helm, 1994). Scapulothoracic angular motions 

include: internal/external rotation about an approximately superior/inferior axis, 

upward/downward rotation about an axis perpendicular to the plane of the scapula, and 

anterior/posterior tilt about an approximately medial/lateral axis along the plane of the 

scapula (Figure 5). During arm raising, the scapula generally upwardly rotates and 

posteriorly tilts relative to the thorax (Ludewig et al., 2009a; McClure et al., 2001). The 

degree to which the scapula internally/externally rotates during arm elevation is generally 

small and depends upon the direction (i.e. plane) of movement (Ludewig et al., 2009a; 

McClure et al., 2001). 

Shoulder Complex Coupling 

Due to the link-system structure of the shoulder complex, scapulothoracic motion 

cannot occur in isolation but is the product of sternoclavicular and acromioclavicular 

joint motion (Dvir et al., 1978; Inman et al., 1944; Teece et al., 2008). This interaction 

between sternoclavicular, acromioclavicular, and scapulothoracic motion has been termed 

“coupling” (Teece et al., 2008). Scapulothoracic upward rotation, for example, is 

believed to be related to sternoclavicular posterior rotation, sternoclavicular elevation, 
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and acromioclavicular upward rotation (Teece et al., 2008). In particular, the coupled 

motion between acromioclavicular upward rotation and sternoclavicular posterior rotation 

serves a critically important function for maximizing scapulothoracic upward rotation and 

increasing overall shoulder motion (Inman et al., 1944; Ludewig et al., 2009a). However, 

few studies have quantified sternoclavicular and acromioclavicular joint motion due to 

methodological challenges associated with tracking 3D clavicular motion with surface-

based motion sensors. Therefore, the relationships between clavicular and scapular 

motion remain unclear thereby limiting our ability to understand the mechanisms by 

which normal and abnormal scapulothoracic motion is produced. Ultimately, this gap in 

the literature challenges our ability to observe, diagnose, and treat movement disorders 

theorized to cause shoulder pain and pathology. 

Shoulder Motion and Rotator Cuff Pathology 

Rotator cuff pathology is the most common finding on diagnostic imaging in 

individuals with shoulder pain (Freygant et al., 2014). Even so, the pathogenesis of 

rotator cuff disease is widely agreed to be complex and multi-factorial (Braman et al., 

2014; Michener et al., 2003; Seitz et al., 2011). Repeated compression or deformation of 

the rotator cuff tendons during shoulder motion has long been theorized as a potential 

mechanism for rotator cuff injury (Neer, 1983; Walch et al., 1992) and is generally 

described in two forms. Compression of the bursal surface of the rotator cuff against the 

coracoacromial arch has been termed subacromial rotator cuff compression (or 

“impingement”) (Figure 6). Although traditionally believed to occur at higher angles of 

humeral elevation (Neer, 1983), more recent work has found the highest risk for 
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subacromial rotator cuff compression occurs below 70° humerothoracic elevation (Bey et 

al., 2007; Giphart et al., 2012; Lawrence et al., 2017). Internal (or posterior) impingement 

occurs when the articular surface of the rotator cuff becomes entrapped against the 

glenoid rim (Walch et al., 1992). Although first identified during the combined 

abduction/external rotation position common to overhead athletes, more recent work has 

shown it may occur simply with the arm in overhead positions (Gold et al., 2007; 

Lawrence et al., 2016).  

 

Figure 6: Coracoacromial arch and subacromial space. 

 

Clinical theory often suggests abnormal scapular motion increases an individual’s 

risk for subacromial rotator cuff tendon compression and repeated exposure may lead to 

subsequent tendon injury (Kibler et al., 2013; Ludewig & Braman, 2011; Ludewig & 

Reynolds, 2009b; Michener et al., 2003; Seitz et al., 2011). Several studies have found 

decreased scapulothoracic upward rotation in persons with shoulder pain (Endo et al., 

2001; Lawrence et al., 2014a; Ludewig et al., 2000). In particular, Lawrence et al. 

(2014a) found decreased scapulothoracic upward rotation at humerothoracic elevation 
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angles lower than 60°. This finding coincides with the range of motion in which 

subacromial proximities are smallest (Bey et al., 2007; Giphart et al., 2012; Lawrence et 

al., 2017). Further, since a reduction in scapulothoracic upward rotation is thought to 

bring the coracoacromial arch into closer proximity with the rotator cuff tendons (Figure 

7), the lower scapulothoracic upward rotation values found in the symptomatic group 

may suggest the movement abnormality may be an important mechanism in the 

movement-based pathogenesis of rotator cuff disease. However, the relationship between 

decreased scapulothoracic upward rotation and subacromial compression risk remains 

theoretical, yet addressing abnormal motion is often the focus of rehabilitation (Caldwell 

et al., 2007; Reinold et al., 2009). As a result, the value of rehabilitation strategies 

directed at addressing abnormal scapular movement remains unclear leaving clinicians at 

a significant disadvantage when examining and treating individuals with shoulder pain. 

 

Figure 7: Lateral view of the shoulder showing the potential effect of changing 

scapulothoracic upward rotation on subacromial space. A) Physiologic position; B) 

Decreased scapulothoracic upward rotation. Compared to the length of the red line in A, 

the shorter line in B illustrates the theorized impact of decreased scapulothoracic upward 

rotation on subacromial rotator cuff compression. 
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Challenges to Quantifying Shoulder Complex Kinematics 

Subacromial rotator cuff compression risk is often quantified by mapping the 

proximity between the coracoacromial arch and the rotator cuff insertion sites (i.e. 

footprints) (Bey et al., 2007; Giphart et al., 2012). Because the distances between these 

structures are on the order of several millimeters, proximity mapping is highly sensitive 

to kinematic measurement error associated with conventional methods (e.g. surface-based 

motion sensors). Further, tracking clavicular kinematics is especially challenging with 

surface-based sensors due to its shape and primary directions of movement (i.e. posterior 

axial rotation). Consequently, conventional methods of tracking shoulder complex 

kinematics prove insufficient to address the underlying clinical and research questions of 

this thesis. 

 Recent advancement of kinematic measurement using fluoroscopy and 2D/3D 

shape-matching has significantly improved non-invasive quantification of glenohumeral 

joint motion (Bey et al., 2006; Giphart et al., 2012; Zhu et al., 2012). This approach 

involves collecting joint kinematics using single- or bi-plane fluoroscopy, projecting the 

image of a 3D bone model onto the 2D imaging plane, and matching the shape of the 

bone’s projection to the fluoroscopic image(s) (You et al., 2001). Once shape-matching is 

complete, joint kinematics are determined from the position and orientation of the bone 

model.  

The accuracy of 2D/3D shape-matching for quantifying glenohumeral kinematics 

has been well established using biplane fluoroscopy systems (Bey et al., 2007; Giphart et 

al., 2012). However, only two studies using single cadaveric shoulder specimens have 
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reported the accuracy for tracking glenohumeral kinematics using a single fluoroscopic 

system (Matsuki et al., 2012; Zhu et al., 2012) and both are limited by incomplete 

description of kinematic errors and only quantifying errors. Further, the use of 2D/3D 

shape-matching has not been validated for tracking clavicular kinematics. Determining 

the accuracy of this methodology for quantifying full shoulder complex motion is a 

critical first step before the technology can be used to address the gap in the literature 

regarding the impact of decreased scapulothoracic upward rotation on subacromial rotator 

cuff compression and the kinematic mechanisms by which scapulothoracic upward 

rotation occurs. 

Significance of Research 

Musculoskeletal conditions are the leading cause of disability in the United States 

and account for $950 billion in total costs to society (AHRQ, 1996-2006). The diagnosis 

of musculoskeletal conditions is often focused on trying to identify the anatomic source 

of symptoms (i.e. pathoanatomy). However, most physical examination techniques are 

not sufficiently accurate to identify specific tissue pathologies (Hegedus et al., 2012). 

Furthermore, the presence of abnormal findings on medical imaging does not necessarily 

relate to the patient’s clinical presentation (Ishimoto et al., 2013) and are often found in 

asymptomatic individuals (Fukuta et al., 2009; Sher et al., 1995). Randomized clinical 

trials investigating the effectiveness of rehabilitation interventions prescribed based on 

pathoanatomic diagnoses typically report average improvements in functional outcomes 

of only about 50% (Fukuda et al., 2012; Ludewig & Borstad, 2003; Struyf et al., 2013). 

This suggests focusing the diagnosis of musculoskeletal conditions solely on presumed 
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pathoanatomic sources of pain may misdirect treatment because it fails to consider the 

underlying mechanisms from which symptoms develop.  

Across all musculoskeletal conditions, shoulder pain is the second most common 

complaint in the general population (Picavet & Schouten, 2003) and often results in 

substantial functional loss (Roe et al., 2013). The etiology of shoulder pain is widely 

agreed to be complex and multi-factorial (Braman et al., 2014; Michener et al., 2003; 

Seitz et al., 2011), yet the greatest amount of evidence implicates abnormal scapular 

motion as a potential contributing factor (Endo et al., 2001; Hebert et al., 2002; Lawrence 

et al., 2014a; Ludewig et al., 2000; Lukasiewicz et al., 1999; McClure et al., 2006; Sousa 

Cde et al., 2014). As a whole, these studies have identified varying movement 

abnormalities within the broader patient population. Specifically, the following 

movement-based subgroups have been identified: decreased scapulothoracic upward 

rotation (Endo et al., 2001; Lawrence et al., 2014a; Ludewig et al., 2000), increased 

scapulothoracic upward rotation (McClure et al., 2006; Sousa Cde et al., 2014), decreased 

scapulothoracic posterior tilt (Ludewig et al., 2000; Lukasiewicz et al., 1999), increased 

scapulothoracic posterior tilt (McClure et al., 2006; Sousa Cde et al., 2014), and 

increased glenohumeral translations (Lawrence et al., 2014b). It is expected these 

subgroups require different treatments to address the abnormal movement(s) associated 

with the symptoms (Ludewig et al., 2013). However, relatively few studies have 

investigated the impact of specific movement abnormalities on the development and 

progression of pain through joint and soft tissue injury. As such, a critical gap exists in 

the literature linking specific movement impairments to sources of musculoskeletal pain, 
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which hinders the development of targeted treatments and the refinement of a movement-

based diagnostic classification. 

This thesis aims to validate the use of single-plane fluoroscopy and 2D/3D shape-

matching for quantifying shoulder complex kinematics, identify the impact of decreased 

scapulothoracic upward rotation on subacromial proximities, and identify the 

mechanisms by which sternoclavicular and acromioclavicular joint motion contributes to 

scapulothoracic upward rotation. The contribution of this research will be significant 

because it can: 1) lead to the development of an accurate and clinically-usefully method 

of quantifying shoulder kinematics, 2) lead to the development of targeted rehabilitation 

strategies, and 3) help inform the development of a movement-based diagnostic 

classification system for patients with shoulder pain.  

Aims and Hypotheses 

Aim 1: Develop and validate a protocol for using single-plane fluoroscopy and 2D/3D 

shape-matching to quantify full shoulder complex kinematics. 

Hypothesis 1.1: The single-plane fluoroscopy and 2D/3D shape-matching protocol 

will result in root mean square (RMS) error of less than 3° for rotation about each 

coordinate axis of the acromioclavicular and glenohumeral joints. 

 

Aim 2: Determine the impact of decreased scapulothoracic upward rotation on 

subacromial proximities. 

Hypothesis 2.1: The difference between groups in the magnitude of the minimum 

distance and surface area will depend on the angle of humerothoracic elevation. 
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2.1.a: Compared to the high scapulothoracic upward rotation group, the low 

scapulothoracic upward rotation group will have significantly decreased minimum 

distance and significantly increased surface area at rest and 30° humerothoracic 

elevation. 

2.1.b: Compared to the high scapulothoracic upward rotation group, the low 

scapulothoracic upward rotation group will have significantly increased minimum 

subacromial distance and significantly decreased surface area at 60° and 90° 

humerothoracic elevation. 

Hypothesis 2.2: The humerothoracic elevation position corresponding to the absolute 

minimum distance will be significantly lower in the low scapulothoracic upward 

rotation group compared to the high scapulothoracic upward rotation group. 

Hypothesis 2.3: Groups will not differ in the magnitude of the absolute minimum 

distance. 

Hypothesis 2.4: Of the component motions of scapulothoracic upward rotation, 

acromioclavicular upward rotation will be the strongest predictor of the absolute 

minimum distance magnitude. 

 

Aim 3: Identify the kinematic mechanisms by which sternoclavicular and 

acromioclavicular joint motion contributes to scapulothoracic upward rotation 

Hypothesis 3.1: Compared to the high scapulothoracic upward rotation group, the low 

scapulothoracic upward rotation group will be in decreased acromioclavicular upward 

rotation, sternoclavicular posterior rotation, and sternoclavicular elevation at the same 
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angles of humerothoracic elevation at which the groups differ in scapulothoracic 

upward rotation. 

Hypothesis 3.2: Acromioclavicular upward rotation and sternoclavicular posterior 

rotation angular displacement will be the strongest predictors of scapulothoracic 

upward rotation angular displacement. 

Additional Analyses 

In addition to the aims and hypotheses stated above, other analyses were also 

performed to better understand the sources of measurement error associated with the 

2D/3D shape-matching validation experiment and the effect of kinematic measurement 

error on the quantification of subacromial space. The descriptions and results of these 

additional analyses are provided in the Appendices. 
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Chapter 2: Literature Review 

Successfully executing the aims of this thesis requires an understanding of several 

areas of the literature including proposed mechanisms of rotator cuff pathology, 

measurement techniques for quantifying 3D shoulder complex kinematics, and 

descriptions and/or comparisons of shoulder complex kinematics and subacromial 

proximities in asymptomatic and symptomatic populations. An abundance of studies 

exists in each of these areas. Therefore, only those considered foundational or of higher 

methodological quality will be reviewed. 

Shoulder Pain and Rotator Cuff Pathology 

Shoulder pain is the second most common musculoskeletal complaint with a point 

prevalence of 21% in the general population (Picavet et al., 2003). Prevalence rates can 

exceed 50% in persons with disabling conditions such as paraplegia (Pellegrini et al., 

2012) and those with high occupational exposure to repetitive activities (Health, 1997). 

Individuals with shoulder pain often have substantial difficulty performing activities such 

as reaching, lifting, bathing/dressing, housework, driving, and sport- and work-related 

tasks (Roe et al., 2013). Randomized controlled trials investigating the efficacy of current 

standards of practice for treating individuals with shoulder pain typically report average 

improvements in functional outcomes of only about 50% (Ludewig et al., 2003; Struyf et 

al., 2013). This suggests a critical need exists to better understand the underlying cause of 

musculoskeletal pain so that rehabilitation interventions may be more focused in their 

selection, resulting in improved patient outcomes.  
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Pathogenesis of Rotator Cuff Pathology 

Although numerous theories exist related to the pathogenesis of rotator cuff 

disease, it is generally agreed that the process is complex and multifactorial. Rotator cuff 

pathology is believed to follow a progression from early-stage acute tendonitis, to mid-

stage tendinosis including partial-thickness tearing, and finally end-stage full-thickness 

tearing (Neer, 1983). Outside of traumatic injuries, however, the factors that initiate 

rotator cuff disease remain unclear. In general, the proposed mechanisms of atraumatic 

rotator cuff pathology can be divided into intrinsic and extrinsic factors (Seitz et al., 

2011). Intrinsic mechanisms are defined as those related to the rotator cuff tendons 

themselves (e.g. tendon properties, vascularity, genetics), while extrinsic mechanisms are 

defined as factors causing physical deformation of the rotator cuff tendons (e.g. anatomy, 

biomechanics), which may lead to injury over time.  

While there is some evidence for intrinsic mechanisms of rotator cuff pathology 

(Seitz et al., 2011), the extrinsic mechanisms are often more directly related to 

orthopaedic medicine and rehabilitation. During shoulder motion the rotator cuff, 

subacromial bursa, and biceps tendon repeatedly pass in close proximity under the 

coracoacromial arch and may be susceptible to mechanical compression. This 

phenomenon has been termed “subacromial impingement”. While the concept predated 

Neer, he refined the clinical phenomenon based on his clinical observations and 

hypothesized impingement primarily occurred beneath the anterior acromion (Neer, 

1972), and that the shape of the acromion was a predisposing factor (Neer, 1983). 

Bigliani et al. (1991) expanded on Neer’s observations by categorizing the shape 

of the acromion and theorizing the impact on the subacromial space. From a lateral view, 
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a Type I acromion is flat and theoretically offers the most clearance for the rotator cuff 

tendons during motion. A Type II acromion is more curved anteriorly and may result in 

decreased clearance for the tendons. A Type III acromion is hook shaped, which is 

believed to reduce the subacromial space the most and cause more severe abrasion of the 

rotator cuff during contact. Despite the logic of this theory, the association between 

acromial slope and rotator cuff pathology has been inconsistent in the literature with 

some studies finding higher rates of pathology in patients with Type III acromions (Balke 

et al., 2013; Bigliani et al., 1991; Epstein et al., 1993) while other studies found weak or 

no association (Farley et al., 1994; Pandey et al., 2016). 

Based on Neer’s observations, techniques to surgically alter the acromial shape 

have become the standard for the surgical management of shoulder pain over the last 50 

years. Indeed, these surgeries (i.e. acromioplasties) are one of the fastest growing surgical 

interventions in orthopaedic medical practice (Vitale et al., 2010). However, several 

randomized controlled trials with long-term follow-ups have found outcomes of the 

procedure are no better than conservative management (Haahr et al., 2005; Ketola et al., 

2009) and a recent large randomized controlled trial found no difference in outcomes 

between acromioplasty and sham surgery (Beard et al., 2017). Together these 

investigations suggest the shape of the anterior acromion may not be the primary factor 

driving the development and progression of rotator cuff disease. 

In addition to the shape of the acromion, other factors have also been theorized to 

impact subacromial rotator cuff compression including glenoid inclination, glenoid 

version, and critical shoulder angle. Glenoid inclination describes the superior/inferior 
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orientation of the glenoid. Theoretically, an increased glenoid inclination angle may 

result in a larger superiorly directed force on the humerus during deltoid muscle activity, 

resulting in increased superior humeral translations and reduced subacromial space 

(Hughes et al., 2003). This has been supported in cadaveric studies where the force 

required to produce a given magnitude of superior translation decreased significantly as 

glenoid inclination angle increased (Wong et al., 2003). However, findings of cross-

sectional studies comparing the magnitude of glenoid inclination between individuals 

with rotator cuff pathology and control subjects have been mixed (Bishop et al., 2009; 

Hughes et al., 2003; Kandemir et al., 2006). Only two studies investigated the presumed 

mechanism behind the effect of glenoid inclination and glenohumeral translations in vivo 

and did not find a relationship between inclination angle and the magnitude of 

glenohumeral translations (Bishop et al., 2009; Peltz et al., 2015). However, it is possible 

the risk of subacromial compression is more related to the superior/inferior position of 

the humeral head on the glenoid rather than the magnitude of translation. Nevertheless, 

these findings suggest the relationship of glenoid inclination on the pathogenesis of 

shoulder pain is likely complex. For example, it is possible individuals with larger 

magnitudes of glenoid inclination require more rotator cuff muscle activation to offset the 

tendency of the humerus to superiorly translate, which may over time lead to tendon 

degradation and progression to pathology. This would suggest the impact of inclination 

on the pathogenesis of rotator cuff pathology may be due to an intrinsic mechanism as 

opposed to the originally hypothesized extrinsic mechanism.  
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Like inclination, glenoid version describes the orientation of the glenoid but in the 

anterior/posterior direction. The magnitude of glenoid version is believed to influence the 

development and progression of rotator cuff pathology by altering the relationship of the 

humerus within the subacromial space and the mechanical demands on the rotator cuff 

(Tetreault et al., 2004; Tokgoz et al., 2007). For example, a laterally directed glenoid 

would theoretically provide the greatest joint stability as any medially directed muscle 

force would cause joint compression. With an increase in either anteversion or 

retroversion however, a medially directed muscle force would resolve into medial 

compressive and anterior or posterior shear forces, depending on the direction of version. 

Therefore, with increased glenoid version the rotator cuff would need to offset the 

anterior/posterior shear force similar to its need to offset the superior shear force with 

inclination. A study by Tétreault (2004) supported this hypothesis by finding the location 

of the rotator cuff tear was associated with the magnitude and direction of version. 

Specifically, the mean version was -5° (i.e. retroversion) for patients with an anterior 

rotator cuff tear involving the supraspinatus and subscapularis, while the mean version 

was +3° (anteversion) for those with posterior tears of the rotator cuff involving the 

supraspinatus and infraspinatus. This finding may explain why other studies investigating 

the relationship between rotator cuff pathology and glenoid version without considering 

the location of the rotator cuff tear failed to find differences between groups (Dogan et 

al., 2012; Kandemir et al., 2006). 

More recently, the critical shoulder angle has become a focus of study when 

investigating potential anatomical contributors to rotator cuff disease. The metric is 
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defined by the angle between vectors representing the superior/inferior orientation of the 

glenoid and the lateralization of the acromion relative to the inferior margin of the 

glenoid (Moor et al., 2013). Higher critical shoulder angles have been found in 

individuals with rotator cuff disease (Moor et al., 2013; Moor et al., 2014; Spiegl et al., 

2016), with the relationship potentially explained by both intrinsic and extrinsic 

mechanisms. Theoretically, a higher critical shoulder angle would result in a larger 

superiorly directed deltoid force, which may result in subacromial compression if not 

offset by the inferiorly directed force produced by the subscapularis, infraspinatus, and 

teres minor. However, if the rotator cuff muscles are able to offset this sheer force, 

intrinsic degradation of the tendon may occur over time due to the exposure to higher 

demands. Currently, the extrinsic theory lacks support as one study found no relationship 

between the magnitude of critical shoulder angle and glenohumeral translations during 

motion (Peltz et al., 2015). However, like with inclination, the superior/inferior position 

of the humeral head on the glenoid may be more related to subacromial compression risk 

than the magnitude of translation. 

In general, the inconsistency between studies related to anatomical mechanisms of 

rotator cuff compression is likely influenced in part by the various methodologies of the 

studies. In particular, anatomical relationships including acromial slope and glenoid 

inclination are often measured on 2D radiographic images (Dogan et al., 2012; Hughes et 

al., 2003; Moor et al., 2013; Moor et al., 2014; Spiegl et al., 2016), which will result in 

measurement errors due to projection. In addition, measurements in studies utilizing MR 

or CT images (Tetreault et al., 2004; Tokgoz et al., 2007) are dependent upon the 
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selection of the image volume slice, which may impact the validity of the measure 

especially given the complex nature of 3D scapular anatomy. Perhaps more importantly 

however, the inconsistency between studies suggests the pathogenesis of rotator cuff 

pathology is multifactorial and only quantifying one potential contributor may not 

capture the true complexity of the clinical problem. For example, anatomic morphology 

is an inert and relatively stable factor within an individual over time while biomechanical 

factors are dynamic and may potentially adjust for reductions in subacromial space 

caused by anatomy. Therefore, it is likely most valuable to consider anatomical and 

biomechanical factors in combination when investigating the pathogenesis of rotator cuff 

disease. 

Shoulder Complex Kinematics 

Measurement Techniques 

Numerous methodologies have been utilized to quantify shoulder complex 

kinematics including static digitization (Ludewig et al., 1996; Lukasiewicz et al., 1999), 

radiographs (Endo et al., 2001; Inman et al., 1944; Poppen & Walker, 1976), static MR 

images (Sahara et al., 2006; Sahara et al., 2007), surface-based electromagnetic sensors 

(Hebert et al., 2002; Ludewig et al., 2004; Ludewig et al., 2000; McClure et al., 2006; 

Sousa Cde et al., 2014), bone-fixed electromagnetic sensors (Lawrence et al., 2014a; 

Lawrence et al., 2014b; Ludewig et al., 2009a; McClure et al., 2001; Teece et al., 2008), 

biplane radiography (Hallstrom & Karrholm, 2009), and single- (Matsuki et al., 2012) 

and bi-plane fluoroscopy (Giphart et al., 2013) with 2D/3D shape-matching. Surface-

based electromagnetic sensors are the most common method for quantifying dynamic 
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shoulder kinematics due to their relative ease of use and ability to describe dynamic 3D 

joint position and orientation. RMS errors for surface-based sensors are generally less 

than 4°; however, larger errors of 6-11° are described for motion about the long axis of a 

bone (i.e. scapular internal/external rotation, humeral axial rotation) due to skin motion 

artifact (Karduna et al., 2001; Ludewig et al., 2002). To prevent such error from 

confounding description of shoulder motion, several studies have utilized bone-fixed 

sensors (Lawrence et al., 2014a; Lawrence et al., 2014b; Ludewig et al., 2009a; McClure 

et al., 2001; Teece et al., 2008). However, the implementation and interpretation of these 

studies is hindered by the invasive technique and generally small sample sizes. 

Recent advances in the quantification of kinematics include the use of 

fluoroscopy and 2D/3D shape-matching to directly quantify bone motion. The approach 

utilizes either single- (Matsuki et al., 2012) or bi-plane (Giphart et al., 2013) fluoroscopy 

systems to collect a series of images representing the 2D projection of the joint’s pose 

during the motion trial. Three-dimensional bone volumes are created from either CT (Bey 

et al., 2006; Giphart et al., 2012) or MR (Moro-oka et al., 2007; Zhu et al., 2012) scans 

and 2D renderings of the volumes are then “shape-matched” to the fluoroscopic image by 

aligning the 3D bones to their 2D projections (You et al., 2001; Zhu et al., 2012). Once 

matched, clinically-relevant descriptions of joint kinematics can be determined by 

calculating the relative position and orientation of the bones.  

Because 2D/3D shape-matching directly tracks bone motion, the accuracy for 

quantifying shoulder position and orientation is superior to surface-based methods. Using 

biplane systems, RMS errors associated with quantifying humeral and scapular position 
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and orientation are generally <0.5 mm and <1°, respectively (Bey et al., 2006; Giphart et 

al., 2012; Zhu et al., 2012). Although single-plane systems expose research participants 

to less overall radiation, they are generally less accurate due to the difficulty matching 

out-of-plane rotations and translations (You et al., 2001; Zhu et al., 2012). Specifically, 

maximum in-plane translational bias errors for the humerus and scapula using a single 

plane system have been reported to be <0.4 mm while maximum out-of-plane bias error 

was as high as 5.3 mm (Zhu et al., 2012). Further, maximum out-of-plane rotational bias 

errors were generally <0.6° but could be as high as 2.0° (Zhu et al., 2012). To date, 

however, no study has described errors associated with tracking clavicular kinematics 

using either single- or bi-plane fluoroscopy systems, which hinders our ability to explore 

clinical questions requiring descriptions of full shoulder complex kinematics.  

Kinematics in Asymptomatic Individuals 

Scapulothoracic kinematics in asymptomatic individuals are well described in the 

literature (Table 9). The magnitudes of scapulothoracic angular positions are highly 

variable between studies and are influenced by the several factors including methods of 

data collection, choice of anatomical coordinate systems, and naturally occurring 

between-subject variability (Table 9). The scapula is generally described to upwardly 

rotate (30-35°) and posteriorly tilt (1-15°) relative to the thorax during humeral elevation 

to 120° in the scapular plane (Ebaugh et al., 2005; Ludewig et al., 1996; Ludewig et al., 

2009a; McClure et al., 2006; McClure et al., 2001). The degree to which the scapula 

internally or externally rotates relative to the thorax is highly variable between subjects 

(Lawrence et al., 2014a; Ludewig et al., 1996; Ludewig et al., 2009a; McClure et al., 
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2001). From a measurement standpoint, this variability may reflect increased error 

associated with quantifying rotation about a segment’s long axis using surface-based 

sensors (Karduna et al., 2001). However, it may also be due to differences between 

individuals in thoracic geometries as the scapula attempts to remain in contact with the 

thorax. Of the three scapulothoracic angular motions, upward rotation often has the 

lowest between-subject variability (Ebaugh et al., 2005; Ludewig et al., 2009a; McClure 

et al., 2006; McClure et al., 2001). This may illustrate the importance of scapular upward 

rotation to shoulder function and suggests the remaining two motions (anterior/posterior 

tilt and internal/external rotation) function to maintain contact between the scapula and 

thorax, and to maximize glenohumeral joint congruency.  

Compared to scapulothoracic kinematics, glenohumeral kinematics have been 

studied less frequently (Table 10). As expected, the predominant glenohumeral motion 

during arm raising is elevation and the magnitude is largely dependent upon the relative 

magnitudes of humerothoracic elevation and scapulothoracic upward rotation. This 

concept is termed “scapulohumeral rhythm” and is generally described as an 

approximately 2:1 ratio of glenohumeral elevation to scapular upward rotation (Inman et 

al., 1944; Ludewig et al., 2009a). During humeral elevation, the humerus also externally 

rotates relative to the scapula (5-12°) (An et al., 1991; Giphart et al., 2013; Inman et al., 

1944; Ludewig et al., 2009a) which allows the greater tuberosity to clear the acromion 

and maximum elevation to occur (An et al., 1991; Ludewig et al., 2009a).  

Several studies have described sternoclavicular kinematics during humeral 

elevation (Table 11). The clavicle is generally described to retract (8-18°) (Ebaugh et al., 
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2005; Lawrence et al., 2014a; Ludewig et al., 2004; Ludewig et al., 2009a; McClure et 

al., 2006; Sahara et al., 2007; Sousa Cde et al., 2014), elevate (5-13°) (Ebaugh et al., 

2005; Lawrence et al., 2014a; Ludewig et al., 2004; Ludewig et al., 2009a; McClure et 

al., 2006; Sahara et al., 2007; Sousa Cde et al., 2014), and posteriorly rotate (17-22°) 

(Lawrence et al., 2014a; Ludewig et al., 2004; Ludewig et al., 2009a; Sousa Cde et al., 

2014) relative to the thorax during humeral elevation to 120° in the scapular plane. 

Tracking clavicle motion, and thus quantifying sternoclavicular and acromioclavicular 

joint motion, proves challenging for several reasons. First, due to its slender, long-bone 

shape, the clavicle often does not provide an optimal location to place a surface-based 

motion sensor, which increases the susceptibility for skin motion artifact. Second, the 

primary motion of the clavicle is about its long axis, which is associated with increased 

error due to skin motion artifact (Karduna et al., 2001; Ludewig et al., 2002). This is 

primarily evident in the decreased reliability and increased SEM for sternoclavicular 

kinematics particularly above 75° humeral elevation (Ludewig et al., 2004). Finally, a 

third non-collinear point required for constructing orthogonal coordinate systems cannot 

be found on the clavicle (van der Helm & Pronk, 1995; Wu et al., 2005). Therefore, post-

processing of data is required to align the vertical axis of the clavicular coordinate system 

with that of the thorax (Wu et al., 2005) thereby “zeroing” the anterior/posterior rotation 

position to a reference position. 

Due to these technical challenges, few studies have directly tracked clavicle 

motion. In 2004, Ludewig et al. (2004) performed a descriptive and reliability study to 

better understand clavicular motion and determine how reliable surface sensors are in 
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quantifying the motion. The authors reported the sensor appeared to reasonably follow 

clavicular motion until 115° humerothoracic elevation and described the resulting 

sternoclavicular motion as retraction (8°), elevation (9°), and posterior rotation (17°). In 

general, ICC values were >0.94 and SEM values were less than 2°, suggesting tracking 

clavicular kinematics with surface-based sensors is reliable within a limited range of 

motion. Although good reliability statistics are necessary to establish measurement 

validity, they are not sufficient to conclude the methodology is accurately tracking the 

underlying bone motion. In particular, the authors reported the values for sternoclavicular 

posterior rotation values at higher angles of humeral elevation may be underestimated 

due to the clavicle rotating under the skin.  

In response to the challenges of directly tracking clavicular kinematics using 

surface-based motion sensors, several studies have described sternoclavicular elevation 

and retraction indirectly by calculating scapular position on the thorax (Ebaugh et al., 

2005; Lukasiewicz et al., 1999; McClure et al., 2006; McClure et al., 2001). Lukasiewicz 

et al. (1999) calculated the superior/inferior location of the scapula as the vertical 

distance between the C7 spinous process and the centroid of the scapula, and the 

medial/lateral location of the scapula as the horizontal distance between the C7 spinous 

process and the centroid of the scapula. These result in crude representations of 

sternoclavicular elevation/depression and retraction/protraction, respectively, and assume 

the acromioclavicular joint is a rigid link. This is a considerable assumption that 

significantly weakens the validity of the results given the magnitude of motion known to 

occur at the acromioclavicular joint (Ludewig et al., 2009a).  
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Another approach used to indirectly quantify clavicular kinematics involves 

tracking the position of the acromioclavicular joint and the sternal notch in 3D space 

(Ebaugh et al., 2005; McClure et al., 2006; McClure et al., 2001). This method assumes 

the length of the vector between the sternal notch and the acromioclavicular joint remains 

constant due to no translation at the sternoclavicular or acromioclavicular joints. 

However, any change in the orientation of the vector during movement would correspond 

to changes in sternoclavicular protraction/retraction and elevation/depression. Studies 

using this approach have found the sternoclavicular joint retracts (10-13°) and elevates 

(7-13°) during humeral elevation to 120° in the scapular plane (Ebaugh et al., 2005; 

McClure et al., 2006; McClure et al., 2001). Despite the assumptions inherent in this 

methodology and the differences in the definition of the trunk coordinate axes, the 

resulting angular values averaged across subjects are generally consistent with other 

studies that directly tracked clavicle motion (Ludewig et al., 2004; Ludewig et al., 

2009a). However, the degree to which the sternoclavicular joint posteriorly rotates cannot 

be described as its rotation about the sternal notch-acromioclavicular joint vector cannot 

be calculated. Given posterior rotation is the predominant motion of the sternoclavicular 

joint (Ludewig et al., 2009a), this proves to be a critical limitation of this methodology 

when the goal is to comprehensively describe 3D shoulder complex kinematics.  

In an effort to directly track clavicular motion without added skin motion artifact, 

Sahara et al. (2007) reconstructed the scapula and clavicle from static MR images. Due to 

the limited field of view of the MR scanner, the coordinate systems of the thorax, 

scapula, and clavicle were unique and complex. In particular, the apex of the lung was 
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used to define a thoracic coordinate system. The medial/lateral axis of the clavicle 

reference frame was then defined through the lateral 80 mm of the clavicle. Due to the 

crank-shape of the clavicle, defining the lateral axis in this way likely overestimated the 

description of sternoclavicular retraction when compared to other studies that utilized the 

entire clavicular anatomy to define the axis. Despite the non-traditional definition of the 

coordinate axes, the authors described the general pattern of sternoclavicular motion to be 

retraction, elevation, and posterior rotation. An additional major limitation of this study is 

assuming the relationship between the sternum and the lung remain constant throughout 

humeral motion. The likelihood of motion artifact impacting the accuracy of lung 

reconstruction is high given the need for respiration during the scan, which took 

approximately 2.5 minutes. 

In 2009, Ludewig et al. (2009a) performed the most precise study of 

sternoclavicular joint motion to date using bone-fixed electromagnetic sensors in 12 

asymptomatic subjects. The classic pattern of sternoclavicular retraction (11°), elevation 

(5°), and posterior rotation (22°) was observed during humeral elevation to 120° in the 

scapular plane. Of these motions, the magnitude of sternoclavicular posterior rotation was 

found to be the least variable between subjects. From a systems standpoint, this suggests 

posterior rotation is the priority motion of the sternoclavicular joint working to facilitate 

the task of humeral elevation. By comparison, sternoclavicular elevation and retraction 

were highly variable between individuals. It is believed this variability is due to the need 

to alter the position of the scapula on the thorax due to varying thoracic curvatures 

between individuals in order to maintain congruency.  
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Description of acromioclavicular joint motion is the least studied of the shoulder 

complex motions (Table 12). Inman et al. (1944) were the first to describe 

acromioclavicular motion by quantifying the angle between the clavicular long axis and 

the spine of the scapula using radiographs. Although the measure is limited by projection 

error, the authors reported the acromioclavicular joint upwardly rotates approximately 

30° during humeral elevation to 180°. Sahara et al. (2007) also quantified 

acromioclavicular kinematics and, in addition to the altered clavicular coordinate systems 

as previously described, utilized a glenoid-based coordinate system to describe scapular 

orientation. When the orientations of the coordinate axes are compared to the 

recommended standard (Wu et al., 2005), it is expected the description of 

acromioclavicular internal rotation position by Sahara et al. will be overestimated. This is 

due to the overestimation of sternoclavicular retraction position and scapular 

medial/lateral axis being defined perpendicular to the glenoid as opposed to a vector 

oriented by the root of the scapular spine and the posterolateral acromion.  

In an additional paper performing a secondary analysis of the data (Sahara et al., 

2006), Sahara et al. utilized a helical axis approach to describe acromioclavicular motion 

between the static positions of arm at the side and maximum elevation. Unlike Euler 

angles where rotations are described about sequential orthogonal axes, the helical axis 

provides a description of angular displacement about a single axis. As such, the authors 

describe an axis oriented inferiorly, posteriorly, and medially. Rotation about this axis 

may be interpreted as a net motion of acromioclavicular upward rotation, posterior tilt, 

and internal rotation; however, the individual contributions (i.e. helical angles) were not 
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reported. A small amount of translations (on average 0-2 mm) also occurred at the joint, 

suggesting the acromioclavicular joint acts as a relatively stationary pivot from which to 

transfer angular motion from the scapula to the clavicle. 

Ludewig et al. (2009a) performed the most accurate and comprehensive study of 

acromioclavicular joint motion to date. The authors found a pattern of acromioclavicular 

internal rotation (5°), upward rotation (7°), and posterior tilt (13°) during humeral 

elevation to 120° in the scapular plane. By comparison to the scapulothoracic and 

sternoclavicular joint where one rotation tends to emerge as a primary facilitator of 

humeral elevation, all three acromioclavicular joint rotations tend to have similar 

between-subject variability. This suggests the joint functions as a critical pivot working 

to balance the magnitudes of sternoclavicular and scapulothoracic motion, compensate 

for glenohumeral hyper- and hypo-mobility, and maintain congruency of the scapula on 

the thorax. This theory is supported by studies showing increased acromioclavicular 

upward rotation in response to glenohumeral hypomobility (Braman et al., 2010). 

In summary, differences between studies in the description of shoulder complex 

kinematics in asymptomatic individuals are influenced by several factors including the 

method of motion capture, definition of anatomical coordinate systems, the choice of 

rotation sequence, and the characteristics of the subject sample. Despite these challenges, 

a general pattern of motion emerges. During humeral elevation, the primary motions of 

the shoulder complex consist of sternoclavicular posterior rotation and retraction; 

acromioclavicular posterior tilt and upward rotation; scapulothoracic upward rotation and 

posterior tilt; and glenohumeral elevation and external rotation. Additionally, a small 
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amount of sternoclavicular elevation and acromioclavicular internal rotation occurs. 

Scapulothoracic internal/external rotation and glenohumeral anterior/posterior plane of 

elevation also occurs but is dependent upon the direction or plane of humeral motion. 

However, the patterns described represent group means, which do not always reflect the 

kinematics patterns observed in individual subjects (Lawrence et al., 2014a; Lawrence et 

al., 2014b; Ludewig et al., 1996). Clinical theory often suggests deviations from this 

expected pattern of motion may cause shoulder pain by decreasing the subacromial space 

(Ludewig et al., 2000; Ludewig et al., 2009b), and studies comparing shoulder complex 

kinematics in asymptomatic and symptomatic individuals may provide face validity for 

the theory. 

Kinematics in Symptomatic Individuals 

Numerous studies have compared shoulder complex kinematics between 

asymptomatic controls and various subgroups including glenohumeral hypermobility 

(Ogston & Ludewig, 2007; Struyf et al., 2013), glenohumeral hypomobility (Braman et 

al., 2010; Fayad et al., 2006; Rundquist, 2007), and in subjects diagnosed with 

“impingement syndrome” (Table 13, Table 14, and Table 15). Like studies in 

asymptomatic individuals, study design and methodology are widely variable including 

both side-to-side comparisons in subjects with unilateral shoulder pain (Endo et al., 2001; 

Lukasiewicz et al., 1999) and group comparisons between symptomatic and 

asymptomatic subjects (Lawrence et al., 2014a; Lawrence et al., 2014b; Ludewig et al., 

2000; Lukasiewicz et al., 1999; McClure et al., 2006; Sousa Cde et al., 2014). 
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Collectively, these studies help establish a relationship between abnormal movement and 

the presence of shoulder pain.  

In 1999, Lukasiewicz et al. (1999) compared scapulothoracic kinematics in 20 

asymptomatic subjects and 17 subjects with a clinical presentation consistent with 

unilateral impingement syndrome. Scapular orientation was quantified using projection 

angles calculated when the arm was statically held in three positions of humeral 

elevation. The authors found the involved shoulder in the symptomatic subjects had 8° 

less posterior tilt at higher angles of scapular plane abduction elevation (90° and 

maximum) compared to their contralateral shoulder and the asymptomatic group. 

Because posterior tilt is theorized to bring the anterior aspect of the acromion superior 

and posterior relative to the humeral head, a reduction in this motion was believed to 

increase the risk for rotator cuff compression.  

Endo et al. (2001) sought to also quantify scapular orientation in individuals 

classified as having shoulder impingement by making comparisons to their asymptomatic 

contralateral side. Two-dimensional angles were defined using anatomical landmarks on 

standard anterior/posterior radiographs to quantify scapular orientation relative to the 

image vertical. However, the validity of this measurement method is impacted by out-of-

plane projection error because the radiographs were taken perpendicular to the coronal 

plane of the trunk and the scapula is consistently internally rotated relative to the trunk 

during abduction (Ludewig et al., 2009a). Furthermore, it is unknown how much control 

of trunk and humeral position was employed during data collection to avoid confounding 

scapular orientation measures when described relative to a fixed image vertical. Despite 
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these limitations, the authors reported results consistent with Lukasiewicz (1999) in that 

the symptomatic shoulder had significantly less scapulothoracic posterior tilt at 45° and 

90° humerothoracic elevation (3° and 5°, respectively). Furthermore, symptomatic 

shoulders had 4° less scapulothoracic upward rotation at 90° humerothoracic elevation. 

These findings further strengthened the theorized causal relationship between abnormal 

scapulothoracic motion and shoulder pain as a reduction in both posterior tilt and upward 

rotation are believed to bring the acromion into closer proximity to the rotator cuff 

tendons (Ludewig et al., 2009b). 

Ludewig and Cook (2000) compared shoulder complex kinematics between 

groups consisting of symptomatic and asymptomatic male construction workers matched 

to occupational exposure. Using 3D surface-based electromagnetic motion capture, the 

authors found the symptomatic group had significantly more scapulothoracic internal 

rotation throughout the range of motion when humeral elevation was performed under an 

external load. The symptomatic subjects also had significantly less scapulothoracic 

upward rotation at 60° and less posterior tilt at 120° humerothoracic elevation. These 

findings are consistent with other studies showing symptomatic subjects have decreased 

posterior tilt (Endo et al., 2001; Lukasiewicz et al., 1999). Furthermore, the reduction in 

scapulothoracic upward rotation, posterior tilt, and external rotation suggested 

impairments in any of the scapular motions considered “normal” may be associated with 

shoulder pain. However, the unique sample consisting of male construction workers may 

limit the generalizability of these findings to the broader clinical population. 



 

35 

 

In 2006, McClure et al. (2006) provided additional evidence for abnormal 

shoulder kinematics in symptomatic subjects with a clinical presentation consistent with 

the diagnosis of “impingement syndrome”. The authors compared 3D scapular 

kinematics and scapular position (i.e. sternoclavicular elevation/depression, 

protraction/retraction) between 45 symptomatic subjects and 45 asymptomatic controls 

matched for age, gender, and hand dominance. Interestingly, the authors reported 

symptomatic subjects had 4-5° more scapulothoracic upward rotation and 3° more 

posterior tilt at higher angles of humerothoracic elevation (90° or 120°). While this is not 

consistent with previous findings and clinical theory, the authors attributed the findings to 

a compensatory strategy to increase subacromial space in response to the more chronic 

nature of the symptomatic group’s pain. Furthermore, the authors found the symptomatic 

group had significantly more sternoclavicular elevation and retraction at higher angles of 

humerothoracic elevation.  

Perhaps the most comprehensive comparison of shoulder complex kinematics 

between symptomatic and asymptomatic was performed by Lawrence et al. (2014a). The 

researchers utilized bone-fixed electromagnetic sensors to track sternoclavicular, 

acromioclavicular, scapulothoracic, and glenohumeral motion in 10 symptomatic and 12 

asymptomatic subjects during arm raising and lowering. Consistent with other studies 

(Endo et al., 2001; Ludewig et al., 2000), the authors reported symptomatic subjects were 

in less scapulothoracic upward rotation during humeral elevation. Specifically, 

symptomatic subjects were in 3-5° less scapulothoracic upward rotation at lower angles 

(30° and 60°) of scapular plane abduction. Likely related to this finding, the authors also 
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found the symptomatic subjects had 6-7° more glenohumeral elevation at the same angles 

of humerothoracic elevation. This finding suggests subjects with less upward rotation 

compensate for the loss of humerothoracic elevation by increasing their glenohumeral 

elevation. Furthermore, symptomatic subjects demonstrated 5° less sternoclavicular 

elevation at 30° arm raising and 5° less sternoclavicular posterior rotation throughout the 

range of motion. The finding of decreased sternoclavicular posterior rotation was perhaps 

the most intriguing because of the presumed passive mechanism of how sternoclavicular 

posterior rotation is produced.  

More recently, Sousa et al. (2014) compared shoulder kinematics between 

asymptomatic subjects and symptomatic subjects with acromioclavicular joint arthritis 

and rotator cuff disease as confirmed by diagnostic ultrasound. The researchers reported 

several significant differences between groups across all shoulder complex joints. 

Consistent with McClure et al., (2006) symptomatic subjects were in 4-5° more 

scapulothoracic upward rotation during both flexion and scapular plane abduction. While 

McClure et al. theorized an increase in scapulothoracic upward rotation was 

compensatory to increase subacromial space as a result of chronic symptoms, it is 

unknown whether the findings of Sousa et al. support this hypothesis as they did not 

report the mean duration of symptoms.  

In addition to differences in scapulothoracic position, Sousa et al. (2014) also 

reported the symptomatic subjects were in decreased sternoclavicular retraction and 

increased acromioclavicular posterior tilt during flexion. However, examination of 

sternoclavicular and acromioclavicular joint upward rotation magnitudes suggest 



 

37 

 

methodological differences may have confounded the studies description of motion. In 

particular, it is uncertain how the authors constructed the clavicular coordinate system. 

The authors report using the methods of Ludewig et al. (2009a); however, inspection of 

their raw data suggests otherwise. Ludewig et al. (2009a) accounted for the lack of three 

non-collinear points on the clavicle by aligning the clavicular vertical axis to that of the 

thorax when the arm was resting at the side, following a recommendation of the 

International Society of Biomechanics (Wu et al., 2005). This approach should result in a 

mean and standard deviation sternoclavicular posterior rotation value at rest of 

approximately 0°. However, the resting values for Sousa et al. (2014) are 6° anterior 

rotation with a large standard deviation (±15°), suggesting another approach was likely 

used for setting up the clavicular coordinate system. Uncertainty is also evident in the 

description of acromioclavicular joint positions. In particular, acromioclavicular joint 

data suggests subjects were, on average, in downward rotation throughout the range of 

motion, which is inconsistent with previous studies (Ludewig et al., 2009a; Teece et al., 

2008). Collectively, these results challenge the interpretation of absolute magnitudes and 

group comparisons of sternoclavicular posterior rotation, and subsequently 

acromioclavicular upward rotation and posterior tilt.  

Despite the natural variability in shoulder complex kinematics between 

individuals and various methodology, this review of comparative kinematic studies 

shows group differences between asymptomatic and symptomatic subjects are often 

found during humeral raising. However, the magnitude and direction of group differences 

are not consistent even when presumably studying the same underlying clinical diagnosis 
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of “impingement syndrome”. This inconsistency of finding between studies reflects the 

non-homogeneity of this clinical classification (Braman et al., 2014; Ludewig et al., 

2013). Furthermore, the findings suggest subgroups of patients likely exist based on 

movement-based parameters within the broad clinical population (Ludewig et al., 2017). 

Because none of the studies were longitudinal in design, any findings of abnormal 

kinematics cannot be assumed to be causative in the development of the subject’s 

symptoms. Collectively however, the studies establish the association between movement 

and shoulder pain that is critical to proposing mechanistic theories from which future 

studies can be designed. Interestingly, no study found differences in scapular, humeral, or 

clavicle position during a relaxed standing position. Therefore, it appears kinematic 

impairments may only manifest consistently when the shoulder is in elevated positions, 

emphasizing the importance of observing shoulder movement and not just posture during 

clinical examinations. Finally, the magnitude of differences between groups is often quite 

small (<5°) which calls to question the clinical relevance of the difference.  

Shoulder Complex Coupling 

Studies of shoulder complex kinematics have demonstrated scapulothoracic 

motion contributes substantially to overall shoulder motion (Ebaugh et al., 2005; 

Ludewig et al., 1996; Ludewig et al., 2009a; McClure et al., 2001). However, because of 

the link-system structure of the shoulder complex, scapulothoracic motion cannot occur 

without concurrent motion at the sternoclavicular and acromioclavicular joints (Dvir et 

al., 1978; Inman et al., 1944; Pronk et al., 1993; Teece et al., 2008). Therefore, 

sternoclavicular and acromioclavicular joint motion is “coupled” (Pronk et al., 1993). 
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Because clavicular and scapular axes are oblique to one another (Figure 8), rotation 

about clavicular axes will have an indirect effect on scapulothoracic motion (and vice 

versa), with acromioclavicular joint motion acting as an intermediary. The result is a 

complex relationship between the three joint systems in producing overall functional 

shoulder motion. Understanding the mechanisms of how this interaction of clavicular and 

scapular motion occurs is critical to understanding how shoulder motion is produced and 

how abnormal motion may occur. 

 

 

Figure 8: Transverse plane offset between clavicular and scapular coordinate axes 

proposed to define coupling relationships. Red line: clavicular medial/lateral axis; blue 

line: scapular medial/lateral axis. 

 

In 1978, Dvir and Berme (1978) used a qualitative kinematic model to explain 

how shoulder complex motion occurs. Using static anterior/posterior radiographs to 

visualize shoulder motion, the authors reported the initial phase of motion is defined by 

the scapula upwardly rotating until the conoid ligament becomes taught. During the 

second phase, which begins at approximately 60° humeral elevation, scapular motion is 

transferred to the clavicle through the conoid ligament and the bones move together as a 
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single “claviscapular” link. Presumably, this initiates the posterior rotation of the 

sternoclavicular joint that allows for maximal humeral elevation range of motion.  

Teece et al. (2008) attempted to build on the theories proposed by Dvir and 

Berme (1978) by providing a theoretical framework for how clavicular and scapular 

motions become coupled during humeral motion. The authors proposed the fundamental 

factor affecting coupled mechanics is the acromioclavicular joint internal rotation angle. 

This angle is defined by the medial/lateral axes of the clavicular and scapular coordinate 

systems (Figure 9). Because of the obliquity between axes, motion about the clavicular 

medial/lateral axis is not directly related nor completely independent to the resulting 

scapular motion. As a result, clavicular and scapular kinematics interact in a complex 

way and are best understood under two theoretical conditions: if the axes were parallel 

and if they were perpendicular. 

 

Figure 9: Relationship between the acromioclavicular joint axes and coupled mechanics 

of the clavicle and scapula. Red line: claviclar medial/lateral axis. Blue line: scapular 

medial/lateral axis. A) Mean physiologic relationship with acromioclavicular internal 

rotation angle of ~60°. B) Theoretical relationship in which the scapular and clavicular 

medial/lateral axes are parallel (i.e. acromioclavicular internal rotation = 0°). C) 

Theoretical relationship in which the scapular and clavicular medial/lateral axes are 

perpendicular (i.e. acromioclavicular internal rotation = 90°). 
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Theoretically, if the acromioclavicular joint internal rotation angle was 0° (i.e. 

axes parallel) and the acromioclavicular joint was rigidly fixed, sternoclavicular motion 

would produce scapulothoracic motion in the following ways: sternoclavicular retraction 

would produce scapulothoracic external rotation; sternoclavicular elevation would 

produce scapulothoracic upward rotation; and sternoclavicular posterior rotation would 

produce scapulothoracic posterior tilt. Conversely, if the acromioclavicular joint internal 

rotation angle was 90° (i.e. axes perpendicular) and the acromioclavicular joint was 

rigidly fixed, sternoclavicular motion would produce scapulothoracic motion through 

other relationships: sternoclavicular elevation would produce scapulothoracic anterior tilt, 

and sternoclavicular posterior rotation would produce scapulothoracic upward rotation. 

Sternoclavicular retraction would still produce scapulothoracic external rotation as the 

orientation of the vertical axis has not changed between the two theoretical conditions.  

While these two theoretical conditions allow for clavicle motion to dictate 

resulting scapulothoracic motion, the physiologic alignment between the clavicle and 

scapula does not allow for such relationships to exist directly. According to Teece et al. 

(2008), the mean acromioclavicular internal rotation angle is 68° with the arm at the side. 

This position is approximately 3/4 offset from the theoretical parallel condition, and 1/4 

offset from the theoretical perpendicular condition. More recently, Ludewig et al. (2009a) 

provided a more precise description of acromioclavicular internal rotation angle during a 

relaxed standing posture (60°) using bone-fixed tracking. Therefore, the relationship is 

approximately 2/3 offset from the theoretical parallel condition, and 1/3 offset from the 

theoretical perpendicular condition. As a result, 2/3 of scapulothoracic motion is 
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produced as though the axes were perpendicular while the remaining 1/3 is produced as 

though the axes were parallel.  

 

 

Figure 10: Example of application of the coupling theory as proposed by Teece et al. 

(2008) using estimated angular values from Ludewig et al. (2009a). Sternoclavicular joint 

angular displacements are transformed to corresponding scapulothoracic angular 

displacements according to the coupling theory. Resulting scapulothoracic values from 

sternoclavicular joint motion is then added to acromioclavicular joint angular 

displacements resulting in an estimate of total scapulothoracic motion. Abbreviations: 

SC=sternoclavicular, AC=acromioclavicular, ST=scapulothoracic, ER=external rotation, 

IR=internal rotation, UR=upward rotation, PT=posterior tilt, AT=anterior tilt. 

 

A worked example of the theory proposed by Teece et al. (2008) is provided in 

Figure 10 using estimated angular displacement values from Ludewig et al. (2009a). 

Estimated angular values of sternoclavicular joint motion are transformed to 

corresponding scapulothoracic motion using the 2/3 (perpendicular) and 1/3 (parallel) 

theory. These values are then added to acromioclavicular joint motion resulting in an 

estimate of total scapulothoracic motion. However, some error is expected in this 

approach to estimating total scapulothoracic motion for several reasons. First, estimated 

displacement values represent group means. Inspection of individual subject data is 

required to fully test the proposed coupling theory. Second, the proposed relationship 

between sternoclavicular motion and resulting scapulothoracic motion is based on the 
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magnitude of acromioclavicular internal rotation in a relaxed standing position. This 

angle increases with increasing angles of humerothoracic elevation (Ludewig et al., 

2009a; Sahara et al., 2007; Teece et al., 2008). Therefore, the relationship between 

sternoclavicular motion and resulting scapulothoracic motion is dynamic and should 

become more consistent with the theoretical perpendicular condition at higher angles of 

humerothoracic elevation. Third, the cause and effect relationship between 

sternoclavicular and scapulothoracic motion suggested by Teece et al. (2008) may not 

always reflect the true mechanical phenomenon. For example, according to the coupling 

theory, sternoclavicular posterior rotation could produce both scapulothoracic posterior 

tilt and upward rotation. However, no muscle is known to produce sternoclavicular 

posterior rotation and the motion is believed to occur as the result of scapular upward 

rotation being transferred to the clavicle through tension in the coracoclavicular 

ligaments (Dvir et al., 1978). Therefore, other factors such as laxity or stiffness in the 

acromioclavicular joint capsule and ligaments may impact the coupling relationships and 

resulting motion. 

Despite the strong biomechanical rationale for the shoulder coupling 

relationships, the mechanisms by which this coupling occurs remains unclear. The 

preponderance of shoulder kinematics literature reports absolute joint angular positions 

making application of results to coupling difficult given the need to describe joint motion 

as angular displacements. One past study explored group differences in shoulder complex 

kinematics within the context of the coupling theory (Lawrence et al., 2014a). In the 

study of shoulder complex kinematics in individuals with and without shoulder pain, 
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groups did not differ in scapulothoracic upward rotation in a relaxed standing position, 

but the symptomatic group was in decreased upward rotation at 30° and 60° 

humerothoracic elevation. By 90°, the group differences no longer existed. For this to 

occur, the symptomatic group must have demonstrated increased scapulothoracic upward 

rotation displacement beyond 60° humerothoracic elevation. Estimates of displacement 

support this theory with the symptomatic group demonstrating 2° more upward rotation 

than the asymptomatic group between 60 and 90° humerothoracic elevation, and 3° more 

upward rotation between 90 and 120° humerothoracic elevation.  

The authors proposed three mechanisms by which the symptomatic group “caught 

up” to the asymptomatic group in terms of scapulothoracic upward rotation. First, 

between 60° and 90° humerothoracic elevation, the symptomatic group had 

approximately 3° more sternoclavicular elevation displacement than the asymptomatic 

group. Similarly, between 90 and 120°, the symptomatic group had 2° more 

displacement. Both phases of increased sternoclavicular elevation displacement in the 

symptomatic group likely reduced the differences in scapulothoracic upward rotation 

between the groups at higher angles of humerothoracic elevation. Second, while the 

groups did not differ in acromioclavicular upward rotation position across all angles of 

elevation, the slope of the line for the symptomatic group was descriptively increased 

beyond 90° humerothoracic elevation compared to the asymptomatic group. Although not 

statistically significant, this suggests more upward rotation displacement in the 

symptomatic group during this range of motion which may have further reduced the 

group differences in scapulothoracic upward rotation. Finally, following an initial period 
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of sternoclavicular anterior rotation as compared to a resting standing posture, the 

symptomatic group remained in less posterior rotation throughout the range of motion. 

The group difference is likely the result of the reduction in scapulothoracic upward 

rotation in the same ranges since sternoclavicular posterior rotation is presumably a 

byproduct of scapulothoracic upward rotation (Dvir et al., 1978).  

While the explanations presented by Lawrence et al. (2014a) are based on the 

theory proposed by Teece et al. (2008), the description is based on group data and may 

not reflect trends in individual subjects. Furthermore, without evidence explaining how 

shoulder complex motion is produced, mechanisms by which abnormal shoulder motion 

occurs remain unclear. This critical gap in the literature challenges future work aiming to 

develop a movement-based diagnostic classification and identify targeted treatment 

strategies. 

Impacts of Shoulder Kinematics on Subacromial Space 

Measurement Techniques 

Methods for quantifying subacromial space are extremely varied and include both 

in vitro (Brossmann et al., 1996; Burns & Whipple, 1993; Flatow et al., 1994) and in vivo 

(Giphart et al., 2012; Graichen et al., 1999a; Graichen et al., 1999b; Hebert et al., 2003; 

Seitz et al., 2012b; Silva et al., 2010; Tasaki et al., 2015; Thompson et al., 2011) 

measures. Two-dimensional methods include photographs (Burns et al., 1993), 

radiographs (Flatow et al., 1994), single-plane fluoroscopy (Thompson et al., 2011), MR 

imaging (Brossmann et al., 1996; Hebert et al., 2003; Tasaki et al., 2015), and 

ultrasonography (Seitz et al., 2012b; Silva et al., 2010); while 3D methods include 
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biplane fluoroscopy (Bey et al., 2007; Giphart et al., 2012), stereophotogrammetry 

(Flatow et al., 1994), and image-based modeling (Graichen et al., 1999a; Graichen et al., 

1999b). Like studies of shoulder complex kinematics, the choice of study methodology 

directly impacts both the accuracy and generalizability of results. 

The most common description of subacromial space has been acromiohumeral 

distance, which quantifies the minimum distance between the undersurface of the 

acromion and the humerus. However, the approach used to calculate the minimum 

distance may vary between studies and is sometimes not precisely described (Silva et al., 

2010). Some researchers report the minimum distance only to the greater tuberosity of the 

humerus (Bey et al., 2007) to avoid calculation to areas that may not be relevant to the 

rotator cuff (e.g. lateral humeral shaft), while others quantified the minimum distance 

directly to the rotator cuff (Tasaki et al., 2015). Generally, the orientation of the 

minimum distance vector is not constrained (Flatow et al., 1994; Giphart et al., 2012; 

Graichen et al., 1999a; Graichen et al., 1999b; Hebert et al., 2003; Seitz et al., 2012b); 

however, some researchers constrained the vector to be oriented vertically (Thompson et 

al., 2011). These differences in quantification of subacromial space make comparison 

between studies difficult by impacting the magnitude of the acromiohumeral distances. 

Two-dimensional methods of quantifying subacromial space often utilize clinical 

imaging technologies such as radiographs and MR scans. However, quantifying 3D 

anatomical relationships using 2D imaging techniques introduces various sources of 

error. The quantification of acromiohumeral distance using 2D radiographs is affected by 

magnification and projection error caused by superimposing anatomical structures onto a 
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single image plane. Further, assessment of anatomical relationships from 2D MR and 

ultrasonography images is dependent on the orientation and choice of the image from 

which the measurements are taken. Despite these limitations, 2D methods (radiographs, 

ultrasonography, MR imaging) are commonly employed because processing 2D data is 

often much simpler than in 3D studies. 

In Vitro Studies 

Before the advancement of imaging technologies, cadaveric studies were the 

primary means to investigate anatomical relationships between the coracoacromial arch 

and soft tissue during shoulder motion (Table 16). Collectively, early in vitro studies 

provided fairly consistent descriptions of the anatomical relationships between the rotator 

cuff and coracoacromial arch during humeral elevation. Because these studies found 

contact occurred between 45° and 135° humerothoracic elevation, the clinical theory that 

pain occurring in mid-range (60-120°) was due to subacromial compression of the rotator 

cuff tendons seemed to be supported. However, the experimental nature of these studies 

limited interpretation and application of findings to living human subjects for several 

reasons. First, the humerus of each specimen was moved relative to a fixed scapula 

without allowing for axial rotation (Brossmann et al., 1996; Burns et al., 1993; Flatow et 

al., 1994). Further, Flatow et al. (1994) elevated the humerus using a fixed, specimen-

specific glenohumeral axial rotation which did not allow for the replication of multi-axial 

shoulder motion and may have altered subacromial proximities. Third, dynamic motion 

was simulated using cables along the line of action of several muscles (Burns et al., 
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1993), which likely does not replicate shoulder motion in vivo. Fourth, 2D 

acromiohumeral measurements are subject to errors in describing spatial relationships.  

Despite the limitations of early cadaveric studies, two critical advancements were 

made by Flatow et al. (1994) that helped frame the interpretation of future studies of 

subacromial proximities. First, the researchers investigated subacromial proximities using 

both minimum distance and surface area and found that subacromial contact occurred 

most frequently between 30° and 90° humeral elevation, but surface areas were greatest 

between 60° and 120° humeral elevation. These differences in results between describing 

proximity as both a distance and a surface area suggests quantifying mechanical 

subacromial rotator cuff compression as simply a distance may not adequately reflect the 

complexity of the phenomenon. A second critical observation involved the need to 

consider the location of the rotator cuff tendon when interpreting measures of 

subacromial contact patterns by stating acromiohumeral intervals beyond 90° “no longer 

accommodated” the rotator cuff tendons. Ultimately, these early in vitro studies helped 

define the mechanical nature of subacromial impingement but remain limited in their 

ability to represent subacromial relationships during shoulder motion in living subjects. 

In Vivo Studies in Asymptomatic Individuals 

In vivo studies of subacromial relationships during shoulder motion often utilized 

similar methodologies to the early in vitro studies and were therefore impacted by similar 

sources of error (Table 17), which likely perpetuated the belief that the risk for 

subacromial rotator cuff compression occurred at mid to higher angles of humeral 

elevation. For example, Tasaki et al. (2015) utilized open MR imaging to describe the 
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proximity between the rotator cuff and acromion across multiple humeral positions in 20 

asymptomatic subjects and found the minimum distance between the rotator cuff to the 

acromion occurred at 93.5° humerothoracic elevation. Despite the methodological 

challenges, the authors made an important observation that contact between the structures 

occurred in 5 of the 20 subjects, suggesting subacromial rotator cuff compression may 

not occur in all individuals. 

Other in vivo studies started to challenge the range of motion that subacromial 

rotator cuff compression risk was the highest. Thompson et al. (2011) utilized a clinical 

single-plane fluoroscopy system to quantify acromiohumeral distance during static 

loaded and unloaded scapular plane abduction in asymptomatic college baseball players. 

The authors found the minimum distance occurred between 45-60° humerothoracic 

elevation, suggesting the minimum distance occurs lower in the range of humerothoracic 

elevation than previous studies suggested (Brossmann et al., 1996; Burns et al., 1993; 

Flatow et al., 1994). However, the study is limited by the static nature of the motion, the 

use of 2D measures of acromiohumeral distance, and the use of pixels as the unit of 

measure making it confounded by the source-to-object distance. 

Studies utilizing 3D acromiohumeral distance calculations offer more accurate 

quantification of the subacromial space by avoiding projection error caused by out-of-

plane anatomical relationships. Graichen et al. (1999a) utilized multiple static supine MR 

images across seven humeral positions to study the effect of humeral abduction and 

rotation on subacromial space in 12 asymptomatic subjects. Unlike Brossman et al. 

(1996) and Tasaki et al. (2015), Graichen et al. (1999a) used image processing software 
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to render 3D models of each subject’s shoulder in different glenohumeral positions. 

Using these models, 3D distances were calculated to quantify the acromiohumeral 

distance. Consistent with other studies (Brossmann et al., 1996; Flatow et al., 1994; 

Thompson et al., 2011), the researchers found the acromiohumeral distance decreased 

with increasing angles of humerothoracic elevation, with the absolute minimum 

acromiohumeral distance occurring at 120° humerothoracic elevation (3.9 mm). 

However, the minimum distance vector only passed through the supraspinatus tendon 

below 90° humerothoracic elevation rendering the absolute minimum acromiohumeral 

distance at 120° inconsequential relative to mechanisms of rotator cuff injury. In 

objectively quantifying the acromiohumeral distances, Graichen et al. (1999a) was able to 

demonstrate a large between-subject variability in acromiohumeral distance (coefficient 

of variation: 14-46%) suggesting mechanical subacromial impingement is a complex 

phenomenon likely influenced by several factors. While Graichen et al. (1999a) was the 

first to quantify 3D distance vectors, they interestingly chose to quantify acromiohumeral 

distance directly to the humerus despite having created 3D models of the supraspinatus 

muscle. This decision may have inadvertently perpetuated the assertion that rotator cuff 

compression continues to occur at angles as high as 120° humerothoracic elevation by 

failing to describe subacromial relationships directly to the rotator cuff. Further, the 

supine position for acquiring MR scans may alter scapulohumeral relationships and does 

not allow for gravity’s effect on subacromial anatomical relationships.  

In 2012, Giphart et al. (2012) studied acromiohumeral distance in eight healthy 

male subjects using bi-plane fluoroscopy and 2D/3D shape-matching. The novel 



 

51 

 

methodology was a significant advancement because it allowed for the precise 

quantification of dynamic shoulder motion and 3D acromiohumeral distances. The 

researchers found the minimum distances gradually decreased with increasing angles of 

humerothoracic elevation with the absolute minimum distance occurring on average at 

83° during scapular plane abduction (2.6 mm) and at 97° during flexion (1.8 mm). 

Because the study was conducted dynamically, data were available throughout the range 

of motion allowing for a higher resolution of proximity calculations. Further, the location 

of the acromiohumeral distance vector could be visualized relative to the rotator cuff 

insertion site providing a means to assess the clinical meaningfulness of the metric. In 

doing so, the researchers found the minimum distance vector to be located within the 

supraspinatus footprint between 34-72° during scapular plane abduction and 36-65° 

during flexion. This description of the range of motion in which rotator cuff compression 

may occur is lower than previous studies. But given the accuracy and resolution of the 

kinematic and proximity data, the study provides the best description of subacromial 

proximity compression risk in asymptomatic subjects to date. 

As a whole, these studies of subacromial space in cadaveric specimen and 

asymptomatic subjects suggest the minimum acromiohumeral distance occurs across a 

wide range of humerothoracic elevation (45°-120° humerothoracic elevation). However, 

the rotator cuff has typically passed medially under the acromion by 90° and is no longer 

in a position of risk (Flatow et al., 1994; Giphart et al., 2012; Graichen et al., 1999a). As 

such, the interpretation of acromiohumeral distance measures is only truly meaningful 

when the location of the rotator cuff is accounted for as well. Studies in asymptomatic 
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subjects also demonstrated how different angles of humeral elevation resulted in 

statistically significant changes in the subacromial space (Giphart et al., 2012; Graichen 

et al., 1999a). Given shoulder kinematics have been shown to differ between 

symptomatic and asymptomatic individuals (Lawrence et al., 2014a; Lawrence et al., 

2014b; Ludewig et al., 2000; Lukasiewicz et al., 1999; McClure et al., 2006; Sousa Cde 

et al., 2014), it is logical to question whether these kinematic differences impact the 

magnitude of the subacromial space resulting in rotator cuff pathology. However, 

physical contact between the rotator cuff and coracoacromial arch in asymptomatic 

subjects (Graichen et al., 1999a; Tasaki et al., 2015) suggests compression alone may not 

result in symptom provocation in individuals with shoulder pain. Further, no longitudinal 

study has investigated the cause-and-effect relationship of a reduction in subacromial 

space on rotator cuff injury. Therefore, the results of studies of subacromial space in 

symptomatic individuals (Table 18) should be interpreted within the proper perspective 

of association and not causation. 

Subacromial Space in Clinical Populations 

Studies investigating subacromial proximities in symptomatic individuals have 

generally taken two approaches to subject recruitment. The first involves recruiting 

individuals with a diagnosis of “impingement syndrome” which, as previously 

mentioned, is a broad diagnostic label for shoulder pain often given in the absence of 

gross instability, hypomobility, or cervicogenic symptoms. The second approach involves 

recruiting subjects with visible scapular “dyskinesia”, which refers to an alteration in the 

position and/or motion of the scapula (Kibler et al., 2013). Theoretically, the addition of a 
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movement-based classification to the studies’ inclusion criteria may make them more 

sensitive to detect potential group differences in subacromial proximities between study 

groups. 

Symptomatic Individuals 

Several studies have quantified subacromial space in symptomatic subjects 

presenting with signs and symptoms consistent with “impingement syndrome” (Table 

18). Hébert et al. (2003) utilized static MR imaging to quantify 2D acromiohumeral 

distance in subjects classified as having impingement syndrome and compare the results 

to their contralateral shoulder or asymptomatic controls. While comparing an individual’s 

symptomatic shoulder to both their asymptomatic contralateral shoulder and independent 

control subjects has merit, the approach requires a mixed-model statistical analysis, 

which was not performed. Therefore, “group” comparisons are likely confounded by the 

correlation between the level of the within-subject factor. Nevertheless, the researchers 

found symptomatic shoulders had 1-1.5 mm smaller acromiohumeral distance at 

humerothoracic angles above 70° humerothoracic elevation during flexion and 80° 

humerothoracic elevation during abduction. In both symptomatic and asymptomatic 

shoulders, the minimum distance occurred at 110° humerothoracic elevation during both 

flexion and abduction. However, given results of other studies (Bey et al., 2007; Giphart 

et al., 2012; Graichen et al., 1999a; Graichen et al., 1999b), it is likely the rotator cuff had 

already cleared the acromion by this angle. Hébert et al. did not provide descriptions of 

the acromiohumeral vector location relative to the rotator cuff making it difficult to 

interpret the clinical meaningfulness of their acromiohumeral distances at higher angles. 
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Further, because glenohumeral kinematics were not quantified in this study, it is difficult 

to determine potential factors that influenced the difference in acromiohumeral distance 

between studies. 

As previously described, studies using 3D methods provide a more accurate 

description of the anatomical relationships within the subacromial space. As in their 

previous study (Graichen et al., 1999a), Graichen et al. (1999b) used bone models 

reconstructed from MR images to quantify 3D acromiohumeral distance in 10 

symptomatic subjects (six classified as having Neer stage I impingement, three with full-

thickness rotator cuff tears, one with acromioclavicular osteoarthritis). Acromiohumeral 

distances were compared between the subjects’ symptomatic and asymptomatic sides at 

30° and 90° humerothoracic elevation. In all subgroups of subjects, the minimum 

distance was the smallest at 90° humerothoracic elevation. However, the magnitude of 

the acromiohumeral distance only differed between the symptomatic and contralateral 

side in the subjects with full-thickness rotator cuff tears. This finding is consistent with 

previous studies of subacromial space with the arm at the side in individuals with rotator 

cuff tears (Cotton & Rideout, 1964; Deutsch et al., 1996). While Graichen et al. (1999b) 

only studied seven subjects classified with “impingement syndrome” or 

acromioclavicular arthritis, the lack of differences in minimum distance between 

shoulders in subjects suggests the presence of shoulder pain may not necessarily relate to 

the presence of reduced acromiohumeral distance. Furthermore, during isometric 

abduction at 90° humerothoracic elevation, the acromiohumeral distance in the 

symptomatic shoulder was 3.0 mm smaller than the asymptomatic contralateral side. This 
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finding suggests that during muscle contraction, symptomatic individuals may lack the 

ability to offset the superior component of the deltoid muscle force resulting in superior 

translation and a reduction in subacromial space. Or conversely, the symptomatic 

subjects may have an impairment in the function of the middle and lower trapezius 

muscles to stabilize the scapula during deltoid muscle activity resulting in scapular 

downward rotation and a reduction in subacromial space. These potential explanations for 

the group differences during muscle contraction, however, remain theoretical as 

kinematics were not quantified in the study and the effect of scapular movement on 

subacromial proximities remains unclear. Nevertheless, the results of the study suggest 

investigating subacromial proximities during muscle contraction may be more sensitive 

to identifying group differences than during passive positions. 

Using methods similar to Giphart et al. (2012), Bey et al. (2007) compared 3D 

acromiohumeral distance in 11 subjects 12-16 weeks post acromioplasty and repair of an 

isolated full-thickness supraspinatus tear. Each subjects’ surgical shoulder was compared 

to their asymptomatic contralateral shoulder during humeral elevation in the coronal 

plane. As in previous studies, the acromiohumeral distance decreased with increasing 

angles of humerothoracic elevation (Giphart et al., 2012; Graichen et al., 1999a; Graichen 

et al., 1999b; Hebert et al., 2003) and the difference between shoulders increased above 

approximately 75° humerothoracic elevation. Throughout the range of motion, the 

minimum distance in the symptomatic shoulder was approximately 0.5 mm larger on 

average than in the asymptomatic shoulder. It is likely this finding is related to the 

acromioplasty performed at the time of the rotator cuff repair. Further, the angle of 
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absolute minimum distance occurred at approximately 90° humerothoracic elevation 

regardless of the shoulder tested. However, the researchers reported the supraspinatus 

footprint was only under the lateral acromion between approximately 42-54° 

humerothoracic elevation further strengthening the importance of interpreting the 

absolute minimum distance in combination with the location of the supraspinatus 

footprint.   

In general, studies investigating subacromial proximities are limited by 2D 

measures of proximities, bone-to-bone acromiohumeral distances, or both. Further, the 

use of a minimum distance vector limits the description of subacromial space to a single 

dimension, and to a pair of points along the surfaces of the acromion undersurface and 

rotator cuff insertion. In reality, the entirety of both surfaces may be in proximity and 

reducing the description to a single dimension may likely underrepresent the 

phenomenon of subacromial rotator cuff compression. As such, expanding descriptions of 

proximity to multidimensional metrics provide better descriptions of subacromial rotator 

cuff compression risk throughout a range of motion. In light of these considerations, a 

modeling study was conducted by Lawrence et al. (2017) to investigate the impact of 

glenohumeral kinematics on subacromial proximities during a simulated functional 

reaching task. The authors utilized subject-specific 3D anatomical models reconstructed 

from MR images acquired from 20 subjects, 10 of whom had a history of shoulder pain 

consistent with a diagnosis of “impingement syndrome”. The anatomical models 

consisted of the humerus, scapula, coracoacromial ligament, and supraspinatus tendon. 

Glenohumeral motions were simulated using the mean kinematics of asymptomatic 
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individuals collected during a functional reaching task (Braman et al., 2009). Among the 

angles compared statistically, the authors found the supraspinatus tendon was in closest 

proximity to the coracoacromial arch at 30° humerothoracic elevation (~0.7 mm) and 

remained in close proximity throughout the range between 0° and 60° humerothoracic 

elevation (<1.8 mm). Furthermore, 50% of subject models resulted in contact between the 

supraspinatus tendon and coracoacromial arch during the simulated motion. A history of 

symptoms did not influence either the magnitude of the minimum distance or the volume 

of the supraspinatus tendon that intersected with the coracoacromial arch, suggesting any 

underlying anatomical differences between groups did influence subacromial proximities. 

By quantifying subacromial proximities directly to the supraspinatus tendon, this study 

provided a more precise estimate of the range of humerothoracic elevation in which the 

supraspinatus is at risk for compression.  

Scapular Dyskinesia 

Silva et al. (2010) compared acromiohumeral distance between junior elite tennis 

players with and without scapular dyskinesia. Each subject underwent screening for 

scapular dyskinesia based on a visual screen of active shoulder motion (Kibler & 

McMullen, 2003). Acromiohumeral distance was quantified using ultrasonography while 

the arm was at the side and at 60° humerothoracic elevation, both with the humerus 

positioned in internal rotation. The researchers found that, on average, shoulders with 

dyskinesia experienced a higher reduction in acromiohumeral distance when the arm was 

elevated to the 60° position than shoulders without dyskinesia (dyskinesia: 1.9 mm or 

21.4%; without dyskinesia: 1.4 mm or 16%). Although this study utilized a 2D measure 
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of acromiohumeral distance, it establishes scapular movement abnormalities may impact 

measure of subacromial space. However, because dyskinesia was defined without 

reference to a specific scapulothoracic motion (e.g. upward rotation), it is difficult to 

appreciate the impact of specific abnormalities of motion on subacromial proximities. 

In a similar study, Seitz et al. (2012b) utilized ultrasonography to investigate the 

impact of scapular dyskinesia on subacromial space by comparing acromiohumeral 

distance between asymptomatic controls and asymptomatic subjects classified as having 

scapular dyskinesia based on a clinical examination (McClure et al., 2009; Tate et al., 

2009). For both groups, the minimum acromiohumeral distance occurred at 45° 

humerothoracic elevation. However, a mean difference between groups of 0.4 mm was 

not significant at any angle of humerothoracic elevation (rest, 45°, 90°). This lack of 

group difference in acromiohumeral distance may be due to using “dyskinesia” as an 

inclusion criterion vs. classifying based on a specific scapular movement abnormality. 

Indeed, a comparison of scapular orientation between groups did not find significant 

differences at any angle of scapulothoracic elevation despite group classification based 

on a common clinical examination technique to detect abnormal scapular motion. The 

lack of significance does not appear to be due to insufficient statistical power to detect a 

clinically meaningful difference in kinematics as the largest (non-significant) difference 

between groups was 2.2° for posterior tilt. In addition, differences between the 

classification and data collection protocols may potentially confound the study’s ability 

to investigate the effect of dyskinesia on acromiohumeral distances. Specifically, 

classification of dyskinesia was performed dynamically during loaded and unloaded 
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flexion and abduction, and data collection involved static assessment of kinematics and 

acromiohumeral distance during unloaded scapular plane abduction. Therefore, it is 

possible the scapular dyskinesia during data collection was not elicited to the extent that 

resulted in the dyskinesia classification thereby nullifying any differences in kinematics 

and measures of subacromial space. 

Conclusion 

Despite the volume of research that has investigated both shoulder complex 

kinematics and subacromial space in individuals with shoulder pain, the fundamental 

question of whether scapular movement abnormalities impact subacromial rotator cuff 

compression risk remains unanswered. In addition to methodological differences between 

studies, the lack of consistent findings likely relates to the non-homogenous nature of the 

clinical diagnosis of impingement syndrome and not classifying study groups based on 

particular scapulothoracic movement abnormalities. Evidence suggests several subgroups 

of patients exist within the broader clinical diagnosis of “impingement syndrome” 

(Ludewig et al., 2017). Therefore, studying subacromial proximities in these more 

homogenous patient populations may provide clearer insight on the impact of shoulder 

kinematics on subacromial rotator cuff compression. Given a reduction in 

scapulothoracic upward rotation is the most common finding in comparative kinematic 

studies (Endo et al., 2001; Lawrence et al., 2014a; Ludewig et al., 2000) and is frequently 

theorized to directly impact subacromial space (Kibler et al., 2013; Ludewig et al., 2011; 

Ludewig et al., 2009b; Michener et al., 2003; Seitz et al., 2011), investigating this 

relationship is a logical first step towards understanding the movement-related 
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mechanisms of rotator cuff pathology. Further, understanding how scapulothoracic 

motion is produced will provide a foundation from which to develop diagnostic and 

treatment paradigms in an effort to continually improve patient outcomes.  
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Chapter 3: Validation of single-plane fluoroscopy and 2D/3D shape-matching for 

quantifying shoulder complex kinematics (Aim 1)1 

The investigation of many clinical questions requires precise measurement of 

human movement. Traditional methods of quantifying kinematics are often subject to 

errors due to skin motion artifact, which adds irrelevant variability that may confound 

underlying relationships. Fluoroscopy and 2D/3D shape-matching is an emerging 

approach to non-invasively quantify human motion. However, data collection and 

processing protocols are exceedingly complex and require internal validation prior to 

broad utilization. Therefore, the first aim of this thesis is to develop and validate a 

protocol for tracking shoulder complex kinematics using single-plane fluoroscopy and 

2D/3D shape-matching. 

                                                 
1 Published in Medical Engineering and Physics. 52:69-75. 2018 (PMID: 29229406). 

Co-authors: Arin M. Ellingson, PhD and Paula M. Ludewig, PT, PhD 
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Abstract 

Study Design: Laboratory controlled study 

Background: Fluoroscopy and 2D/3D shape-matching has emerged as the standard for 

non-invasively quantifying kinematics. However, its accuracy has not been well 

established for the shoulder complex when using single-plane fluoroscopy.  

Objective: The purpose of this study was to determine the accuracy of single-plane 

fluoroscopy and 2D/3D shape-matching for quantifying full shoulder complex 

kinematics.  

Methods: Tantalum markers were implanted into the clavicle, humerus, and scapula of 

four cadaveric shoulders. Biplane radiographs were obtained with the shoulder in five 

humerothoracic elevation positions (arm at the side, 30, 60, 90, maximum). Images 

from both systems were used to perform marker tracking, while only those images 

acquired with the primary fluoroscopy system were used to perform 2D/3D shape-

matching. Kinematics errors due to shape-matching were calculated as the difference 

between marker tracking and 2D/3D shape-matching and expressed as root mean square 

(RMS) error, bias, and precision.  

Results: Overall RMS errors for the glenohumeral joint ranged from 0.7-3.3° and 1.2-4.2 

mm, while errors for the acromioclavicular joint ranged from 1.7-3.4°. Errors associated 

with shape-matching individual bones ranged from 1.2-3.2° for the humerus, 0.5-1.6° for 

the scapula, and 0.4-3.7° for the clavicle.  
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Conclusion: The results of the study demonstrate that single-plane fluoroscopy and 

2D/3D shape-matching can accurately quantify full shoulder complex kinematics in static 

positions.  
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Introduction 

Quantifying shoulder kinematics is often fundamental to many clinical questions 

regarding the development and/or progression of orthopaedic conditions including rotator 

cuff disease and multidirectional instability. Traditional methods to non-invasively 

quantify kinematics include optical and electromagnetic motion capture. However, these 

methods are subject to skin motion artifact (Hamming et al., 2012; Karduna et al., 2001; 

Ludewig et al., 2002). Other studies quantified kinematics by attaching motion sensors to 

pins inserted directly into bones (Ludewig et al., 2009a; McClure et al., 2001). While 

these studies provide a more accurate description of joint motion, they are limited by 

small sample sizes due to the invasive nature of the methodology. Consequently, larger 

studies investigating clinically-focused research questions are not feasible. 

More recently the use of fluoroscopy and model-based image registration (i.e. 

2D/3D shape-matching) has become the standard for non-invasively quantifying joint 

motion (Bey et al., 2006; Giphart et al., 2012; Miranda et al., 2011; Tashman & Anderst, 

2003). Biplane fluoroscopy provides highly precise estimates of glenohumeral motion 

with errors less than 1.0 and 0.5 mm (Giphart et al., 2012). However, the use of two 

radiographic systems increases the dose to the subject compared to using a single plane. 

Further, the use of single plane fluoroscopy does not require specialized biplane 

radiographic systems but can be employed using common clinical c-arm systems.  

In exchange for reduced radiation dose, single plane fluoroscopy generally results 

in lower kinematic accuracy (You et al., 2001). However, its accuracy for quantifying 

shoulder kinematics is not well established despite its use in several studies (Kon et al., 
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2008; Matsuki et al., 2014; Matsuki et al., 2011; Matsuki et al., 2012; Nishinaka et al., 

2008). Only two studies have investigated the accuracy for glenohumeral joint motion 

(Matsuki et al., 2012; Zhu et al., 2012). Both studies utilized a single shoulder specimen 

which may limit the generalizability of the results given the substantial variation in 

shoulder anatomy that exists between individuals, and also between sides within 

individuals (Auerbach & Raxter, 2008; Daruwalla et al., 2010; Jacobson et al., 2015) and 

the inherent dependency of shape-matching on anatomical morphologies. Furthermore, 

no study has investigated the accuracy of tracking clavicular kinematics. This hinders a 

comprehensive understanding of shoulder complex motion given the clavicle’s important 

role in shoulder complex function (Dvir et al., 1978; Ludewig et al., 2009a; Teece et al., 

2008). Therefore, the purpose of this study was to determine the accuracy of single plane 

fluoroscopy and 2D/3D shape-matching for quantifying full shoulder complex kinematics 

using biplane marker tracking (i.e. radiostereometric analysis, or RSA) as the criterion 

reference. 

Methods 

Instrumentation 

The primary imaging system utilized in this study was a Philips BV Pulsera 

mobile c-arm fluoroscopy unit (99.5 cm source-to-image distance (SID), 30 cm field-of-

view (FOV), 1024 × 1024 image resolution). The secondary imaging system was a 

custom video-radiography system (152 cm SID, 40.6 cm FOV, 1080 × 1080 image 

resolution). The imaging systems were positioned with an 80 inter-beam angle and with 

the image intensifier of the primary system 20 cm off the face of the secondary system 
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(Figure 11). This gap allowed for a larger imaging volume without decreasing the 

source-to-object distance (SOD) of the primary imaging system, and thus preventing 

unnecessary magnification and reduction of the functional FOV. 

Marker Tracking Validation 

Prior to the in vitro validation experiment, the accuracy of tracking markers 

within the 3D imaging volume was verified using an acrylic validation object that was 

precision milled with six 1-mm diameter tantalum markers positioned in two clusters of 

three markers. The distances between markers and marker clusters were chosen to 

simulate the approximate distances between markers placed into the clavicle and scapula 

during the in vitro experiments. Two orthogonal coordinate systems were constructed 

from the two sets of marker clusters using the known 3D marker coordinates. 

Images of a distortion grid and calibration cube were acquired using both 

radiographic systems to correct for image distortion and to define the imaging geometry 

of the biplane system (Brainerd et al., 2010). The validation object was positioned and 

imaged in 30 positions and orientations throughout the biplane imaging volume. Image 

distortion correction, 3D volume calibration, and biplane marker digitization were 

performed using XMALab 1.3.3 software (Knorlein et al., 2016). Following digitization, 

the 3D coordinates of each marker were exported for data analysis using custom 

MATLAB codes (The Mathworks, Inc.; Natick, USA). 

The Euclidean distance between marker pairs (i.e. inter-bead distance) was 

calculated from the 3D marker coordinates. The relative position and orientation of the 

two marker clusters were also determined. Errors in inter-bead distances and relative 
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marker cluster position and orientation were determined based on the known marker 

coordinates and those estimated from digitization. Errors were expressed as RMS error 

(i.e. the square root of the mean squared error), bias (i.e. the mean error), and precision 

(i.e. the standard deviation of the error). 

Single Plane 2D/3D Shape-Matching Validation 

Two cadaveric specimens consisting of the thorax and bilateral upper extremities 

(4 shoulders total) were acquired (1 male, 1 female; ages at death: 80 and 58 years, 

respectively). Tantalum markers (1 mm diameter) were inserted into the clavicle, scapula, 

and humerus through sharp dissection. Resected soft tissue was returned to its anatomical 

position and sutured following marker placement. The specimens were then secured to a 

chair in an upright seated position allowing for full shoulder complex motion.  

The specimens were oriented in the biplane imaging volume such that the scapula 

was approximately parallel to the image intensifier of the primary imaging system. The 

arm was elevated and held passively using a pulley system at five static positions: arm at 

side (i.e. minimum), 30°, 60°, 90°, and maximum humerothoracic elevation. 

Humerothoracic elevation angles were verified using a clinical goniometer within ±5° of 

the target angle. Images were acquired using both radiographic systems with the shoulder 

at each elevated position. All images acquired with the primary imaging system used high 

definition fluoroscopy (continuous x-ray mode) and the system’s automatic kV/mA 

function (50-60 kV, 4.0-4.5 mA).  

Computed topography (CT) scans of the entire shoulder complex were acquired 

for each specimen using a Siemens SOMATOM Sensation 64 CT scanner (140 kVp, 0.6 
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mm slice thickness, 315 mA, 512 × 512 resolution). Three-dimensional bone models of 

the humerus, scapula, and clavicle were created using Mimics software (Materialise NV; 

Leuven, Belgium). The tantalum markers were included in the segmented bone masks 

such that when the 3D bone models were rendered the cortical surface of the bone did not 

have any evidence of discontinuity from the marker, thus masking bead placements 

which could create user bias during shape-matching. 

Anatomical coordinate systems were constructed by digitizing landmarks on the 

3D models per the recommendations of the International Society of Biomechanics (Wu et 

al., 2005) and expressed relative to the CT coordinate system. Due to the difficulty of 

consistently identifying three non-collinear points on the clavicle, the third clavicular 

point was defined 5 cm superior to the center of mass along the clavicle’s 

superior/inferior inertial axis. The geometric center of the humeral head was determined 

using a least-squares sphere fit to the articular surface. The origins of the humeral and 

scapular coordinate systems were placed at the geometric center of the humeral head, and 

the origin of the clavicular coordinate system was placed at the acromioclavicular joint. 

The locations of marker centroids were digitized on the CT images allowing for the 

definition of a temporary marker-based coordinate system for each bone. The 

transformation between the anatomical coordinate system and the temporary marker-

based coordinate system was calculated for each bone segment using the CT scanner’s 

coordinate system as the common reference frame. 

Radiographic image distortion correction, calibration, and biplane marker 

digitization were performed using XMALab software (Knorlein et al., 2016) as 
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previously described. Temporary marker-based coordinate systems were constructed for 

each segment in each radiographic frame and transformed to anatomical coordinate 

system using the transformation previously calculated. This process assumes the markers 

remained rigidly fixed in the bone, which was verified by comparing the precision of the 

inter-bead distances to those obtained during the marker validation experiment. Model 

registration was performed using the undistorted images acquired from the primary 

fluoroscopy system using an open source model-image registration software (JointTrack, 

available at: https://sourceforge.net/projects/jointtrack/) (Figure 12). 

A custom MATLAB code was used to process and analyze the kinematic data. 

Glenohumeral joint position and orientation were described as the humeral anatomical 

coordinate system relative to the scapular anatomical coordinate system using an X,Z’,Y” 

rotation sequence (Phadke et al., 2011). Acromioclavicular joint orientation was 

described as the scapular anatomical coordinate system relative to the clavicular 

anatomical coordinate system using an Y,X’,Z” rotation sequence (Wu et al., 2005). The 

error in joint kinematics due to shape-matching was calculated at each humerothoracic 

position as the difference between marker tracking and 2D/3D shape-matching. All errors 

were expressed as RMS error, bias error, and precision. Overall RMS error, bias error, 

and precision were also calculated by pooling data from all humerothoracic positions. To 

investigate kinematics errors further, the error due to shape-matching individual bone 

segments was described by calculating the displacement between the segment’s 

anatomical coordinate systems as defined by marker tracking and 2D/3D shape-matching.  

Results 
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Marker Tracking Validation 

The RMS error for the inter-bead distance of the validation object across trials 

was 0.2 mm with a bias (± precision) of -0.1 mm (± 0.1 mm). This corresponded to 

relative orientation and position RMS errors between the two marker clusters of 0.2° and 

0.3 mm, respectively. The bias error for relative marker cluster orientation and position 

was 0.0° (± 0.1°) and 0.1 mm (±0.2 mm), respectively. 

2D/3D Shape-Matching Validation 

One frame was excluded in one specimen due to marker drop-out for the 

minimum humerothoracic elevation position. The average maximum angle of 

glenohumeral elevation was 82.3 (5.0), which corresponded to an average 

humerothoracic elevation of 109° ± 6.9°. 

For the acromioclavicular joint, the overall RMS errors across all humerothoracic 

elevation angles was 1.7° for internal rotation, 3.4° for upward rotation, and 2.0° for tilt. 

RMS error at each angle of humerothoracic elevation are shown in Figure 13A, and bias 

and precision are presented in Table 1.  

For glenohumeral joint orientation, the overall RMS errors across all 

humerothoracic elevation angles was 0.7° for elevation, 2.6° for plane of elevation, and 

3.3° for axial rotation. RMS error at each angle of humerothoracic elevation are shown in 

Figure 13B, and bias and precision are presented in Table 1. The overall RMS error for 

glenohumeral geometric center position was 4.2 mm along the anterior/posterior axis, 1.2 

mm along the superior/inferior axis, and 1.8 mm along the medial/lateral axis. RMS 
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error, bias, and precision at each angle of humerothoracic elevation are presented in 

Table 2. 

RMS errors representing the angular error in shape-matching each individual bone 

segment are presented in Figure 14. RMS errors ranged between 1.2-3.2° for the 

humerus, 0.5-1.6° for the scapula, and 0.4-3.7° for the clavicle. Corresponding bias and 

precision values are presented in Table 3. Overall RMS errors representing the positional 

error in shape-matching ranged between 4.2-8.1 mm for the humerus and 1.6-9.3 mm for 

the scapula. RMS error, bias, and precision at each angle of humerothoracic elevation are 

presented in Table 4. 

Discussion 

This study provides a comprehensive analysis of the accuracy of using single 

plane fluoroscopy and 2D/3D shape-matching for quantifying static shoulder complex 

kinematics. Importantly, the study establishes the methodology as a viable option for 

quantifying static shoulder complex kinematics. This study also demonstrates the process 

can be accomplished using clinically available imaging technology, which strengthens 

the potential to successfully translate this methodology to clinical application of 

identifying movement disorders. Furthermore, by describing both joint and bone segment 

accuracy using multiple error metrics, the results of the study can help understand the 

implications of the errors when the methodology is used to describe shoulder complex 

kinematics in vivo.  

Only two previous studies have investigated the accuracy of tracking 

glenohumeral kinematics using single plane fluoroscopy (Matsuki et al., 2012; Zhu et al., 
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2012). In general, the results of these investigations are comparable to the current study. 

Specifically, Matsuki (2012) found glenohumeral RMS errors of 0.8-3.7 and 0.5-1.5 

mm, while Zhu (2012) found bias errors for the humerus and scapula of 0.5-2.0 and 0.2-

5.3 mm. However, both studies are limited by the use of only one cadaveric shoulder 

resulting in errors that may not be generalizable due to the variation in shoulder complex 

anatomy both between and within individuals (Auerbach et al., 2008; Daruwalla et al., 

2010; Jacobson et al., 2015) (Figure 12). Additionally, both studies investigated dynamic 

shoulder motion while static trials were utilized in the current study due to the inability to 

sync the primary and secondary radiographic systems in the biplane configuration. 

Although dynamic trials may introduce image blur that may affect shape-matching 

accuracy, the comparable results between the current study and previous work (Matsuki 

et al., 2012; Zhu et al., 2012) suggests dynamic motion may not significantly affect 

shape-matching accuracy compared to the error associated with having a single imaging 

plane. 

Comparison of individual kinematic parameters between fluoroscopy validation 

studies is often complicated due to the use of “in-plane” and “out-of-plane” terminology. 

While use of these terms is common and accepted for the primarily uniaxial motion of the 

knee joint, they are an oversimplification of shoulder complex motion. When the image 

receptor is positioned parallel to the scapula and the humerus elevates in the scapular 

plane, glenohumeral elevation is often considered “in-plane”. However, the humerus 

externally rotates considerably as it elevates (Ludewig et al., 2009a) altering the degree to 

which a motion is considered in- or out-of-plane. Additionally, the complex geometry of 
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the shoulder girdle makes this terminology even more difficult to interpret. For example, 

scapular upward/downward rotation could be considered an “in-plane” motion if 

positioned parallel to the image receptor. However, when it is described relative to the 

clavicle as is done for acromioclavicular joint motion, scapular upward rotation can no 

longer be considered “in plane” due to sternoclavicular retraction, which places the 

clavicle oblique to the imaging plane. These considerations emphasize the need for 

specific, anatomical descriptions of errors from validation studies. 

Importantly, this study demonstrates the clavicle can be accurately tracked using 

single plane 2D/3D shape-matching. With surface sensors, it is generally recommended 

to limit tracking to humeral elevation angles lower than 115 due to skin motion artifact 

affecting axial rotation (Ludewig et al., 2004). Given axial rotation is the primary motion 

of the clavicle (Ludewig et al., 2009a), accurately quantifying this rotation is critical to 

understanding the contribution of clavicular motion to overall shoulder complex function. 

Although it is unknown whether the accuracy for tracking the clavicle found in the 

current study will be similar for dynamic trials, this methodology looks promising for 

tracking clavicular motion throughout the range of motion because RMS errors did not 

appear to be influenced by humerothoracic elevation angle (Figure 14).  

The current study also offered a more comprehensive analysis of shape-matching 

errors than previous works that report either bias and precision (Zhu et al., 2012) or RMS 

error (Matsuki et al., 2012). Although subtle, the differences between these error metrics 

have very important implications on interpreting validation studies. Specifically, RMS 

error describes the average magnitude of the error and therefore provides an estimate of 
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accuracy. In contrast, bias error describes the mean error and can appear artificially small 

if errors are not consistently positive or negative (i.e. systematic error). For example, 

glenohumeral axial rotation bias error in the current study is 0.0°, while the RMS is 3.3°. 

This suggests glenohumeral axial rotation errors are not biased but are on average 3.3° 

from their true value. In comparison, the similar magnitude of the RMS and bias errors 

for glenohumeral medial/lateral position indicates a systematic error of approximately 1.5 

mm resulting in a more medial position relative to the scapula than its true position. 

These examples highlight the need to report both metrics when describing the accuracy of 

measurement systems. 

Calculating errors associated with both the joint and individual bone segments 

allows for investigation into potential sources of error, which has not been possible in 

reviewing the results of previous studies. For example, acromioclavicular upward rotation 

was found to have the highest overall rotation RMS error value (3.4°). According to the 

coupling theory (Teece et al., 2008), this acromioclavicular joint position is related to 

scapular upward/downward rotation and clavicular elevation/depression and axial 

rotation. Inspection of the RMS errors for scapular upward rotation error (0.5°) and 

clavicular elevation (0.6°) and axial rotation (3.7°) suggests the error in 

acromioclavicular upward rotation is likely due to error in shape-matching clavicle axial 

rotation. Likewise, the error associated with glenohumeral axial rotation appears to be 

due to shape-matching errors of humeral internal/external rotation as opposed to scapular 

internal/external rotation. Interpreting errors in this way is useful when working to 
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improve the accuracy of shape-matching by identifying the specific bone motion 

responsible for the resulting description of joint error. 

Inspection of the bone data also brings to light the complexities of shape-

matching each bone segment. Angular errors for the scapula and clavicle were generally 

lower than that for the humerus. For the scapula, this is likely a reflection of anatomical 

uniqueness of the bone as it has many structures that provide valuable information for 

shape-matching. In comparison, the clavicle does not have as many unique anatomical 

structures, however obtaining the radiographic image in the scapular plane helps visualize 

the crank shape of the clavicle (Figure 12). This provides information about the degree to 

which the clavicle is rotated about its long axis, which is difficult to visualize on a more 

A-P view when the clavicle appears more cylindrical. In contrast, the humerus offers less 

anatomical information to assist in shape-matching due to its long symmetrical shape, 

which results in higher shape-matching errors (Figure 14). 

The preliminary experiment validating marker tracking is critical when using 

RSA to validate 2D/3D shape-matching as it determines how accurately markers can be 

tracked in 3D space. The current study found higher errors relative to the results of 

previous studies (Anderst et al., 2009; Brainerd et al., 2010; Tashman et al., 2003). These 

studies reported inter-bead distance bias errors up to ±0.02 mm and precision values up to 

0.05 mm. However, expressing marker tracking accuracy in terms of inter-bead distance 

may be less meaningful because the metric is not in the units of our primary dependent 

variable (i.e. relative position and orientation). Developing coordinate systems from the 

marker clusters allowed marker tracking errors to be described in terms of relative 
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orientation (degrees) and position (mm). This analysis demonstrated that the errors 

associated with the orientation/position of the marker clusters are very small and within 

an acceptable tolerance, despite higher inter-bead distance errors.  

This study has limitations that should be considered. First, the use of RSA to 

validate shape-matching has inherent limitations. The same images are used for marker 

tracking and shape-matching. As such, they are subject to the same distortion correction 

and calibration and any inaccuracies with these processes will not be known. While the 

results of the marker validation experiment provide an estimate of the magnitude of this 

error, an optimal validation experiment would have separate sources of error. However, 

the use of other systems such as electromagnetic sensors or optical markers would 

introduce additional differences associated with the unique definition of the coordinate 

systems from two different methodologies. Second, the accuracy of RSA as the gold 

standard in describing rotations about anatomical axes is limited by the resolution of the 

CT scan and metal artifact from the tantalum markers. This is because error in identifying 

the marker centroids on the CT scan will result in errors in defining the “true” 

orientation/position of the temporary marker-based coordinate system. This error will 

affect the transformation between the temporary marker-based coordinate system and the 

anatomical coordinate system, resulting in a systematic error in describing anatomical 

bone orientation/position. Therefore, it is possible the errors in defining the marker 

centroids increased the errors attributed to the 2D/3D shape-matching. Finally, although 

the study included more specimens than previous validation studies using single plane 
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fluoroscopy, additional specimens would likely improve the estimate of the error 

associated with shape-matching.  

Overall, the results of the study demonstrate that single-plane fluoroscopy and 

2D/3D shape-matching can accurately quantify shoulder complex motion. Furthermore, 

the methodology can be performed using clinically available technology. Future research 

is needed to quantify how the errors affect the result of kinematic models used to estimate 

parameters such as acromiohumeral distance, cartilage deformation, and joint forces and 

net muscle moments.  
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Table 1: Bias ± precision for Acromioclavicular and Glenohumeral Joint Orientations 
 Acromioclavicular Joint Glenohumeral Joint 

Position IR/ER UR/DR Tilt Elevation Plane of 

Elevation 

Axial 

Rotation 

Min 0.3 ± 1.7 -0.3 ± 4.1 -0.9 ± 0.5 -0.3 ± 1.0 -0.5 ± 0.9 -0.3 ± 1.2 

30° 1.1 ± 1.4 1.5 ± 3.2 -1.7 ± 2.1 -0.3 ± 0.2 -0.9 ± 2.4 1.0 ± 3.7 

60° 0.0 ± 1.6 1.2 ± 3.7 -1.2 ± 0.7 0.1 ± 0.2 -1.4 ± 3.5 1.2 ± 3.0 

90° 0.6 ± 1.8 0.5 ± 5.4 -0.2 ± 3.2 -0.4 ± 0.8 -1.7 ± 2.4 -1.3 ± 4.8 

Max 0.1 ± 2.8 0.3 ± 1.9 -0.8 ± 1.9 0.0 ± 1.0 -0.9 ± 2.8 -0.8 ± 4.1 

Overall 0.4 ± 1.7 0.7 ± 3.4 -0.9 ± 1.9 -0.2 ± 0.7 -1.1 ± 2.4 0.0 ± 3.4 

Notes: All magnitudes in degrees. Positive bias values for the acromioclavicular joint indicates 

shape-matching overestimated external rotation, upward rotation, and anterior tilt as compared 

to marker tracking, or underestimated internal rotation, downward rotation, and posterior tilt. 

Positive bias values for the glenohumeral joint indicates shape-matching overestimated 

abduction, posterior plane of elevation, and external rotation as compared to marker tracking, 

or underestimated adduction, anterior plane of elevation, and internal rotation. Abbreviations: 

IR = internal rotation, ER = external rotation, UR = upward rotation, DR = downward rotation. 

Bias represents systematic errors or offsets. 
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Table 2: RMS Error (bias ± precision) for Glenohumeral Joint 

Position 
Position Anterior/  

Posterior 

Superior/  

Inferior 

Medial/ 

Lateral 

Min 3.0 (1.0 ± 3.4) 1.4 (1.2 ± 1.0) 1.2 (-0.9 ± 0.9) 

30° 3.8 (0.4 ± 4.4) 1.2 (0.3 ± 1.3) 1.7 (-1.5 ± 1.0) 

60° 2.8 (2.2 ± 1.9) 0.9 (0.1 ± 1.0) 1.5 (-1.5 ± 0.3) 

90° 5.6 (4.2 ± 4.3) 1.1 (0.2 ± 1.3) 2.1 (-1.7 ± 1.4) 

Max 4.8 (3.7 ± 3.6) 1.2 (0.0 ± 1.3) 2.1 (-1.8 ± 1.2) 

Overall 4.2 (2.4 ± 3.5) 1.2 (0.3 ± 1.1) 1.8 (-1.5 ± 1.0) 

Notes: All magnitudes in mm. Positive bias indicates shape-matching 

resulted in a more posterior, inferior, and/or medial position of the 
humerus relative to the scapula as compared to marker tracking. 
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Table 3: Bias ± Precision for Humeral, Scapular, and Clavicular 

Bone Angular Error 
Humerus    

 Elevation Plane Axial Rotation 

Min 0.5 ± 0.7 0.1 ± 0.4 -0.4 ± 1.6 

30° 0.8 ± 2.1 -0.2 ± 1.1 -1.4 ± 2.8 

60° 1.3 ± 3.4 0.4 ± 0.7 -1.1 ± 3.4 

90° 1.5 ± 1.3 0.4 ± 0.7 1.2 ± 5.0 

Max 1.4 ± 2.4 0.0 ± 2.5 0.6 ± 3.8 

Overall 1.1 ± 2.0 0.1 ± 1.2 -0.2 ± 3.3 

Scapula    

 IR/ER UR/DR Tilt 

Min -0.3 ± 1.9 0.2 ± 0.3 0.5 ± 1.3 

30° -0.5 ± 1.4 -0.1 ± 0.4 0.0 ± 0.3 

60° 0.1 ± 1.6 0.2 ± 0.3 0.1 ± 1.0 

90° -0.3 ± 1.7 -0.1 ± 0.3 -0.1 ± 1.1 

Max 0.0 ± 2.3 0.6 ± 0.6 0.3 ± 0.3 

Overall -0.2 ± 1.6 0.2 ± 0.4 0.2 ± 0.8 

Clavicle    

 Retraction Elevation Axial Rotation 

Min 0.0 ± 0.1 -0.2 ± 1.0 -0.3 ± 3.8 

30° 0.3 ± 0.6 -0.2 ± 0.6 -2.2 ± 3.5 

60° 0.0 ± 0.2 0.0 ± 0.7 -1.8 ± 3.3 

90° 0.4 ± 0.5 0.1 ± 0.5 -0.6 ± 6.0 

Max 0.2 ± 0.4 0.2 ± 0.5 -1.0 ± 2.3 

Overall 0.2 ± 0.4 0.0 ± 0.6 -1.2 ± 3.6 

Notes: All magnitudes in degrees. Positive bias values for the humerus 

indicates shape-matching overestimated abduction, posterior plane of 

elevation, and external rotation as compared to marker tracking, or 

underestimated adduction, anterior plane of elevation, and internal 

rotation. Positive bias values for the scapula indicates shape-matching 

overestimated external rotation, upward rotation, and anterior tilt as 

compared to marker tracking, or underestimated internal rotation, 

downward rotation, and posterior tilt. Positive bias values for the clavicle 

indicates shape-matching overestimated retraction, elevation, and anterior 

axial rotation as compared to marker tracking, or underestimated 

protraction, depression, and posterior axial rotation. Abbreviations: IR = 

internal rotation, ER = external rotation, UR = upward rotation, DR = 

downward rotation. 
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Table 4: RMS Error (bias ± precision) for Humeral and Scapular Bone Position 

Error 
 Anterior/Posterior Superior/Inferior Medial/Lateral 

Humerus    

Min 2.7 (1.2 ± 3.0) 1.2 (0.6 ± 1.3) 4.8 (-3.4 ± 4.2) 

30° 4.3 (-3.5 ± 3.0) 4.0 (-2.5 ± 3.6) 11.6 (9.8 ± 7.2) 

60° 3.2 (-1.8 ± 3.1) 4.1 (-2.7 ± 3.6) 9.0 (7.1 ± 6.5) 

90° 4.4 (-2.5 ± 4.1) 3.2 (-2.6 ± 2.2) 6.8 (5.6 ± 4.3) 

Max 5.5 (-2.3 ± 5.8) 3.6 (-2.5 ± 2.9) 5.7 (4.4 ± 4.2) 

Overall 4.2 (-1.9 ± 3.9) 3.5 (-2.1 ± 2.9) 8.1 (5.1 ± 6.4) 

Scapula    

Min 5.9 (4.5 ± 4.7) 2.9 (2.4 ± 2.0) 1.9 (-1.6 ± 1.3) 
30° 12.9 (-9.9 ± 9.5) 3.8 (-1.3 ± 4.2) 1.6 (0.0 ± 1.9) 

60° 9.5 (-5.5 ± 9.0) 2.8 (-0.5 ± 3.1) 0.9 (-0.3 ± 1.0) 

90° 7.2 (-2.5 ± 7.8) 2.6 (0.0 ± 3.0) 1.3 (-0.2 ± 1.4) 

Max 8.6 (-1.2 ± 9.9) 3.5 (-0.2 ± 4.1) 2.2 (-0.1 ± 2.6) 

Overall 9.3 (-3.3 ± 8.9) 3.2 (0.0 ± 3.3) 1.6 (-0.4 ± 1.6) 

Notes: All magnitudes in mm. Positive bias indicates shape-matching resulted in a 

more posterior, inferior, and/or medial position of the bone segment compared to 

marker tracking. 
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Figure 11: Configuration of the biplane radiographic setup (top view). Marker tracking 

was performed using images acquired from both the primary and secondary systems in 

the biplane configuration, while 2D/3D shape-matching utilized images only from the 

primary fluoroscopy system. 
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Figure 12: Example of shape-matched humerus, scapula, and clavicle at the minimum 

position of humerothoracic elevation. Figure demonstrates the crank shape of the clavicle 

can be visualized when the subject is placed such that the scapula is approximately 

parallel to the image intensifier. The image also shows an example of anatomical 

variability in that the specimen has an extremely sloped humeral greater tuberosity 

compared to the expected relatively flat superior surface. 
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Figure 13: RMS errors for orientation of the acromioclavicular and glenohumeral joints 

across humerothoracic elevation angles. A) acromioclavicular and B) glenohumeral 

Abbreviations: IR = internal rotation, ER = external rotation, UR = upward rotation, DR 

= downward rotation. 
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Figure 14: RMS errors representing the angular difference between the anatomical 

coordinate system from marker tracking and shape-matching for the humerus, scapula, 

and clavicle across humerothoracic elevation angles. A) humerus, B) scapula, and C) 

clavicle Abbreviations: IR = internal rotation, ER = external rotation, UR = upward 

rotation, DR = downward rotation, Prot = protraction, Ret = retraction, Elev = elevation, 

Dep = depression. 
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Chapter 4: The impact of decreased scapulothoracic upward rotation on 

subacromial proximities (Aim 2) 

Many theories exist regarding the pathogenesis of rotator cuff disease. Abnormal 

scapular motion has long been considered a primary contributor. In particular, decreased 

scapulothoracic upward rotation is believed to increase risk for rotator cuff disease by 

reducing the magnitude of the subacromial space during arm motion. However, few 

studies have directly tested the movement-related mechanisms of rotator cuff disease. 

This gap in knowledge impacts our ability to maximize clinical outcomes by targeting 

treatment to the underlying cause. Therefore, the second aim of this thesis is to determine 

the impact of decreased scapulothoracic upward rotation on subacromial proximities. 
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Abstract 

Study Design: Cross sectional observational study. 

Background: Decreased scapulothoracic upward rotation has been theorized to increase 

an individual’s risk for mechanical rotator cuff compression by reducing subacromial 

proximities. However, the impact of decreased scapulothoracic upward rotation on 

subacromial proximities has not been tested during dynamic in vivo shoulder motion.  

Objectives: Determine the impact of decreased scapulothoracic upward rotation on 

subacromial proximities. 

Methods: Shoulder kinematics were quantified in 40 participants classified as having 

high or low scapulothoracic upward rotation during scapular plane abduction using 

single-plane fluoroscopy and 2D/3D shape-matching. For each subject, 3D bone models 

of the humerus and scapula were reconstructed from MR images and animated with the 

subjects’ glenohumeral kinematics. Subacromial proximities were calculated between the 

coracoacromial arch and rotator cuff insertion then normalized to the subjects’ rotator 

cuff tendon thickness. The prevalence of contact between the coracoacromial arch and 

rotator cuff was also quantified. The effect of decreased scapulothoracic upward rotation 

on subacromial proximities was assessed using two-factor mixed-model ANOVAs. 

Results: Subacromial proximities were generally smallest below 90° humerothoracic 

elevation. The difference between groups in normalized minimum distance was 

dependent on the angle of humerothoracic elevation (p = 0.048). With the arm at the side, 

the normalized minimum distance for participants in the low scapulothoracic upward 

rotation group was 34.8% smaller compared to those in the high upward rotation group (p 
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= 0.049). Contact between the coracoacromial arch and rotator cuff tendon occurred in 

45% of subjects. 

Conclusion: Decreased scapulothoracic upward rotation shifts the range of risk for 

subacromial rotator cuff compression to lower angles. However, the low prevalence of 

contact between the coracoacromial arch and rotator cuff tendon suggests subacromial 

compression may not be a common method for rotator cuff injury during unloaded 

humeral elevation in the scapular plane. 
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Introduction 

Shoulder pain is a common condition for which patients often seek treatment 

(Feleus et al., 2008). The traditional approach for diagnosing shoulder pain involves 

attempting to identify the underlying pathoanatomic cause. The majority of patients with 

shoulder pain have evidence of degenerative rotator cuff disease (Freygant et al., 2014), 

yet simply identifying the rotator cuff as a potential source of pain proves insufficient to 

direct medical and rehabilitation treatment strategies (Braman et al., 2014; Ludewig et al., 

2017; Ludewig et al., 2013; Schellingerhout et al., 2008). Indeed, randomized controlled 

trials of surgical and exercise interventions for individuals given a diagnosis of rotator 

cuff “impingement” or “tendonitis” often report an average improvement of only 50% in 

functional outcome measures (Camargo et al., 2015; Haahr et al., 2005; Struyf et al., 

2013). This suggests current intervention strategies based on pathoanatomic diagnoses 

may be insufficient to maximize rehabilitation outcomes and patient quality of life. 

Diagnosing musculoskeletal conditions based on movement impairments has been 

proposed to more directly link pathology with an underlying cause, and therefore 

diagnosis to treatment (Ludewig et al., 2017; Ludewig et al., 2013; Sahrmann et al., 

2017). Numerous studies have shown that individuals with shoulder pain move 

differently than asymptomatic individuals, with the following potential movement-based 

subgroups identified: decreased scapulothoracic upward rotation (Endo et al., 2001; 

Lawrence et al., 2014a; Ludewig et al., 2000), increased scapulothoracic upward rotation 

(McClure et al., 2006; Sousa Cde et al., 2014), decreased scapulothoracic posterior tilt 

(Ludewig et al., 2000; Lukasiewicz et al., 1999), increased scapulothoracic posterior tilt 
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(McClure et al., 2006; Sousa Cde et al., 2014), and increased glenohumeral translations 

(Lawrence et al., 2014b). These movement-based subgroups may influence mechanisms 

of rotator cuff pathology in different ways. For example, it has long been hypothesized 

that a reduction in scapulothoracic upward rotation increases an individual’s risk for 

subacromial rotator cuff compression (Ludewig et al., 2000), which occurs when the 

rotator cuff becomes compressed under the coracoacromial arch during shoulder 

movement (Neer, 1983). However, relatively few studies have investigated the impact of 

specific movement abnormalities on mechanisms of joint and soft tissue injury. 

One study, by Karduna et al. (2000) utilized a cadaveric model to investigate the 

impact of reducing scapular upward rotation on subacromial proximities when the arm 

was positioned at 90° humerothoracic elevation and maximal internal rotation. The 

authors found that reducing scapular upward rotation increased subacromial proximities, 

however the angle of humerothoracic elevation suggests the rotator cuff insertions may 

have already cleared the acromion (Bey et al., 2007; Giphart et al., 2012; Lawrence et al., 

2017). Seitz et al. (2012a) altered scapulothoracic position during a scapular assistance 

test and found an increase in scapulothoracic upward rotation and posterior tilt 

significantly increased acromiohumeral distance at 45° humerothoracic elevation. 

However, the study is limited by static arm positions and the use of a 2D ultrasonic 

measure of acromiohumeral distance.  

The apparent conflict between the results reported by Karduna (2000) and Seitz 

(2012a) reflects the inherent complexity of studying the effect of scapulothoracic 

kinematics on subacromial proximities. Ultimately, subacromial proximities are 
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dependent upon glenohumeral relationships (i.e. kinematics and anatomy). When the 

effect of scapulothoracic kinematics on subacromial proximities are studied at particular 

angles of humerothoracic elevation, the influence of scapulohumeral rhythm (Inman et 

al., 1944) confounds the analysis. For example, if an individual is in decreased 

scapulothoracic upward rotation, this would coincide with increased glenohumeral 

elevation for a given angle of humerothoracic elevation compared to an individual in 

increased scapulothoracic upward rotation. Therefore, the impact of decreased 

scapulothoracic upward rotation on subacromial proximities likely depends on the angle 

of humerothoracic elevation at which the movement impairment is observed. Ultimately, 

there remains a critical need to identify whether abnormal shoulder movement 

contributes to the development of rotator cuff disease and if so, how, so that we may 

develop more targeted rehabilitation strategies and improve clinical outcomes. 

The purpose of this study was to determine the impact of decreased 

scapulothoracic upward rotation on subacromial proximities. It was hypothesized that 

participants classified as having low scapulothoracic upward rotation would have 

significantly decreased subacromial proximities when the arm was at the side and at 30° 

humerothoracic elevation, and increased subacromial proximities at 60° and 90° 

humerothoracic elevation compared to participants classified as having high 

scapulothoracic upward rotation.  

Methods 

Study Participants 
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Two hundred ten individuals were recruited from the university community and 

local physical therapy clinics and screened for initial eligibility using REDCap electronic 

data capture tools hosted by the University of Minnesota (Harris et al., 2009) (Appendix 

E). Of these individuals, 82 met the initial eligibility criteria and underwent a clinical 

examination to finalize eligibility. This examination included a scapular movement 

screen, shoulder range of motion, strength, clinical special tests, and when indicated, a 

cervical spine screen (Appendix E). Sixty participants met the inclusion/exclusion 

criteria (Table 5) and proceeded to data collection. To ensure a broad distribution of 

scapulothoracic upward rotation and subacromial proximities, 30 of these participants 

were symptomatic with signs and symptoms consistent with a clinical diagnosis of 

“impingement syndrome” (age: 32.4 ± 8.8 years, 46.7% male, 40% tested on dominant 

side, BMI: 24.8 ± 4.1 kg/m2), and the remaining had no history of pain in either shoulder 

(age: 32.7 ± 8.3 years, 46.7% male, 40% tested on dominant side, BMI: 23.9 ± 2.7 

kg/m2). Symptomatic and asymptomatic cohorts were matched based on age, gender, and 

the dominance of the side tested. Following inspection of their kinematic data, 

participants were classified as being in the low, mid, or high scapulothoracic upward 

rotation groups after quantifying and ranking their upward rotation at 30° humerothoracic 

elevation during the dynamic trial (described below). This angle corresponded to the 

approximate humerothoracic position at which subacromial proximities are generally 

smallest (Giphart et al., 2012; Lawrence et al., 2017). The 20 participants with the highest 

scapulothoracic upward rotation were assigned to the “high” group, while the 20 

participants with the lowest scapulothoracic upward rotation were assigned to the “low” 
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group. Data for the mid scapular upward rotation group was not analyzed in this study. 

All participants completed the Disabilities of the Arm, Shoulder, and Hand (DASH) 

questionnaire (Hudak et al., 1996) (Appendix E), which is an objective measure of upper 

extremity function. Informed consent was obtained prior to initiation of data collection. 

The study protocol was approved by the Institutional Review Board and the All-

University Radiation Protection Advisory Committee at the University of Minnesota. 

Data Collection 

Shoulder kinematic data were acquired using a Philips BV Pulsera mobile c-arm 

fluoroscopy system (99.5 cm source-to-image distance, 30 cm field-of-view, 1024×1024 

image resolution) synced to a five-camera motion capture system (Vero cameras and 

Tracker Software; Vicon Motion Capture Systems; Hauppauge, NY) using 

MotionMonitor software (Innovative Sports Training, Inc.; Chicago, IL). A calibration 

cube with reflective and radiopaque markers was positioned in the combined imaging 

volume. The cube’s pose was subsequently recorded by both data collection systems to 

establish a common global coordinate system. Reflective marker clusters were placed on 

the participants’ thorax and humerus and their arbitrary reference frames were 

transformed into clinically meaningful coordinate systems by digitizing anatomical 

landmarks according to recommendations (Wu et al., 2005). 

To ensure radiation protection safety, all female participants underwent a 

pregnancy test immediately prior to fluoroscopic data collection and all participants wore 

a lead apron and eye protection. Fluoroscopic images were acquired using high definition 

fluoroscopy (continuous x-ray mode) and the system’s automatic kV/mA function. 



 

94 

 

Participants were positioned with their scapula approximately parallel with and as close 

as possible to the image intensifier. This position helped ensure scapular and humeral 

motion was as “in plane” as possible and reduced dose and image magnification. 

Fluoroscopic images and Vicon data were acquired simultaneously (25 Hz and 100 Hz, 

respectively) with the arm resting at the participant’s side and during dynamic trials of 

scapular plane abduction. Prior to collecting the dynamic data, participants performed a 

series of practice trials to ensure proper pacing and maintaining contact with a guide pole 

placed 40° anterior to the coronal plane. Two trials of scapular plane abduction were 

acquired, each lasting approximately six seconds to complete the full cycle of arm raising 

and lowering. 

Shoulder magnetic resonance (MR) scans were acquired using a 3T scanner 

(Siemens MAGNETOM Prisma, Siemens Healthcare; Erlangen, Germany) and shoulder 

coil array. The protocol utilized a T1-VIBE sequence specifically developed to produce 

3D bone models with high geometric accuracy. Specific imaging parameters included: 

FOV=210×210×100 mm3, resolution=0.8×0.8×0.7 mm, TR=7.16 ms, TE=2.66 ms, flip 

angle=10°, water excitation, 2D distortion correction, and a scan time of approximately 

12 minutes. The field of view was defined to visualize the entire scapula and proximal 

humerus. 

Data Processing 

Three-dimensional bone models of the scapula and proximal humerus were 

created from the MR scans using Mimics software (Materialise NV; Leuven, Belgium). 

Anatomical coordinate systems were created by digitizing landmarks on the surface of 



 

95 

 

the 3D bone models. The scapular coordinate system was defined using published 

recommendations (Ludewig et al., 2010). The origin of the scapular coordinate system 

was placed at the centroid of the glenoid, which was defined as the geometric center of 

the glenoid rim. A modified humeral coordinate system was created because the medial 

and lateral epicondyle landmarks could not be visualized due to the MR field of view. 

Therefore, the humeral coordinate system was defined as follows: 1) the geometric center 

of the humeral head was defined as the center of a sphere fit to the articular surface using 

a least-squares algorithm; 2) the superior/inferior (Y) axis was defined as a vector 

connecting the geometric center of the humeral head with the center of a circle fit to the 

anatomical neck of the humeral shaft; 3) the anterior/posterior (X) axis was defined as an 

axis perpendicular to a plane created by the geometric center, the center of a circle fit to 

the anatomical neck of the humeral shaft, and the midpoint of the superior aspect of the 

biceps groove; 4) the medial/lateral (Z) axis was defined as being orthogonal to the 

superior/inferior and anterior/posterior axes. The origin of the humeral coordinate system 

was placed at the geometric center of the humeral head. Once 3D models were rendered, 

all data were blinded such that the knowledge of clinical presentation did not 

inadvertently bias kinematic descriptions (via shape-matching) or measures of rotator 

cuff thickness. 

Fluoroscopic image calibration and undistortion were performed using XMALab 

software version 1.3.3 (Knorlein et al., 2016). To reduce data processing time, 

fluoroscopic images from the raising portion of the first trial were down-sampled to every 

10° humerothoracic elevation based on Vicon data. Images and 3D bone models of the 
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humerus and scapula were imported into JointTrack, an open software for 2D/3D shape-

matching (Mu, 2007). This process involves manually rotating and translating a 3D bone 

model until its projected contours align with the bone on the 2D fluoroscopic image. The 

data collection and processing protocol has been validated in our lab with RMS errors for 

glenohumeral joint orientation and position of 0.7-3.3° and 1.2-4.2 mm, respectively 

(Lawrence et al., 2018). 

Glenohumeral kinematics were calculated as the humerus relative to the scapula 

from the shape-matched data using an X-Z’-Y’’ rotation sequence (Phadke et al., 2011). 

Scapulothoracic and humerothoracic kinematics were calculated by relating the position 

and orientation of the scapula and humerus as quantified from shape-matching to that of 

the thorax, which was quantified using the Vicon cameras. This was made possible by co-

calibrating the fluoroscopy and Vicon systems to produce a common global coordinate 

system from which to relate segmental motion. Scapulothoracic motion was described as 

the scapula moving relative to the thorax using a Y-X’-Z’’ rotation sequence, and 

humerothoracic motion was described as the humerus moving relative to the thorax using 

an Y-X’-Y’’ rotation sequence (Wu et al., 2005). 

Two anatomical regions of interest were defined on each participant’s 3D humeral 

model. First, the rotator cuff footprint (i.e. insertion site) was defined by triangulating the 

margins of the rotator cuff as visualized on each of the three MR image views (Figure 31 

and Figure 32). Second, the articular margin region of interest was defined as a 0.7 mm 

wide portion of the footprint along its medial-most aspect. This width was defined based 

on the resolution of the MR scan (0.7 mm). Each participant’s rotator cuff thickness was 
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measured at the articular margin perpendicular to the footprint surface on the MR slice 

corresponding to the anterior/posterior midpoint of the footprint (Figure 33 and Figure 

34). Additionally, the acromion region of interest was defined on each participant’s 3D 

scapular model. Finally, because the coracoacromial ligament could not be visualized on 

the MR images and reconstructed directly, a plane was fit between the anterior acromion 

and coracoid process based on anatomical descriptions (Edelson & Luchs, 1995). 

Each participant’s 3D humeral and scapular bone models were converted to 

surface meshes and animated based on their glenohumeral motion data using a custom 

MATLAB code (The Mathworks, Inc.; Natick, USA). Subacromial proximities were 

quantified at each position by calculating the Euclidean distance between pairwise sets of 

mesh vertices on the rotator cuff footprint and coracoacromial arch (i.e. acromion region 

of interest and coracoacromial ligament plane). Minimum distances were then normalized 

to the participant’s rotator cuff thickness and expressed as percentages. From these 

normalized minimum distances, five primary dependent variables were calculated. First, 

a minimum distance was determined for each glenohumeral position based on the 

pairwise minimum distances between the coracoacromial arch and the articular margin 

region of interest. This constraint was added because the thickness of the rotator cuff was 

only quantified at the articular margin and cannot be assumed to be constant across its 

surface. Second, contact between the rotator cuff tendons and coracoacromial arch was 

assumed to occur when the normalized minimum distance was <120%. This cutoff was 

chosen as it allows for approximately 1 mm error in absolute minimum distance due to 

shape-matching. Third, the surface area of the rotator cuff footprint within 100% of the 
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tendon thickness was calculated by summing the surface area of each mesh face within 

the threshold. Fourth, the absolute minimum distance was calculated as the smallest 

minimum distance across the participant’s full range of motion. Finally, the position of 

absolute minimum distance was defined as the humerothoracic elevation angle at which 

the absolute minimum distance occurred. 

In addition to kinematics, scapular and humeral morphology have been 

hypothesized to impact an individual’s risk for subacromial rotator cuff compression 

(Hughes et al., 2003; Kandemir et al., 2006; Neer, 1983). Therefore, several parameters 

were quantified on each participant’s 3D bone models (acromial slope, glenoid 

inclination, glenoid version, critical shoulder angle, humeral head radius) and were 

considered potential covariates. Details of these calculations can be found in Appendix 

C. 

Statistical Analysis 

An a priori power analysis was performed to determine that 20 participants were 

needed per group to detect a 2-mm group difference in minimum distance using a 

standard deviation from unpublished data from our lab. An oversampling approach was 

utilized to increase the range of scapulothoracic upward rotation values and ensure a 

separation in mean scapulothoracic upward rotation between the low and high groups of 

at least 10°, which was considered clinically meaningful. A Monte Carlo simulation was 

performed to determine the amount of oversampling required using a probability 

distribution defined by previous studies (Ludewig et al., 2009a; McClure et al., 2001). 

The results indicated sixty total participants (20 participants per group) were necessary to 
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ensure a 10° difference in scapulothoracic upward rotation between the low and high 

groups.  

Demographic data was compared between cohorts (symptomatic, asymptomatic) 

and scapulothoracic upward rotation groups (low, high) using two sample independent t-

tests and Chi-square tests for continuous and categorical data, respectively. Data 

normality was tested prior to statistical analysis by assessing skewness, kurtosis, and 

Shapiro-Wilk statistics. The relationship between proximity measures and potential 

covariates were assessed using Pearson’s correlation. Variables were retained as 

covariates if the absolute value of the correlation was ≥0.5. 

Two-factor mixed-model ANOVAs with Toeplitz covariance structure were 

utilized to determine the effect of scapulothoracic upward rotation on normalized 

minimum distance and surface area of the footprint within the participants’ rotator cuff 

thickness. The between-subject factor was scapulothoracic upward rotation group (low, 

high) and the within-subject factor was the angle of humerothoracic elevation. For the 

analysis of minimum distance, humerothoracic elevation angles included the arm resting 

at the side (i.e. minimum position), and 30°, 60°, and 90° during dynamic scapular plane 

abduction. However, only 30°, 60°, and 90° humerothoracic elevation were investigated 

for the analysis of surface area as only one participant had a surface area >0 mm2 when 

the arm was at the side. The appropriate covariance structure with which to model the 

within-subject effects was determined by inspecting the covariance matrix of the within-

subject factor and fit statistics of models using various covariance structures (Littell et al., 

2000) (Appendix C). The two-factor interaction of group-by-angle was assessed first, 
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and the main effect of group was only considered in the absence of a significant 

interaction. The prevalence of contact between the rotator cuff and coracoacromial arch 

was compared between groups using Chi-square tests at the minimum position and at 

30°, 60°, and 90° humerothoracic elevation. Comparison of the magnitude of the absolute 

minimum distance and position of absolute minimum distance between groups was 

performed using two-sample independent t-tests. Statistical analysis was performed in 

SAS 9.4 (The SAS Institute; Cary, NC) using an a priori type I error rate of 5%. 

Results 

Demographics 

Participant demographic information based on scapulothoracic upward rotation 

classification is provided in Table 6. There was no significant difference in the 

proportion of asymptomatic and symptomatic participants between the high and low 

upward rotation groups (p = 0.34, X2 = 0.92, df = 1; 50% asymptomatic in the high group, 

35% asymptomatic in low group). However, the low upward rotation group had greater 

mass (p = 0.02, t = -2.39, df = 38; mean difference: 10.4 kg) and BMI (p = 0.02, t = -2.42, 

df = 38; mean difference: 2.6 kg/m2). Clinical examination data is provided in Appendix 

C.  

Covariate Analysis 

No scapular or humeral morphology variable was moderately or highly correlated 

(|r| ≥0.5) with either the normalized minimum distance (Figure 39-Figure 43) or the 

surface area of the footprint within 100% of the tendon thickness (Figure 44-Figure 48). 
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Further, the demographic variables by which the groups differed were not correlated with 

either the minimum distance (Figure 49-Figure 54) or the surface area (Figure 55-

Figure 60). Therefore, no covariates were retained for the statistical analyses. 

Kinematics 

Descriptively, the low scapulothoracic upward rotation group was in decreased 

upward rotation throughout the dynamic trial compared to the high group (Figure 15), 

consistent with their group classification. Groups differed by 10.0° of upward rotation at 

the angle at which participants were classified (i.e. 30° humerothoracic elevation). 

Corresponding glenohumeral kinematics are presented in Figure 66. 

Subacromial Proximities 

Normalized minimum distance was generally smallest below 90° humerothoracic 

elevation in both groups. The difference between the high and low scapulothoracic 

upward rotation groups in normalized minimum distance was dependent on the angle of 

humerothoracic elevation (interaction: p = 0.049, F = 2.71, df = 3,113) (Figure 16). 

When the arm was at the side, participants in the low upward rotation group had 

significantly smaller normalized minimum distance (p = 0.049, t = 1.99, df = 113; mean 

difference: 34.8%). Groups were not different at any other angle of humerothoracic 

elevation (p > 0.28) (Table 34). Although not significant, participants in the high 

scapulothoracic upward rotation group tended to have smaller normalized minimum 

distances at 90º humerothoracic elevation (p = 0.28, t = -1.08, df = 113; mean difference: 

18.7%).  
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Descriptively, the surface area of the footprint within 100% of the rotator cuff 

tendon thickness tended to be highest between 50-90° humerothoracic elevation in both 

scapulothoracic upward rotation groups. However, there was no difference between the 

high and low scapulothoracic upward rotation groups in the magnitude of surface area 

within 100% of the rotator cuff tendon thickness (p = 0.14, F = 2.00, df = 2,76) (Figure 

17).  

The prevalence of contact between the rotator cuff tendon and coracoacromial 

arch across humerothoracic elevation angles is presented in Figure 18. The highest 

prevalence occurred at 60° humerothoracic elevation, where 32.5% of participants were 

in contact with the coracoacromial arch. All participants had cleared the coracoacromial 

arch by 130° humerothoracic elevation. There was no significant difference between 

groups in the proportion of participants experiencing contact at any angle of 

humerothoracic elevation (p > 0.41). Overall, contact occurred in 45% of all participants 

without a significant difference between groups (p = 0.53, X2 = 0.40, df = 1; 50% of 

participants in the low scapulothoracic upward rotation group, 40% of participants in the 

high scapulothoracic upward rotation group).  

The absolute minimum distance occurred at an average humerothoracic elevation 

angle of 51.5° (±11.8°) in the low scapulothoracic upward rotation group and at 60.4° 

(±18.4°) in the high scapulothoracic upward rotation group (p = 0.07, t = -1.82, df = 38) 

(Figure 19). There was no difference between groups in the magnitude of the absolute 

minimum distance (p = 0.41, t = 0.83, df = 31.9; mean difference: 5.4%). 

Discussion 
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 During scapular plane abduction, subacromial proximities were generally 

smallest below 90° humerothoracic elevation. Although this finding is in contrast to the 

long held clinical belief that subacromial rotator cuff compression occurs above 80° 

humerothoracic elevation (Neer, 1972), it is largely consistent with other 3D studies (Bey 

et al., 2007; Giphart et al., 2012; Lawrence et al., 2017). However, small differences 

between studies exist in the upper and lower limits of the range of motion in which the 

smallest subacromial proximities occurred. These differences are likely a reflection of the 

different approaches used to define the rotator cuff insertion from which the subacromial 

proximities were measured. In the current study, the minimum distance calculation was 

constrained to the articular margin coinciding with where the rotator cuff thickness 

measure was taken. However, degenerative rotator cuff tears often originate in the portion 

of the tendon near or medial to the articular margin (Kim et al., 2010). Including this 

region of the rotator cuff tendon would have likely caused the lower limit of proximity to 

occur at an even lower angle of humerothoracic elevation (Lawrence et al., 2017). 

Furthermore, only measuring the proximities to the articular margin likely resulted in a 

lower upper-limit of the range of motion in which the rotator cuff insertion was within 

close proximity to the coracoacromial arch. This is because the articular margin region 

will clear the lateral acromion earlier in the range of motion compared to studies that 

included the entire footprint in the proximity calculations (Giphart et al., 2012; Lawrence 

et al., 2017). Despite these methodological differences, considerable evidence now exists 

(Bey et al., 2007; Giphart et al., 2012; Lawrence et al., 2017) suggesting subacromial 
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rotator cuff compression occurs at much lower angles in humerothoracic elevation than 

traditionally believed. 

Although the minimum distance is the most widely used metric for quantifying 

subacromial proximities, multidimensional measures such as surface area may be more 

comprehensive. For example, surface area captures proximity to an entire surface 

whereas minimum distance is only a linear measure to a single point on the surface. The 

surface area metric extended the range of closest proximity to approximately 110° 

humerothoracic elevation. This higher upper limit was expected as proximities were 

calculated to the entire footprint, which extends more laterally than the articular margin 

and will therefore continue to approach the coracoacromial arch later in the range of 

motion. Further, the surface area calculation used in this study will likely result in an 

overestimation as it was quantified as the surface area within 100% rotator cuff tendon 

thickness, which was measured at the articular margin and likely becomes thinner more 

laterally along the insertion.  

Despite the utility of a multi-dimensional metric such as surface area, few studies 

have used it to describe subacromial proximities. One study, by Flatow et al. (1994), 

utilized stereophotogrammetry to quantify subacromial proximity as surface areas in 

cadaveric specimens during passive simulated motion. Despite the differing 

methodologies, the authors found comparable results to the current study in that the range 

of highest surface area occurs between approximately 30° and 110° humerothoracic 

elevation. Ultimately however, direct measures of soft tissue deformation using finite 

element modeling may provide the best assessment of compression during arm 
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movement. Further work is required to develop these models and apply them towards 

movement-based clinical questions. 

Clinically, the finding that subacromial proximities were smallest below 90° 

humerothoracic elevation may bring to question the source of pain during arm raising. 

This is because the predominant thought has been that subacromial compression 

provokes the pain that patients often feel near mid or at end range humerothoracic 

elevation. In light of the results of this study and others (Bey et al., 2007; Giphart et al., 

2012; Lawrence et al., 2017), this explanation is no longer logical given the rotator cuff 

tendon has cleared the coracoacromial arch in most people by 90° humerothoracic 

elevation. However, it is possible that rotator cuff compression occurring at lower angles 

of humerothoracic elevation becomes symptomatic in mid ranges when the injured or 

irritated rotator cuff needs to produce more torque to overcome the larger moment arm. 

In contrast, symptoms above 90° humerothoracic elevation may be due to other 

mechanisms such as internal impingement, which occurs when the rotator cuff tendon 

becomes entrapped against the glenoid (Walch et al., 1992). This mechanism was found 

to occur in all participants in a modeling study during a simulated reaching task 

(Lawrence et al., 2016), suggesting it may be a common cause of symptoms at higher 

angles and an important mechanism for rotator cuff injury.  

Interestingly, only 45% of participants in this study had a normalized minimum 

distance <120% during the motion suggesting contact between the rotator cuff tendon and 

the coracoacromial arch. This proportion seems surprisingly small given the presumption 

subacromial compression is a predominant cause of rotator cuff injury and shoulder pain 
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(Neer, 1983; Ostor et al., 2005). However, the relatively low prevalence is comparable to 

the findings of a previous study that reported contact between the supraspinatus tendon 

and coracoacromial arch occurred in only 50% of subject-specific anatomical models 

during a simulated functional reaching task (Lawrence et al., 2017). The slightly lower 

proportion of subjects in the current study may reflect the different methodological 

approaches between the studies. In particular, the study by Lawrence et al. simulated a 

functional reach task assuming the humeral head remained centered in the glenoid, which 

was defined by a circle fit to the inferior margin (Verstraeten et al., 2013). However, in 

the current study, subjects predominantly stayed an average of approximately 1.2 mm 

inferior, with some participants as much as 7 mm inferior (Figure 61). Presumably, this 

lower position of the humeral head in the glenoid would result in larger proximities and 

fewer incidences of contact. Together the findings of both studies suggest subacromial 

compression may not occur as often during unloaded scapular plane abduction as 

presumed. However, subacromial compression may still be a factor for the development 

of rotator cuff pathology in a subset of individuals and may be more prevalent during 

other functional motions such as reaching across the body, behind the back, or during 

fatiguing tasks. Further research is needed to identify the anatomical and kinematic 

factors that predispose individuals to this mechanism. 

With regards to the effect of scapulothoracic upward rotation on subacromial 

proximities, our hypothesis was supported: a reduction in scapulothoracic upward 

rotation shifts the range of closest proximity to lower angles of humerothoracic elevation. 

This is evident primarily by the significant group-by-angle interaction for the normalized 
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minimum distance metric. In particular, decreased scapulothoracic upward rotation 

significantly decreased subacromial proximities when the arm was at the side (i.e. 

minimum position) and tended to increase subacromial proximities at 90º humerothoracic 

elevation. Given the mean rotator cuff thickness of 5.6 mm, the 35% group mean 

difference when the arm was at the side corresponds to an approximately 2.0 mm group 

difference in minimum distance, which is believed to be clinically meaningful. 

The results relative to the position and magnitude of absolute minimum distance 

also provide evidence that a reduction in scapulothoracic upward rotation tends to shift 

the range of closest proximity to lower angles of humerothoracic elevation; however, it 

may not increase the amount of compression should it occur. Specifically, participants in 

the low scapulothoracic upward rotation group tended to be in closest proximity to the 

coracoacromial arch 9° lower in the range of motion than those in the high 

scapulothoracic upward rotation group. Although not statistically significant, it is likely 

the study was underpowered in this metric. A post hoc power analysis using a meaningful 

difference of 10° and the standard deviation found in this study confirms low power 

(51%) to detect a group difference and indicates 39 subjects would be needed to reach 

significance at 80% power. 

A previous study by Karduna et al. (2000) likely observed the effects of the shift 

in the range of motion in which the smallest subacromial proximities occur. The 

researchers imposed changes in scapular upward rotation in cadaveric shoulder 

specimens when the arm was positioned at 90° humerothoracic elevation and found 

reducing scapular upward rotation increased subacromial proximities. Although the 



 

108 

 

authors concluded an increase in scapulothoracic upward rotation may be protective 

against subacromial rotator cuff compression, their conclusions should be interpreted 

relative to the findings of the current study. Likely what the authors observed was the 

same tendency of decreased scapulothoracic upward rotation to increase subacromial 

proximities at 90° humerothoracic elevation as was observed in the current study. 

However, 90° humerothoracic elevation is nearing the upper range of compression risk; 

therefore, the clinical relevance of this potential increase in subacromial proximities is 

unclear.  

The shift in the range of closest proximity between the low and high 

scapulothoracic upward rotation groups can be explained by the inherent dependency of 

subacromial proximities on glenohumeral relationships and the influence of 

scapulohumeral rhythm, which describes the relative contribution of glenohumeral 

elevation and scapulothoracic upward rotation for producing net humerothoracic 

elevation (Inman et al., 1944). For a given angle of humerothoracic elevation, a reduction 

in scapulothoracic upward rotation must be accompanied by an increase in glenohumeral 

elevation. Therefore, at lower angles of humerothoracic elevation, a decrease in 

scapulothoracic upward rotation (or increase in glenohumeral elevation) will move the 

edge of the acromion downward and in closer proximity to the medial aspect of the 

rotator cuff insertion (Figure 20A-B). At higher angles of humerothoracic, an increase in 

scapulothoracic upward rotation will raise the acromial edge upward and back over the 

medial aspect of the rotator cuff insertion, thereby reducing proximities to this important 

area of the tendon (Figure 20C). However, a decrease in scapulothoracic upward rotation 
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will move the acromial edge downward, but the medial aspect of the rotator cuff insertion 

is no longer under it (Figure 20D).  

In addition to scapulothoracic upward rotation, other kinematic variables may be 

impacting subacromial proximities. A more superior position of the humerus on the 

glenoid has also been theorized to cause subacromial rotator cuff compression (Deutsch 

et al., 1996). Therefore, it is possible the individuals in the low scapulothoracic upward 

rotation group were sitting lower in the glenoid, which would presumably increase 

subacromial space and confound the effect of the decreased upward rotation. To test this 

possibility, an exploratory two-factor mixed-model ANOVA was performed as described 

previously for the comparison of glenohumeral superior/inferior position normalized to 

the glenoid height. No group difference were found (interaction: p = 0.26, F = 1.36, df = 

3,113; main effect: p = 0.61, F = 0.26, df = 1,38) (Appendix C) suggesting altered 

superior/inferior glenohumeral position did not likely confound the analysis of 

scapulothoracic upward rotation on subacromial proximities. 

This study has several limitations that should be considered when interpreting the 

results. First, the use of a single fluoroscopic imaging system may result in increased out-

of-plane errors (You et al., 2001). For the data collection setup employed for this study, 

out-of-plane position error will predominantly impact glenohumeral plane of elevation, 

axial rotation, and anterior/posterior position, and may impact subacromial proximities. 

However, a sensitivity analysis was performed using radiostereometric analysis as the 

gold standard to determine the extent to which shape-matching errors impacted minimum 

distances. The RMS error of this analysis was 1.5 mm (Appendix B). However, these 
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errors did not likely impact any statistical comparisons or interpretations given shape-

matching was performed blinded to group membership and there is no reason to suspect 

errors will systematically differ between groups. Second, the coracoacromial ligament 

was modeled as a plane because it was not visible on the MR images from which 3D 

models are reconstructed. However, there was no substantial change in the results or 

conclusions when subacromial proximities were quantified to the acromion only 

(Appendix C). Third, the rotator cuff thickness was measured at the articular margin on a 

single MR image slice. Because it is not reasonable to assume the thickness of the rotator 

cuff is constant throughout its structure, we limited the minimum distance calculations to 

the articular margin to avoid over-representing proximities based on this metric. 

However, quantifying proximities to the entire rotator cuff would provide a more direct 

and comprehensive measure. 

Ultimately the results of this study suggest subacromial proximities are smallest 

below 90° humerothoracic elevation. Decreased scapulothoracic upward rotation shifts 

the range of motion in which the rotator cuff insertion is closest to the coracoacromial 

arch to lower angles. Clinically, knowledge of the range of motion in which proximities 

are the smallest may help inform ergonomic tasks and exercise prescription to avoid 

prolonged and repeated exposures within this range.  
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Table 5: Study Inclusion and Exclusion Criteria 
Symptomatic Asymptomatic 

Inclusion Criteria 

1. Age 21-60 years 

2. Current shoulder joint pain of ≥4 

weeks duration 

3. Shoulder symptoms provoked during 

active motion 

4. Ability to raise the arm ≥120° 

humerothoracic elevation 

1. Age 21-60 years 

 

Exclusion Criteria 

1. Shoulder symptoms reproduced 

during cervical spine screening 

2. Radiating pain, numbness, or 

tingling in the upper extremity 

3. ≥25% reduction in glenohumeral 

internal or external rotation range of 

motion compared to the contralateral 

side 

4. Symptom onset following trauma  

5. Positive apprehension test 

6. History of shoulder surgery 

7. History or presence of shoulder 

fracture, dislocation, separation, 

adhesive capsulitis, or rotator cuff 

tear on involved side 

8. History or presence of scoliosis 

9. Inflammatory joint disease 

10. Known skin sensitivities or allergies 

to adhesives 

11. Contraindications to MR imaging or 

radiation exposure 

1. History of pain in either shoulder 

2. Symptom provocation during clinical 

exam except during 1-2 provocation 

tests 

3. ≥25% reduction in glenohumeral 

internal or external rotation range of 

motion compared to the contralateral 

side 

4. Positive apprehension test 

5. Radiating pain, numbness, or tingling 

in the upper extremity 

6. History of shoulder fracture, 

dislocation, separation, adhesive 

capsulitis, or rotator cuff tear 

7. History or presence of scoliosis 

8. Inflammatory joint disease  

9. Known skin sensitivities or allergies 

to adhesives 

10. Contraindications to MR imaging or 

radiation exposure  

Note: Provocation tests included Hawkins-Kennedy, Neer, Jobe, and resisted 

external rotation. 
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Table 6: Participant Demographics by Scapulothoracic Upward Rotation Group 
 High 

(n = 20) 

Low 

(n = 20) 

Statistic p-value 

Age (years) 32.9 ± 7.3 32.0 ± 8.7 t38 = 0.35 0.73 

Gender (% male) 30% 55% X2
1
 = 2.56 0.11 

Dominance of the side tested  

(% dominant) 

35% 50% X 2
1
 = 0.92 0.34 

Height (cm) 170.0 ± 9.2 174.5 ± 6.9 t38 = -1.76 0.09 

Mass (kg) 66.7 ± 14.3 77.1 ± 13.2 t38 = -2.39 0.02 

BMI (kg/m2) 22.9 ± 3.2 25.5 ± 3.6 t38 = -2.42 0.02 

Group (% asymptomatic) 50% 35% X 2
1
 = 0.92 0.34 

Rotator cuff tendon thickness (mm) 5.3 ± 1.2 5.6 ± 0.9 t38 = -0.74 0.47 

Symptom duration (weeks) 31.0 40.0 X 2
1 = 0.03 0.85 

NPRS past 7 days (0 – 100)     

Highest 45.0 51.0 X 2
1 = 3.81 0.05 

Lowest 20.0 0.0 X 2
1 = 1.58 0.21 

DASH (0 – 100) 3.4 12.1 X 2
1 = 1.12 0.29 

Work subscale 0.0 0.0 X 2
1 = 0.09 0.76 

Sport subscale 0.0 3.2 X 2
1 = 0.02 0.87 

Notes: Groups were classified as having high or low upward rotation based on their 

scapulothoracic upward rotation magnitude at 30º humerothoracic elevation. Demographic 

data are presented as mean ± SD or proportions, as appropriate. Group comparisons were 

assessed using two-sample independent t-tests or Chi-square tests for continuous and 

binary data, respectively. Continuous data for symptom severity and dysfunction were 

highly skewed and are presented as the median, and group comparisons were assessed 

using Kruskal-Wallis test. Rotator cuff thickness was measured on the MR images at the 

articular margin on the image slice corresponding to the anterior/posterior midpoint of the 

rotator cuff insertion. 
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Figure 15: Scapulothoracic kinematic data for high and low scapulothoracic upward 

rotation groups. Data are reported descriptively as means and unpooled SEs for each 

angle/group. Abbreviations: IR=internal rotation, ER=external rotation, UR=upward 

rotation, DR=downward rotation. 
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Figure 16: Normalized minimum distance between the coracoacromial arch and articular 

margin aspect of the rotator cuff insertion for the high and low scapulothoracic upward 

rotation groups. Minimum distances were normalized to the participant’s rotator cuff 

tendon thickness and expressed as a percentage. Error bars represent the unpooled SE for 

each angle/group. Groups were compared statistically at the minimum, 30°, 60°, and 90° 

angles of humerothoracic elevation. Abbreviation: min = minimum.  
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Figure 17: Surface area of the footprint within 100% of the rotator cuff tendon thickness 

for the high and low scapulothoracic upward rotation groups. Error bars represent the 

unpooled SE for each angle/group. Groups were compared statistically at the 30°, 60°, 

and 90° angles of humerothoracic elevation. Abbreviation: min = minimum. 
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Figure 18: Proportion of participants with contact between the rotator cuff insertion and 

coracoacromial arch. Contact was defined as a normalize minimum distance <120%. 

Groups were compared statistically at the minimum, 30°, 60°, and 90° angles of 

humerothoracic elevation. Abbreviation: min = minimum. 
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Figure 19: Distributions of the humerothoracic elevation angle at which the absolute 

minimum distance occurred for the high and low scapulothoracic upward rotation groups. 

The solid and dashed lines within each box represents the group median and mean, 

respectively. The boundaries of the box represent the 25th and 75th quartile. The whiskers 

represent the upper and lower adjacent values (i.e. the most extreme data points not 

considered outliers). Individual outliers are indicated by a ‘+’ symbol.  
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Figure 20: The effect of the magnitude of scapulothoracic upward rotation on the 

proximity of the acromial edge to the articular margin aspect of the rotator cuff insertion 

(red region on humeral head): A) Increased scapulothoracic upward rotation at a lower 

angle of humerothoracic elevation will move the acromial edge upward and away from 

the articular margin aspect of the rotator cuff insertion; B) Decreased scapulothoracic 

upward rotation at a lower angle of humerothoracic elevation will move the acromial 

edge downward and closer to the articular margin aspect of the rotator cuff insertion; C) 

Increased scapulothoracic upward rotation at a higher angle of humerothoracic elevation 

will raise the acromion upward, thereby moving the acromial edge back over the articular 

margin aspect of the rotator cuff insertion; and D) Decreased scapulothoracic upward 

rotation at a higher angle of humerothoracic elevation will move the acromial edge 

downward, but the articular margin aspect of the rotator cuff insertion has already cleared 

the acromion.  
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Chapter 5: Mechanical coupling of scapulothoracic upward rotation (Aim 3) 

 

Scapulothoracic upward rotation is an important motion for overall shoulder 

function. Because of the complex anatomical configuration of the shoulder girdle, all 

scapulothoracic motion occurs due to coupled motion between the scapula and clavicle. 

Knowledge of these coupled mechanics is critical for understanding how normal and 

abnormal scapulothoracic motion occurs, which will help guide the diagnosis and 

treatment of individuals with shoulder pain. Therefore, the third aim of this thesis is to 

identify the kinematic mechanisms by which the sternoclavicular and acromioclavicular 

joints contribute to scapulothoracic upward rotation.   



 

120 

 

Abstract 

Study Design: Cross sectional observational study 

Background: Scapulothoracic upward rotation is an important motion of the shoulder 

complex allowing for increased functional range of motion and improved deltoid muscle 

function. However, the kinematic mechanisms producing scapulothoracic upward 

rotation remain unclear, thus limiting our understanding of normal and abnormal shoulder 

movement. 

Objectives: Identify the kinematic mechanisms by which the sternoclavicular and 

acromioclavicular joints contribute to scapulothoracic upward rotation. 

Methods: Sixty subjects were recruited for this study; 30 had current shoulder pain and 

30 had no history of shoulder symptoms. Shoulder complex kinematics were quantified 

using single-plane fluoroscopy and 2D/3D shape-matching. Sternoclavicular, 

acromioclavicular, and scapulothoracic motion were described as helical displacements 

for 30° phases of humerothoracic elevation (30°-60°, 60°-90°, 90°-120°). Two coupling 

functions were derived to estimate scapulothoracic upward rotation from its component 

motions of acromioclavicular upward rotation, sternoclavicular posterior rotation, and 

sternoclavicular elevation as a function of the acromioclavicular internal rotation angle. 

The proportional contributions of the component motions were also calculated and 

compared across phases of humerothoracic elevation and group. 

Results: Scapulothoracic upward rotation displacement can be estimated using the 

coupling functions derived. During the 30°-60° phase of humerothoracic elevation, 

acromioclavicular upward rotation accounted for 84.2% of the magnitude of 
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scapulothoracic upward rotation while sternoclavicular posterior rotation and elevation 

each accounted for <10%. During later phases, acromioclavicular upward rotation and 

sternoclavicular posterior rotation each accounted for 32-42%, while sternoclavicular 

elevation accounted for <11%. 

Conclusion: Acromioclavicular upward rotation and sternoclavicular posterior rotation 

are the predominant component motions of scapulothoracic upward rotation. More 

research is needed to investigate how these coupling relationships influence muscle 

function and scapular dyskinesis. 
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Introduction 

Optimal shoulder function depends on substantial and coordinated glenohumeral, 

sternoclavicular, acromioclavicular, and scapulothoracic motion. In particular, 

scapulothoracic upward rotation plays several critical roles in shoulder function including 

orienting the glenoid to promote glenohumeral joint congruency and maintaining deltoid 

muscle length to maximize contractile function (van der Helm, 1994; Voight & Thomson, 

2000). Scapulothoracic upward rotation also increases overall shoulder functional range 

of motion during arm raising by accounting for approximately one-third of total 

humerothoracic motion via scapulohumeral rhythm (Inman et al., 1944; Ludewig et al., 

2009a).  

Due to its importance to shoulder function, scapulothoracic upward rotation 

position and/or motion are often examined clinically (Johnson et al., 2001; McClure et 

al., 2009). Altered scapulothoracic upward rotation has been found in various clinical 

presentations including adhesive capsulitis (Fayad et al., 2006; Rundquist, 2007; 

Vermeulen et al., 2002), rotator cuff tears (Mell et al., 2005), glenohumeral instability 

(Ogston et al., 2007; Struyf et al., 2013), and osteoarthritis (Braman et al., 2010; Fayad et 

al., 2006). When motions deemed “abnormal” are observed during a clinical examination, 

exercises are often prescribed to address impairments presumably underlying the 

abnormal motion, including scapulothoracic muscle function. However, like all 

scapulothoracic motions, upward rotation is produced through the complex interactions 

between sternoclavicular and acromioclavicular joint motion (Dvir et al., 1978; Inman et 

al., 1944; Teece et al., 2008). Given shoulder girdle muscles function through the 
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sternoclavicular and acromioclavicular joints to produce the observed scapulothoracic 

motion, understanding this complex interaction is crucial to diagnosing and treating 

shoulder motion abnormalities. 

The interaction between sternoclavicular and acromioclavicular joint motion in 

producing scapulothoracic motion is sometimes termed “coupling” (Teece et al., 2008). 

Scapulothoracic upward rotation is believed to occur as a result of coupled motions 

between acromioclavicular upward rotation, sternoclavicular posterior rotation, and 

sternoclavicular elevation (Teece et al., 2008), which are collectively termed “component 

motions” (Figure 21). However, the relationships between these component motions are 

indirect due to the oblique orientation of the clavicular and scapular anatomical axes. 

Teece et al. (2008) proposed that scapulothoracic upward rotation is produced by these 

component motions as a function of the offset between the scapular and clavicular 

medial/lateral anatomical axes (i.e. the acromioclavicular internal rotation angle), which 

is approximately 60° (Ludewig et al., 2009a). However, this theory has not been directly 

tested in a data driven study. Thus, it remains unclear the extent to which these 

component motions contribute to scapulothoracic upward rotation, resulting in gaps in 

our understanding of how to identify and treat scapular movement dysfunctions in 

persons with shoulder pain. 

A major barrier to understanding how the component motions contribute to 

scapulothoracic upward rotation has been the methodological challenges associated with 

quantifying clavicular kinematics. As a result, few studies have quantified 

sternoclavicular and acromioclavicular kinematics leaving the coupling relationships 
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untested. However, previous work by Lawrence et al. (2014a) provided construct validity 

to the coupling theory by showing differences in scapulothoracic upward rotation 

between symptomatic and asymptomatic subjects could be partially explained by 

concurrent differences in sternoclavicular and acromioclavicular motion. This was done 

using group means of shoulder complex kinematics in a relatively small sample of 

subjects due to the use of motion sensors fixed to transcortical bone pins. However, high 

between-subject variability in movement patterns limit the utility of using group means to 

rigorously test the coupling theory. Further, high between-subject variability also requires 

larger sample sizes to ensure representation of the broad spectrum of movement. Recent 

advances in the use of single-plane fluoroscopy and 2D/3D shape-matching allows for an 

accurate method for quantifying full shoulder complex kinematics (Lawrence et al., 

2018). Importantly, the fluoroscopic approach is also non-invasive allowing for a larger 

sample of subjects to be tested. 

The purpose of this study was to identify the kinematic mechanisms by which 

sternoclavicular and acromioclavicular joint motion contributes to scapulothoracic 

upward rotation through investigating the coupling theory proposed by Ludewig and 

colleagues (Teece et al., 2008) in a large sample of individuals with and without shoulder 

pain. It was hypothesized that acromioclavicular upward rotation would be the 

predominant component motion for producing scapulothoracic upward rotation.  

Methods 

Participants 
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Sixty participants were recruited from the university community and local 

physical therapy clinics. Of these participants, 30 had current shoulder symptoms 

consistent with a clinical diagnosis of “impingement syndrome” (Michener et al., 2009), 

and 30 had no history of shoulder pain. Symptomatic and asymptomatic participants were 

group matched for age, sex, and the dominance of the side tested. No specific group-

related hypotheses were made; instead, individuals with and without shoulder pain were 

included to ensure a broad distribution of shoulder complex kinematics. Group 

demographic data are presented in Table 7. The study was approved by the Institutional 

Review Board and All-University Radiation Protection Advisory Committee at the 

University of Minnesota. All subjects provided written informed consent prior to data 

collection. 

Data Collection 

Shoulder complex kinematics were collected during dynamic scapular plane 

abduction by spatially and temporally syncing a single-plane fluoroscopy unit (Philips 

BV Pulsera; 99.5 cm source-to-image distance, 30 cm field-of-view, 1024×1024 image 

resolution) and a five-camera motion capture system (Vicon Motion Capture Systems; 

Hauppauge, NY) using MotionMonitor software (Innovative Sports Training, Inc.; 

Chicago, IL). Scapular and clavicular motion were tracked using the fluoroscopic 

imaging system, while trunk and humeral kinematics were simultaneously tracked using 

the camera system. Participants were seated and positioned to align their scapula 

approximately parallel to the image intensifier. Reflective marker clusters were placed on 

the participants’ thorax and humerus and anatomical landmarks were digitized according 
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to published recommendations (Wu et al., 2005). Fluoroscopic images were acquired at 

25 Hz using continuous x-ray mode and the system’s automatic kV/mA function to 

minimize dose. Humeral plane of motion was controlled using a pole placed 40° anterior 

to the coronal plane.  

Shoulder magnetic resonance (MR) scans were acquired using a Siemens 

MAGNETOM Prisma 3T scanner (Siemens Healthcare; Erlangen, Germany) with 

shoulder and flex coil arrays. A custom T1-VIBE sequence was developed to enhance 

bone edge contrast, with the following imaging parameters: FOV=210×210×100 mm, 

resolution=0.8×0.8×0.7 mm, TR=7.16 ms, TE=2.66 ms, flip angle=10°, water excitation, 

and 2D distortion correction. Separate scans were acquired for the glenohumeral (i.e. 

scapula and humerus) and clavicular regions with a total scan time of approximately 22 

minutes. 

Data Processing 

Three-dimensional bone models of the scapula and clavicle were reconstructed 

from the MR scans using Mimics software (Materialise NV; Leuven, Belgium). The 

scapular coordinate system was defined by digitizing anatomical landmarks using 

published recommendations (Ludewig et al., 2010). The clavicular coordinate system was 

defined by digitizing the midpoints of the sternoclavicular and acromioclavicular joints 

and a point 5 cm superior to the bone’s center of mass along the superior/inferior inertial 

axis. This arbitrary point was defined due to the lack of a third non-collinear point on the 

surface of the clavicle. The clavicular coordinate system was re-oriented during post-
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processing by aligning its superior/inferior axis to that of the thorax when the subject was 

in a relaxed seated posture (Wu et al., 2005). 

XMALab software version 1.3.3 (Knorlein et al., 2016) was used to calibrate the 

fluoroscopic image volume and correct for image distortion. Due to the extensive time 

required for data processing, the fluoroscopic frames corresponding to every 10° of 

humerothoracic elevation were identified based on camera data. The 3D bone models 

were then shape-matched to the fluoroscopic images on this subsample of frames using 

JointTrack software (Mu, 2007). Shape-matching is an extensive process that involves 

virtually rotating and translating the 3D bone model until the projected contours of the 

bones become aligned with their respective projections on the fluoroscopic images 

(Figure 22). Angular errors associated with shape-matching the scapula and clavicle 

using single-plane fluoroscopy have been established as 0.5-1.6° and 0.4-3.7°, 

respectively (Lawrence et al., 2018). 

Sternoclavicular, acromioclavicular, and scapulothoracic kinematics were 

described in the following anatomically meaningful ways as: 1) joint positions at each 

angle of humerothoracic elevation; and 2) finite helical displacements (Spoor & 

Veldpaus, 1980) of the distal segment moving relative to the proximal segment for each 

30° phase of humerothoracic elevation (i.e. 30°-60°, 60°-90°, 90°-120°). The total helical 

rotation was parsed into helical angles by projecting the orientation of the helical axis 

onto the coordinate system of the distal segment at the initial humerothoracic elevation 

position of the phase. For example, the motion of the acromioclavicular joint between 30° 

and 60° humerothoracic elevation describes the displacement of the scapular anatomical 
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axes relative to the clavicular anatomical axes, defined relative to the scapular anatomical 

axes at 30° humerothoracic elevation.  

Deriving the Coupling Functions 

Because of the oblique nature of the scapular and clavicular axes, scapulothoracic 

motion cannot be considered a simple summation of sternoclavicular and 

acromioclavicular motion (Pronk, 1991). Instead, the coupling function proposed by 

Ludewig and colleagues (Teece et al., 2008) suggests the complex relationships between 

scapular and clavicular kinematics can be best understood within the context of two 

theoretical configurations: if the scapular and clavicular medial/lateral axes were parallel 

and if they were perpendicular. Theoretically, if the acromioclavicular joint internal 

rotation angle was 0° (i.e. axes parallel) and no acromioclavicular motion occurred, 

scapulothoracic upward rotation would be produced by sternoclavicular elevation but not 

by sternoclavicular posterior rotation or retraction. Conversely, if the acromioclavicular 

joint internal rotation angle was 90° (i.e. axes perpendicular) and no acromioclavicular 

motion occurred, scapulothoracic upward rotation would be produced by sternoclavicular 

posterior rotation but not by sternoclavicular elevation or retraction. In reality, the 

acromioclavicular internal rotation angle is approximately 60° (Ludewig et al., 2009a). 

Therefore, the true relationship between clavicular and scapular motion behaves most like 

the perpendicular axis configuration (i.e. 67%, or 60°/90°) in which case sternoclavicular 

posterior rotation produces scapulothoracic upward rotation and behaves less like the 

parallel axis configuration (i.e. the remaining 33%) when sternoclavicular elevation 

produces scapulothoracic upward rotation (Figure 23).  
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To test the construct of the coupling theory, a coupling function was developed to 

estimate scapulothoracic upward rotation from the component motions for each phase of 

humerothoracic elevation (30°-60°, 60°-90°, 90°-120°) using the following equation and 

assuming a mean acromioclavicular internal rotation angle of 60° (Ludewig et al., 

2009a): 

𝑆𝑇𝑢�̂� = (33% ∗ 𝑆𝐶𝑒𝑙𝑒𝑣) + (67% ∗ 𝑆𝐶𝑟𝑜𝑡) + (100% ∗ 𝐴𝐶𝑢𝑟) 

In this equation, 𝑆𝑇𝑢�̂� represents the estimated scapulothoracic upward rotation 

displacement and 𝑆𝐶𝑒𝑙𝑒𝑣, 𝑆𝐶𝑟𝑜𝑡, and 𝐴𝐶𝑢𝑟 are sternoclavicular elevation, 

sternoclavicular posterior rotation, and acromioclavicular upward rotation displacements, 

respectively. The constant (i.e. not subject-specific) weighting factors for the 

sternoclavicular component motions reflect the relationship described above. The 

weighting factor for acromioclavicular upward rotation is 100% as it reflects scapular 

motion relative to the clavicle, which should directly transfer to scapular motion relative 

to the thorax.  

A second coupling function was also developed that, instead of assuming the 

acromioclavicular internal rotation angle is “average” and remains fixed at 60°, used each 

participant’s mean acromioclavicular internal rotation angle for a given phase of 

humerothoracic elevation. For this function, the individual weighting factor for 

sternoclavicular elevation (𝜔𝑆𝐶𝑒𝑙𝑒𝑣) and sternoclavicular posterior rotation (𝜔𝑆𝐶𝑟𝑜𝑡) 

become a function of the mean acromioclavicular internal rotation angle (𝐴𝐶𝑖𝑟) during 

the phase of humerothoracic elevation as follows: 
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𝜔𝑆𝐶𝑒𝑙𝑒𝑣= 
90−𝐴𝐶𝑖𝑟

90
× 100%, which defines the extent to which the 

acromioclavicular internal rotation angle is coincident with the parallel axis configuration 

(i.e. 0°) and thus defines the magnitude of sternoclavicular elevation that contributes to 

scapulothoracic upward rotation.  

𝜔𝑆𝐶𝑟𝑜𝑡 =
𝐴𝐶𝑖𝑟

90
× 100%, which defines the extent to which the acromioclavicular 

internal rotation angle is coincident with the perpendicular axis configuration (i.e. 90°) 

and thus defines the magnitude of sternoclavicular posterior rotation that contributes to 

scapulothoracic upward rotation.  

Using these non-constant weighting factors, the subject-specific coupling function 

is defined as follows: 

𝑆𝑇𝑢�̂� = (𝜔𝑆𝐶𝑒𝑙𝑒𝑣 ∗ 𝑆𝐶𝑒𝑙𝑒𝑣) + (𝜔𝑆𝐶𝑟𝑜𝑡 ∗ 𝑆𝐶𝑟𝑜𝑡) + (100% ∗ 𝐴𝐶𝑢𝑟) 

The weighting factor for acromioclavicular upward rotation remains 100% as the 

motion directly transfers to scapulothoracic upward rotation regardless of the 

acromioclavicular internal rotation angle magnitude. From this equation and the non-

constant weight factors, it can be seen that this question would provide the same result as 

the coupling function in Teece et al. (2008) (described above) if the mean 

acromioclavicular internal rotation angle for a participant was 60°.  

Data Analysis 

Descriptive statistics (mean and standard errors) were calculated for 

sternoclavicular elevation and posterior rotation, acromioclavicular upward rotation and 

internal rotation, and scapulothoracic upward rotation at 10° increments of 
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humerothoracic elevation. The accuracy of both coupling functions for estimating 

scapulothoracic upward rotation displacement was determined by calculating residual 

error (i.e. the difference between the estimated and actual scapulothoracic upward 

rotation displacement) for each phase. Bias error was calculated as the mean of the 

residual errors with a positive error indicating the coupling functions overestimated the 

actual scapulothoracic upward rotation displacement, and a negative error indicating the 

coupling functions underestimated the actual scapulothoracic upward rotation 

displacement. Root mean square (RMS) error was also calculated to reflect the average 

magnitude of the error between the estimated and actual scapulothoracic upward rotation 

displacements. The ability of each coupling function to predict the actual scapulothoracic 

upward rotation displacement was also described using r2 statistics calculated using 

simple linear regression. Although this statistic does not necessarily reflect a measure of 

accuracy, it does provide an estimate of how much variance in the actual scapulothoracic 

upward rotation displacement can be explained by the coupling function. 

To explore the proportional (i.e. relative) contributions of the component motions 

to scapulothoracic upward rotation, the product of each component motion and its 

weighting factor from the subject-specific coupling function was also expressed as a 

proportion of the actual scapulothoracic upward rotation displacement as follows: 

𝑃𝑆𝐶𝑒𝑙𝑒𝑣 =
90 − 𝐴𝐶𝑖𝑟

90⁄ ∗ 𝑆𝐶𝑒𝑙𝑒𝑣

𝑆𝑇𝑢𝑟
 ∗  100% 

𝑃𝑆𝐶𝑟𝑜𝑡 =
𝐴𝐶𝑖𝑟

90⁄ ∗ 𝑆𝐶𝑟𝑜𝑡

𝑆𝑇𝑢𝑟
 ∗  100% 

𝑃𝐴𝐶𝑢𝑟 =
𝐴𝐶𝑢𝑟

𝑆𝑇𝑢𝑟
 ∗  100% 
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Additionally, the residual error in prediction was expressed as a proportion of the 

actual scapulothoracic upward rotation displacement. When summed for each subject, the 

proportional contributions of each component motion and residual error totaled 100%. 

Negative proportional contributions are possible and indicate the subject was moving in a 

way that retracted from scapulothoracic upward rotation (i.e. sternoclavicular anterior 

rotation, sternoclavicular depression, acromioclavicular downward rotation). 

Differences across the range of motion in component motion proportional 

contributions were tested using two-factor mixed-model ANOVAs with a within-subject 

factor of humerothoracic elevation phase (30°-60°, 60°-90°, 90°-120°) and a between-

subject factor of group (symptomatic, asymptomatic). The primary comparison of interest 

was the effect of humerothoracic elevation phase. The effect of group was included in the 

analysis to account for group differences should they exist. For each analysis, the 

appropriate covariance structure was determined by inspecting the covariance matrix of 

the within-subject factor (Table 40, Table 42, and Table 44) and fit statistics of models 

using various covariance structures (Littell et al., 2000) (Table 41, Table 43, and Table 

45). The significance of two-factor interaction was assessed first, and main effects were 

only assessed in the absence of an interaction. All follow-up comparisons were 

performed using Tukey adjustments to protect for alpha inflation. Statistical analyses 

were performed in SAS 9.4 (The SAS Institute; Cary, NC) using an alpha level of 0.05. 

Results 

On average across the range of motion, participants underwent sternoclavicular 

elevation, sternoclavicular posterior rotation, acromioclavicular upward rotation, 
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scapulothoracic upward rotation, and a small amount of acromioclavicular internal 

rotation (Figure 24). 

Coupling Functions Predicting Scapulothoracic Upward Rotation 

Across all humerothoracic elevation phases, both coupling functions resulted in 

RMS errors of 1.2-2.8° and bias errors of -0.6° to -2.4° (Table 8). Further, the estimated 

scapulothoracic upward rotation calculated assuming a fixed 60° acromioclavicular 

internal rotation angle explained 80-90% of the variance in the actual scapulothoracic 

upward rotation (p < 0.01) (Figure 25). The estimated scapulothoracic upward rotation 

calculated using the subject-specific coupling function explained 79-90% of the variance 

in the actual scapulothoracic upward rotation (p < 0.01). 

Proportional Contributions of Component Motions 

Across all phases of humerothoracic elevation, acromioclavicular upward rotation 

contributed the most to scapulothoracic upward rotation (Figure 26). The magnitude of 

contribution depended on the phase of humerothoracic elevation (main effect of phase: p 

< 0.01, F = 33.30, df = 2,115). During the 30°-60° phase, acromioclavicular upward 

rotation was responsible for an average of 84.2% of the magnitude of scapulothoracic 

upward rotation. The proportional contribution decreased significantly to 42.3% for the 

60°-90° phase (p < 0.01, t = 6.58, df = 115), where it remained unchanged (36.6%) for 

the 90°-120° phase (p = 0.64, t = 0.90, df = 115). The presence of symptoms did not 

significantly impact the proportional contribution of acromioclavicular upward rotation 

(main effect of group: p = 0.09, F = 3.03, df = 1,58) (Figure 68A). 



 

134 

 

Sternoclavicular posterior rotation was the secondary contributor to 

scapulothoracic upward rotation (Figure 26), and the magnitude of contribution 

depended on the phase of humerothoracic elevation (main effect of phase: p < 0.01, F = 

25.95, df = 2,115). During the 30°-60° phase, sternoclavicular posterior rotation was 

responsible for an average of 2.8% of the magnitude of scapulothoracic upward rotation. 

The proportional contribution increased significantly to 32.2% for the 60°-90° phase (p < 

0.01, t = -6.04, df = 115), where it remained unchanged (34.2%) for the 90°-120° phase 

(p = 0.91, t = -0.40, df = 115). The presence of symptoms did not significantly impact the 

proportional contribution of sternoclavicular posterior rotation (main effect of group: p = 

0.41, F = 0.68, df = 2,115) (Figure 68B).  

Sternoclavicular elevation consistently contributed minimally to scapulothoracic 

upward rotation (Figure 26). However, the magnitude of contribution depended on the 

phase of humerothoracic elevation (main effect of phase: p = 0.02, F = 3.97, df = 2,115). 

During the 30°-60° and 60°-90° phases, sternoclavicular elevation was responsible for an 

average of 8.3% and 8.6% of the magnitude of scapulothoracic upward rotation, 

respectively. During the 90°-120° phase, the contribution increased significantly to 

10.7% (p = 0.03, t = -2.63, df = 115). The presence of symptoms did not significantly 

impact the proportional contribution of sternoclavicular elevation (main effect of group: p 

= 0.08, F = 3.27, df = 2,115) (Figure 68C). 

Discussion 

The results of the current study support the theory proposed by Ludewig and 

colleagues (Teece et al., 2008) that the sternoclavicular and acromioclavicular 
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contributions to scapulothoracic upward rotation can be simplified to three angular 

degrees of freedom: acromioclavicular upward rotation, sternoclavicular posterior 

rotation, and sternoclavicular elevation. The coupling functions derived for this study 

tended to underestimate the actual scapulothoracic upward rotation with errors increasing 

at higher phase of motion (Figure 25 and Table 8). This is because the functions only 

account for the spatial offset between the clavicular and scapular coordinate systems in 

the transverse plane (i.e. acromioclavicular internal rotation angle), which appears to be a 

reasonable simplification at lower angles when the offset between the axes in the coronal 

and sagittal planes is small (i.e. small magnitudes of acromioclavicular upward rotation 

and posterior tilt). However, at higher angles of humerothoracic elevation, the scapular 

and clavicular axes become more oblique to one another necessitating a more complex 

coupling function model.  

Despite the increased absolute errors at higher phases of humerothoracic 

elevation, the errors in estimating scapulothoracic upward rotation correspond to less than 

20% of the actual scapulothoracic upward rotation motion. This suggests the coupling 

functions accurately described over 80% of scapulothoracic upward rotation motion. 

Additionally, the coupling functions explained a substantial portion of the variance in the 

actual scapulothoracic upward rotation (r2 = 79-90%). Together these findings suggest 

the coupling functions have utility in simplifying the complex motion of scapulothoracic 

upward rotation into its component motions, which can be useful in developing kinematic 

and kinetic theories for explaining normal and abnormal scapulothoracic motion. 
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Given scapulothoracic upward rotation can be estimated from its component 

motions, the proportional contributions of the individual component motions can be 

explored. During the initial phase of humerothoracic elevation (i.e. 30°-60°), 

acromioclavicular upward rotation was the predominant component motion, accounting 

for an average of 84% of scapulothoracic upward rotation. Sternoclavicular posterior 

rotation and elevation can be considered accessory motions during this phase with a 

combined average contribution of only 10%. The relative dominance of 

acromioclavicular upward rotation and small contribution due to sternoclavicular 

posterior rotation during this initial phase suggests the scapula and clavicle are not yet 

fully coupled. In other words, motion of the scapula does not substantially transfer to the 

clavicle. This is likely due to the need to first take up slack in the acromioclavicular joint 

and coracoclavicular ligaments before motion can be transferred between bones through 

the acromioclavicular and coracoclavicular ligaments. Functionally, one potential benefit 

for not having the scapula fully coupled with the clavicle in the early phase of motion is 

that it may allow the scapula to seek conformity with the thorax by moving at the 

acromioclavicular joint in its other dimensions (i.e. tilt and internal rotation). Scapular 

conformity on the thorax helps create a functional “gliding plane” upon which the 

scapula may move, which may result in a more stable mechanism for the performance of 

upper extremity tasks (van der Helm, 1994). 

The high proportional contribution from acromioclavicular upward rotation 

during the initial phase of humerothoracic elevation may also suggest a potential 

mechanical inefficiency for production of scapulothoracic motion. This is because the 
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serratus anterior and middle and lower trapezius would act primarily at the 

acromioclavicular joint to produce net scapulothoracic upward rotation and external 

rotation, respectively. Although the moment arms for these muscles are large when acting 

at the acromioclavicular joint, theoretically they become much larger when they act at the 

sternoclavicular joint (Veeger & van der Helm, 2007). A larger moment arm would allow 

for an even larger torque producing capability, making them more efficient at producing 

scapulothoracic upward rotation and external rotation. However, for the serratus anterior 

and middle and lower trapezius to act at the sternoclavicular joint, the clavicle and 

scapula need to move predominantly as one unit (i.e. through sternoclavicular posterior 

rotation), which does not appear to be occurring for most people during the initial phase 

of motion. Therefore, when the scapula and clavicle are not yet coupled in the initial 

phase, scapulothoracic muscle function may not be maximized. 

During the final two phases of humerothoracic elevation (i.e. 60°-120°), 

acromioclavicular upward rotation continues to serve as the predominant component 

motion. However, the proportional contribution decreases to an average of 42% during 

the 60°-90° phase, and 37% during the 90°-120° phase. This reduction in the proportional 

contribution of acromioclavicular upward rotation coincides with an increased 

contribution from sternoclavicular posterior rotation, which now accounts for an average 

of 32-34% of scapulothoracic upward rotation motion. Sternoclavicular elevation remains 

an accessory motion accounting for less than 11% of scapulothoracic upward rotation.  

The comparable contribution between acromioclavicular upward rotation and 

sternoclavicular posterior rotation after the initial phase suggests the scapula and clavicle 
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now function as a mechanism, but do not fully become a single “claviscapular link” as 

proposed by Dvir and Berme (1978). However, with the scapula and clavicle more 

coupled, the clavicle may be able to fulfill its role as a strut by supporting the upper limb 

on the thorax. This function may be especially critical in higher phases of motion because 

the total joint torque produced by muscles acting at the glenohumeral joint has been 

shown to be highest between 60-120° humerothoracic elevation (Yanagawa et al., 2008). 

The clavicle acting as a strut at higher angles may be especially important to support 

higher dynamic loads when the arm is overhead. The strut function may not be as critical 

during the initial phase of motion when the total joint torque produced by glenohumeral 

muscles is relatively less, which may explain why the clavicle and scapula do not need to 

be as coupled during that phase. 

 The increased proportional contribution from sternoclavicular posterior rotation 

during the 60°-90° and 90°-120° phases compared to the initial phase suggests the 

serratus anterior now acts, at least partially, at the sternoclavicular joint. The result is an 

increase in the moment arm for the muscle to theoretically increase its leverage to 

produce net scapulothoracic upward rotation and posterior tilt torque. However, this 

increase in mechanical efficiency of the serratus anterior would also coincide with an 

increased requirement for the counter-stabilizing action of the rhomboids and middle 

trapezius to prevent the scapula from excessively internally rotating and translating 

laterally around the thorax from the pull of the serratus anterior (Gupta & van der Helm, 

2004; van der Helm, 1994). Therefore, it is possible the degree to which the scapula and 

clavicle are coupled may influence the magnitude of scapular “dyskinesia” observed. For 
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example, an individual with less coupling between the scapula and clavicle may be able 

to use lower rhomboid and middle trapezius muscle activation to maintain the scapula’s 

position on the thorax compared to someone who is more coupled. This is because in the 

less coupled individual, the serratus anterior still predominantly acts at the 

acromioclavicular joint and has a lower overall torque generating capability, and 

therefore may require less rhomboid and middle trapezius muscle activation compared to 

a more coupled individual. Clinically, this may help explain the wide variation in 

scapulothoracic kinematics, particularly internal/external rotation, observed in both 

individuals with and without shoulder pain (Lawrence et al., 2014a; McClure et al., 2006; 

McClure et al., 2001). 

The relative proportional contribution between acromioclavicular joint upward 

rotation and sternoclavicular posterior rotation may serve as a measure of “decoupling” in 

the shoulder complex. As such, this metric may have important implications for clinical 

decision making when examining patients post acromioclavicular separation. Current 

guidelines regarding whether to pursue surgical intervention are based on Rockwood’s 

classification, which relies upon a series of static radiographs (Rockwood et al., 1996). 

However, this classification is limited by several factors that challenge its clinical utility. 

For example, radiographic projection error, patient position, and muscle activity may all 

impact the accuracy of accessing the magnitude of joint disruption (Tauber, 2013). But 

perhaps most importantly, there is an inherent challenge in diagnosing a musculoskeletal 

movement disorder using static radiographs. As such, a more objective measure of 
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identifying the degree to which the clavicle and scapula are decoupled could better guide 

treatment decisions and improve clinical outcomes. 

Quantifying the proportional contribution between acromioclavicular upward 

rotation and sternoclavicular posterior rotation in individuals during the 60°-90° phase 

with acromioclavicular joint separation may be a means to identify who would benefit 

from surgical stabilization. Higher phases may be more sensitive to the presence of 

decoupling than the initial phase because motion of the scapula is at least partially 

transferred to the clavicle in most individuals, where this was not the case in the initial 

phase (Figure 26). Therefore, if an individual had an excessive proportional contribution 

from acromioclavicular upward rotation, this may suggest the acromioclavicular joint and 

coracoclavicular ligaments are no longer efficiently transmitting motion and surgical 

stabilization may be indicated.  

The question then becomes what a reasonable cutoff is to define “excessive” 

acromioclavicular upward rotation in individuals post acromioclavicular separation. To 

fully answer this question, shoulder complex kinematics would need to be quantified 

using a large sample including individuals with a history of acromioclavicular joint 

separation. However, an estimate of this cutoff may be made by determining the 

acromioclavicular upward rotation proportional contribution magnitude that corresponds 

to 0% sternoclavicular posterior rotation proportional contribution. This was done on an 

exploratory basis with the data from this study using an equation developed through 

simple linear regression model for the 60°-90° phase of humerothoracic elevation. The 

results suggest that a proportional contribution from acromioclavicular upward rotation of 
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82% may serve as a conservative threshold for indicating decoupling has occurred 

(Figure 27). Any less acromioclavicular upward rotation proportional contribution 

suggests motion of the scapula is being transmitted, at least in part, to the clavicle. Future 

research is needed to more rigorously define a cutoff from which to base surgical 

decision making, as well as determine whether applying this cutoff improves surgical 

outcomes by targeting appropriate patients.  

Another potential clinical implication of excessive decoupling between the 

scapula and clavicle is that the increased acromioclavicular upward rotation may result in 

increased shear stress at the acromioclavicular joint. Increased shear stress may create 

biomechanical changes in the articular cartilage which over time may predispose an 

individual to acromioclavicular joint osteoarthritis. This premise is supported by 

literature showing higher incidence of acromioclavicular osteoarthritis over the long term 

in individuals post Type III acromioclavicular joint separation (Cox, 1981; Taft et al., 

1987). More research is needed to determine whether excess acromioclavicular upward 

rotation increases shear stresses, and subsequently whether increased acromioclavicular 

upward rotation is a risk factor for the development of acromioclavicular osteoarthritis.  

An additional potential clinical implication of decoupling relates to when 

humerothoracic elevation is accomplished through increasing scapulothoracic upward 

rotation in individuals with decreased glenohumeral elevation such as in the case of 

massive rotator cuff tears (Mell et al., 2005), adhesive capsulitis (Fayad et al., 2006; 

Rundquist, 2007; Vermeulen et al., 2002), and glenohumeral osteoarthritis (Braman et al., 

2010; Fayad et al., 2006). Generally, this is considered a positive compensatory strategy 
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to improve shoulder functional range of motion. However, given the theory that increased 

acromioclavicular upward rotation may predispose an individual to acromioclavicular 

osteoarthritis, the risk/benefit relationship of using the compensatory movement strategy 

may need to be considered. For chronic conditions such as massive rotator cuff tears and 

glenohumeral osteoarthritis, increasing humerothoracic elevation through increasing 

scapulothoracic upward rotation may still be considered a positive compensatory strategy 

to improve the patient’s functional range of motion. However, for temporary conditions 

such as adhesive capsulitis, increasing acromioclavicular upward rotation as a short-term 

functional strategy may have potential unwanted long-term consequences such as 

acquired acromioclavicular joint laxity and osteoarthritis and may need to be considered 

judiciously. Further, exercises that aim to stretch the glenohumeral joint by maximizing 

passive humerothoracic elevation but do not involve stabilizing the scapula (e.g. wand 

exercises) may be counter-productive for the long-term health of the acromioclavicular 

joint. Instead, focusing manual and exercise interventions at stretching the glenohumeral 

joint without requiring excessive acromioclavicular compensatory motion may be 

indicated. 

Across all phases of humerothoracic elevation, high variability between subjects 

exists in the proportional contribution of each component motion. This variability can be 

seen using parallel coordinates plots which show the proportional contribution of each 

component motion (across the x-axis) with each subject represented as a single line 

(Figure 28). The shared y-axis represents the magnitude of the proportional contribution. 

This type of visualization allows the between-subject variance within each variable to be 
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appreciated as well as the relationship between adjacent variables (via line slope). Using 

this method of visualizing the multidimensional data, the between-subject variability 

appears to be the highest in the 30°-60° phase of humerothoracic elevation, particularly 

for acromioclavicular upward rotation and sternoclavicular posterior rotation. This may 

reflect differing magnitudes of coupling seen during this phase, potentially from between-

subject variability in initial alignment or differing laxity in the acromioclavicular and 

coracoclavicular ligaments. The magnitude of the between-subject variation in both 

sternoclavicular posterior rotation and acromioclavicular upward rotation appears to 

decrease for higher phases of humerothoracic elevation, suggesting the shoulder complex 

mechanism becomes more constrained at higher elevation angles.  

The proportional contribution due to sternoclavicular elevation consistently 

contributes only a small amount to scapulothoracic upward rotation (Figure 26) and with 

comparatively small between-subject variability (Figure 28). This finding may suggest 

shoulder shrugging (through increasing sternoclavicular elevation) which is often seen in 

individuals with massive rotator cuff tears and glenohumeral hypomobility, may not be 

an optimal compensatory strategy to increase scapulothoracic upward rotation. This is 

also supported by the generally low magnitudes of sternoclavicular elevation 

displacements during arm raising found in this study and others (Lawrence et al., 2014a; 

Ludewig et al., 2009a; McClure et al., 2006).  

This study has methodological limitations that are important to consider when 

interpreting the results. First, the shape and position of the clavicle relative to the imaging 

plane often make it challenging to shape-match, especially at lower angles of elevation. 
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Initial validation work found RMS errors for shape-matching clavicle axial rotation 

position of 3.7° corresponding to RMS errors in acromioclavicular upward rotation of 

3.4° (Lawrence et al., 2018). Therefore, it is possible shape-matching errors added 

irrelevant variance which confounded descriptions of the underlying mechanics and may 

have resulted in smaller sternoclavicular posterior rotation displacements than those 

reported by previous studies (Lawrence et al., 2014a; Ludewig et al., 2009a). If 

sternoclavicular posterior rotation displacement was in fact under-estimated, this would 

result in an underestimation of its proportional contribution and an overestimation of 

acromioclavicular proportional contribution.  

Second, the approach used in this study can only account for the kinematic 

mechanisms related to scapulothoracic upward rotation. Other sternoclavicular, 

acromioclavicular, and scapulothoracic rotations also serve important roles in shoulder 

function. Additional work is needed to investigate how scapulothoracic anterior/posterior 

tilt and internal/external rotation are produced as scapular dyskinesias are often seen in 

combination (Kibler et al., 2002). Future studies are also needed to translate this 

kinematic knowledge into kinetics where muscle function (and potentially dysfunction) 

can be studied, which will have a more direct impact on exercise recommendations.  

Third, the average participant age was relatively young at 33 years. However, the 

age range spanned from 22 to 55 years old helping capture age-related movement 

variability. Future studies should investigate whether coupling relationships are age-

dependent and related to the development of degenerative pathology such as 

osteoarthritis and rotator cuff disease. 
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Finally, the motion performed in this study was controlled to the scapular plane. 

The proportional contributions of the component motions will likely change if the motion 

is performed in other planes due to the altered acromioclavicular internal rotation angle 

as the arm is brought across the body or behind the back. The subject-specific coupling 

function may still be useful as the acromioclavicular internal rotation angle will increase 

or decrease to reflect the different planar motions (Ludewig et al., 2009a). However, the 

coupling function assuming 60° acromioclavicular internal rotation may no longer be 

appropriate.  

Despite the complex anatomical and kinematic relationships of the shoulder 

complex, scapulothoracic upward rotation can be reliably estimated from the component 

motions of acromioclavicular upward rotation, sternoclavicular posterior rotation, and 

sternoclavicular elevation as a function of the acromioclavicular internal rotation 

position. Acromioclavicular upward rotation and sternoclavicular posterior rotation are 

the predominant component motions of scapulothoracic upward rotation, with a 

combined contribution of at least 70%. More research is needed to investigate how these 

coupling relationships influence muscle function and scapular dyskinesia.  
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Table 7: Participant Demographics by Group 
 Asymptomatic 

(n=30) 

Symptomatic 

(n=30) 

Statistic p-value 

Age (years) 32.7  8.3 32.4  8.8 t58 = 0.12 0.90 

Sex (% male) 46.7% 46.7% X2
1 = 0.0 1.0 

Dominance of the side 

tested  

(% dominant) 

40.0% 40.0% X2
1 = 0.0 1.0 

Height (cm) 173.1  8.5 170.9  7.8 t58 = 1.01 0.32 

Mass (kg) 72.1  12.5 72.9  15.6 t58 = -0.23 0.82 

BMI (kg/m2) 23.9  2.7 24.8  4.1 t50.6 = -0.98 0.33 

Symptom duration (weeks) 0.0  0.0 108.2  240.0 NC NC 

NPRS (0 – 100) 

Highest past 7 days 0.0  0.0 49.6  16.9 NC NC 

Lowest past 7 days 0.0  0.0 14.1  17.2 NC NC 

DASH (0 – 100) 0.7  1.8 15.3  8.1 t31.9 = -9.59 <0.01 

Work subscale 0.2  1.2 9.0  14.5 t26.4 = -3.13 <0.01 

Sport subscale 2.1  6.5 25.8  28.1 t16.7 = -3.25 <0.01 

Notes: Demographic data are presented as mean ± SD or proportions, as appropriate. 

Symptom duration presented as median due to skewed distribution. Group comparisons 

were assessed using two-sample independent t-tests or Chi-square tests for continuous and 

binary data, respectively. Abbreviations: BMI = body mass index; NPRS = numeric pain 

rating scale; DASH = Disabilities of the Arm, Shoulder, and Hand; NC = not computed 

due to no data in the asymptomatic group. 
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Table 8: Results for Estimating Scapulothoracic Upward Rotation 

using the Coupling Function 
 Humerothoracic Elevation Phase 

 30°-60° 

(n=60) 

60°-90° 

(n=60) 

90°-120° 

(n=59) 

Coupling function 

RMS error 1.2° 2.5° 2.8° 

Bias error -0.6° -2.1° -2.4° 

r2 0.90 (<0.01)  0.80 (<0.01) 0.88 (<0.01) 

Subject-specific coupling function 

RMS error 1.2° 2.5° 2.8°  

Bias error -0.6° -2.1° -2.4° 
r2 0.88 (<0.01) 0.79 (<0.01) 0.90 (<0.01) 

Notes: The formula for the coupling function is based on the theory 

proposed in Teece et al. (2008) and assumes a fixed acromioclavicular 

internal rotation angle (60°). The equation for the subject-specific coupling 

function uses the subjects’ mean acromioclavicular internal rotation angle 

during the phase of humerothoracic elevation. Negative bias indicates an 

under-estimation of scapulothoracic upward rotation displacement. R-

squared statistics expressed as a magnitude and associated p-value. 

Abbreviations: RMS = root mean square. 
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Figure 21: The component motions of scapulothoracic upward rotation. Figure modified 

and used with permission from Ludewig et al. (2009a).  
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Figure 22: The shoulder complex shape-matched for one fluoroscopic frame. Shape-

matching was performed by virtually rotating and translating the 3D bone model within 

JointTrack software until the projected contours of the bones (blue line) become aligned 

with their respective projections on the fluoroscopic image.   
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Figure 23: Relationship between acromioclavicular joint axes and coupled mechanics of 

the clavicle and scapula. The red line represents the clavicle medial/lateral axis, while the 

blue line represents the scapular medial/lateral axis. A) Theoretical relationship in which 

axes are parallel; therefore, only sternoclavicular elevation produces scapulothoracic 

upward rotation. B) Theoretical relationship in which axes are perpendicular; therefore, 

only sternoclavicular posterior rotation produces scapulothoracic upward rotation. C) 

Average physiological relationship with acromioclavicular internal rotation angle of 

approximately 60°, where both sternoclavicular posterior rotation and elevation will 

contribute to scapulothoracic upward rotation.  
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Figure 24: Angular position across angles of humerothoracic elevation for 

acromioclavicular upward rotation, sternoclavicular posterior rotation, sternoclavicular 

elevation, scapulothoracic upward rotation, and acromioclavicular internal rotation. Data 

is presented as the mean and unpooled SE. Abbreviations: AC = acromioclavicular; SC = 

sternoclavicular; ST = scapulothoracic. 
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Figure 25: Results of the subject-specific coupling function for estimating 

scapulothoracic upward rotation displacement from the component motions of 

sternoclavicular posterior rotation, acromioclavicular upward rotation, and 

sternoclavicular elevation displacements across phases of humerothoracic elevation (30°-

60°, 60°-90°, 90°-120°). Abbreviations: ST = scapulothoracic; UR = upward rotation. 
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Figure 26: Proportional contributions of sternoclavicular posterior rotation, 

sternoclavicular elevation, and acromioclavicular upward rotation to scapulothoracic 

upward rotation across phases of humerothoracic elevation (30°-60°, 60°-90°, 90°-120°) 

based on the subject-specific coupling function. The mean residual error in prediction is 

also presented as a proportion of scapulothoracic upward rotation. Abbreviations: AC = 

acromioclavicular; SC = sternoclavicular.  
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Figure 27: The relationship between acromioclavicular upward rotation and 

sternoclavicular posterior rotation proportional contributions to scapulothoracic upward 

rotation as calculated using the subject-specific coupling function during the 60°-90° 

phase. The intercept from the regression equation (81.9%, denoted by horizontal 

reference line) provides an estimate of the acromioclavicular upward rotation 

proportional contribution that corresponds to 0% contribution of sternoclavicular 

posterior rotation, which may be useful for defining “decoupling”.  

 



 

155 

 

 
Figure 28: Parallel coordinates plots showing the proportional contribution of each 

component motion (across x-axis) for each phase of humerothoracic elevation. Each 

subject is represented as a single line. The shared y-axis represents the magnitude of the 

proportional contribution of the component motions to scapulothoracic upward rotation. 

Abbreviations: AC = acromioclavicular; SC = sternoclavicular; UR = upward rotation. 
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Chapter 6: Conclusion 

This thesis sought to advance the understanding of the movement-related 

pathogenesis of rotator cuff disease. This effort is important because relatively few 

studies have investigated the impact of specific movement abnormalities on measures of 

joint and soft tissue injury mechanisms. The results of the studies contained within this 

thesis suggest: 1) single-plane fluoroscopy and 2D/3D shape-matching can accurately 

track shoulder complex kinematics during static trials; 2) the impact of scapulothoracic 

upward rotation on subacromial space is more complex than traditionally believed; and 3) 

acromioclavicular upward rotation and sternoclavicular posterior rotation are the 

predominant contributors to scapulothoracic upward rotation. As is often the case in 

research, the process of exploring and interpreting these findings created many more 

questions than answers and serves as a foundation upon which future research may be 

based. 

Validation of single-plane fluoroscopy and 2D/3D shape-matching for quantifying 

shoulder complex kinematics (Aim 1) 

Single-plane fluoroscopy and 2D/3D shape-matching can accurately track 

shoulder complex kinematics during static positions. In general, RMS errors were less 

than 3° for tracking acromioclavicular and glenohumeral joint orientations. Additionally, 

RMS errors for joint position were <1.8 mm except for anterior/posterior glenohumeral 

position. These errors constitute good improvement over traditional surface based 

measures (Hamming et al., 2012; Karduna et al., 2001; Ludewig et al., 2002), and do not 

require invasive methods such as transcortical bone pins (Lawrence et al., 2014a; 
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Lawrence et al., 2014b; Ludewig et al., 2009a; McClure et al., 2001) allowing for larger 

sample sizes.  

Importantly, the use of fluoroscopy allows for the direct visualization of 

movement, which can provide insight into subtle movement patterns that may not be 

captured by traditional methods of tracking kinematics. For example, rapid downward 

rotation of the scapula during the lowering phase is often observed clinically (Kibler et 

al., 2013; McClure et al., 2009) and is thought to be evidence of impaired motor control. 

However, this theory is difficult to test using surface-based motion sensors due to skin 

motion artifact. The rapid downward rotation was often seen anecdotally in participants 

using fluoroscopy, which offered a new theory that the motion may be compensatory in 

nature in response to the need to control excessive glenohumeral translations. For 

example, if an individual had glenohumeral laxity, dynamic control of these translations 

may be difficult during dynamic tasks. During lowering of the arm, locking humeral 

motion to the scapula may potentially be a means of reducing translations but results in 

the rapid downward rotation we observe clinically and on fluoroscopy. More research is 

needed to investigate the implications of these presumed movement “impairments”, and 

other kinematic descriptions (e.g. acceleration) may be important to characterize these 

movements. 

Although the study described in Chapter 3 used well-established methods of 

validating fluoroscopy with radiostereometric analysis, the study has several limitations 

when being used to support the accuracy of our protocol used in the in vivo studies 

(Chapters 4 and 5). A primary limitation is that the validation was performed during 
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static trials due to the inability to sync the fluoroscopic systems. This may limit the 

generalizability to dynamic trials where motion blur may occur depending on the balance 

between the speed of movement and the frame rate and pulse width of the acquisition 

(Ellingson et al., 2016). However, comparison of the results of the current study to 

previous studies of dynamic glenohumeral motion (Matsuki et al., 2012; Zhu et al., 2012) 

suggest the addition of movement does not substantially increase errors over the 

underlying error due to using a single fluoroscopic plane. 

A second key limitation was the resolution of the CT scan, which may have 

impacted the accuracy of the gold standard. This was because the entire specimen was 

imaged in a single scan resulting in lower resolution than if the shoulders were scanned 

independently. The primary consequence is the reduced precision with which the beads 

were digitized, which may have increased the error in defining the coordinate systems 

used as the gold standard. In the future, scanning each shoulder individually will 

maximize the resolution for a given anatomical region improving our ability to more 

accurately describe kinematic tracking errors. 

Another key limitation of the study was the use of CT-based bone models for 

shape-matching while MR-based models were used for the in vivo analyses. The concern 

related to this limitation is that MR-based bone models may provide lower geometric 

accuracy than CT-based models for several reasons. First, MR imaging provides lower 

contrast, which can impact the ability to accurately segment the margins of the bones and 

subsequently impact shape-matching (Moro-oka et al., 2007). Second, MR imaging 

introduces spatial distortions which increase with higher magnet strength (Moro-oka et 
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al., 2007). The current study used a 3T scanner and spatial distortions were often 

observed on the distal shaft of the humerus. When distortions were observed, the 3D 

humeral bone models where cropped. However, this reduced the contours available for 

shape-matching. Third, the acquisition time of the MR introduces the potential for motion 

artifact. Anecdotally, segmentation of the clavicle was particularly challenging due to 

breathing artifact and a lower signal to noise ratio likely due to the difficulty conforming 

the flex coil to the subject’s upper thorax.  

Despite the potential limitations associated with using MR-based bone models, 

previous studies investigating the geometric accuracy of using MR for reconstructing 3D 

models of long bones reports generally <0.25 mm error (Moro-oka et al., 2007; 

Rathnayaka et al., 2012). However, these errors have not been quantified for the shoulder 

complex. Recent unpublished work in our lab has shown that MR-based bone models 

result in only small increases in RMS errors (<1°, <1 mm) for automated biplane tracking 

(Akbari-Shandiz et al., 2018). While a similar study has not been performed for single-

plane tracking, it is likely the primary source of error continues to be the single plane and 

not the geometric accuracy of the bone models. Importantly, the need to quantify soft 

tissue parameters in the current study necessitated the use of MR-derived bone models. 

Further, the use of MR-based bone models also reduced the risk to the subject consistent 

with the ALARA (as low as reasonably achievable) principle for minimizing radiation 

exposure. 

The use of a clinical fluoroscopy unit was associated with both benefits and 

technical challenges. The primary benefit was the existing FDA approval, which 
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accelerated support from regulatory committees for the proposed research. In contrast, 

the primary technical challenge was the inability to change the pre-programmed factory 

settings to improve image quality. Clinical image acquisition is not often focused on 

gross movement across the field of view. Therefore, the factory settings are not optimized 

for precisely tracking dynamic human movement. The motions studied during the in vivo 

analyses (Chapters 4 and 5) were performed at a rate of approximately 50°/second and 

captured during continuous x-ray exposure at a rate of 25 Hz. Although the frame rate 

used as generally high enough to minimize motion blur for this relatively slow trial, the 

continuous exposure may have increased the amount of blur present (Ellingson et al., 

2016) and increased the dose to the subject. However, short-duration pulsed acquisition 

on the c-arm was not feasible due to the factory settings designed for clinical purposes. 

Specifically, the shortest pulsed exposure available for the data capture settings was 13 

ms, which would have reduced the frame rate to 12 Hz. These acquisition parameters 

would have resulted is approximately 50% fewer images and therefore analyzable data. 

Although data from the in vivo analyses (i.e. Chapters 4 and 5) was down-sampled to 

every 10° humerothoracic elevation to reduce data processing time, future studies may 

benefit from advances in automated tracking to analyze all frames and investigate subtle 

motion deviations that are often visible. For example, subtle superior glenohumeral 

translation and/or scapulothoracic downward rotation at the onset of motion may be 

important movement impairments to investigate but require analyzing more frames than 

the subset used for the current study. 
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Despite its challenges in a research setting, the major benefit of using a clinical 

fluoroscopy unit in the current study is the potential integration into clinical practice. 

Current clinical methods of quantifying shoulder complex kinematics (e.g. visual 

assessment or inclinometer) may not be accurate enough to detect subtle alterations in 

motion (Johnson et al., 2001). A more accurate method may help in the diagnosis and 

treatment of mechanical shoulder pain. However, 2D/3D shape-matching even with the 

use of a clinical system requires substantial time commitment to process and analyze the 

data. Future work aimed at developing automated algorithms for shape-matching and 

generation of the 3D bone models is critical to ensure the clinical translation of this 

measurement approach.  

The accuracy of single-plane fluoroscopy and 2D/3D shape-matching was 

sufficient to quantify subacromial proximities. Importantly, the errors in quantifying 

subacromial space did not likely impact the magnitude of any group differences because 

shape-matching was performed blinded and there is no known reason to believe one 

group was more susceptible to errors than another. However, errors in quantifying 

subacromial space due to shape-matching may have introduced irrelevant variance that 

may have increased variability in the proximity metrics, and thereby reduced power to 

detect group differences as described in Chapter 4. Future studies investigating the 

relationship between shoulder motion and mechanisms of pathology may benefit from the 

higher accuracy of biplane fluoroscopy and from higher level modeling such as finite 

element analyses. 
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The impact of decreased scapulothoracic upward rotation on subacromial 

proximities (Aim 2) 

The results of the second study contained within this thesis support the hypothesis 

that decreased scapulothoracic upward rotation creates a shift in the range of smallest 

proximity between the low and high scapulothoracic upward rotation groups. As a whole, 

the impact of scapulothoracic upward rotation on subacromial space is more complex 

than traditionally believed. Clinically, the finding of a shift suggests the implications of 

decreased scapulothoracic upward rotation on subacromial proximities may need to be 

interpreted within the context of the humerothoracic elevation range in which the 

movement impairment is observed.  

The impact of scapulothoracic upward rotation on subacromial space becomes 

more complex when data from the participants in the mid scapulothoracic upward 

rotation group are considered. It is possible that comparing the subacromial proximities 

in the two groups at the tails of the scapulothoracic upward rotation distribution may 

introduce a confounding factor. This is because neither group’s kinematics may be 

considered a control for the other as both represent “extreme” motion. To investigate this 

possibility, an exploratory two-factor mixed-model ANOVA was performed to compare 

all three scapulothoracic upward rotation groups (low, mid, high) across the four angles 

of humerothoracic elevation (minimum, 30°, 60°, and 90°). Although no effect involving 

group was significant (interaction: p = 0.16, F = 1.57, df = 6,137; main effect of group: p 

= 0.53, F = 0.64, df = 2,57), participants in the mid scapulothoracic upward rotation 

group tended to have higher normalized minimum distance than both the low and high 

groups (Figure 29). In particular, participants in the mid scapulothoracic upward rotation 
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group had 40.2% larger normalized minimum distance than those in the low subgroup 

when the arm was at the side, and 37.7% larger normalized minimum distance at 30° 

humerothoracic elevation. Although not statistically significant, both magnitudes exceed 

our hypothesized threshold of clinical meaningfulness (35%). Further, participants in the 

mid scapulothoracic upward rotation group had 21.1% larger normalized minimum 

distance than those in the high subgroup at 30° humerothoracic elevation. 

 

Figure 29: Normalized minimum distance between the coracoacromial arch and articular 

margin aspect of the rotator cuff insertion for all scapulothoracic upward rotation groups. 

Abbreviation: min = minimum 

 

The finding that participants in both high and mid scapulothoracic upward 

rotation groups tended to have higher subacromial proximities than those in the low 

group may have important implications for the development of a movement-based 

diagnostic classification system. Within this framework, some extreme joint positions 

may not necessarily be considered “bad” or “good” but may depend on the context in 

which it is observed. For example, increased scapulothoracic upward rotation may offer 
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some protection for subacromial compression at lower angles of humerothoracic 

elevation but may reduce subacromial proximities at higher angles. This may be an 

important consideration for ergonomic design and matching workers to job tasks.  

In the current study, the mid group differed from the low group in scapulothoracic 

upward rotation by approximately 5° until 50° humerothoracic elevation (Figure 30). 

This suggests a 5° deviation in scapulothoracic upward rotation from “average” may 

reduce the subacromial space, but the range in which this reduction occurs may depend 

on the direction of the deviation as previously described. The challenge clinically is to be 

able to accurately quantify scapulothoracic upward rotation to identify which patients 

present with more extreme motion. More research is needed to establish normative data 

and to improve clinical measures for scapulothoracic upward rotation so that deviations 

from “average” may be reliably and accurately identified. 

 

Figure 30: Scapulothoracic upward rotation magnitudes across humerothoracic elevation 

for all three scapulothoracic upward rotation groups. 
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Mechanical coupling of scapulothoracic upward rotation (Aim 3) 

Understanding the coupling relationships amongst the joints of the shoulder 

complex forms the foundation from which we can understand how normal and abnormal 

motion are produced. The results of the third study contained within this thesis build 

upon classic studies that proposed theories regarding the structure and function of the 

shoulder complex (Bagg & Forrest, 1988; Dvir et al., 1978; Inman et al., 1944; van der 

Helm, 1994; van der Helm et al., 1995). These early studies sought to understand 

shoulder motion primarily through the use of 2D measures such as radiographs. Although 

exploratory in nature, the current study is an important addition to this foundational work 

as it accurately quantified full shoulder complex kinematics in three-dimensions. 

A key limitation to this study is that it only investigated the coupling relationships 

related to scapulothoracic upward rotation. Scapulothoracic posterior tilt and internal 

rotation also play important roles in shoulder function by helping the scapula seek 

conformity with the thorax and improve the effectiveness of the gliding plane by 

reducing the available degrees of freedom (van der Helm, 1994). Furthermore, the 

question of coupling relationships is inherently a multivariate one due to the oblique 

nature of the clavicular and scapular axes. For example, sternoclavicular posterior 

rotation was found to be a predominant component motion of scapulothoracic upward 

rotation but likely also plays an important role in producing posterior tilt (Teece et al., 

2008). Future studies are needed to investigate the coupling relationships for 

scapulothoracic posterior tilt and internal rotation, and how these relationships interrelate. 
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This work will be especially important as muscles function in three dimensions and 

scapular dyskinesia are often seen in combination (Kibler et al., 2002). 

An important factor in estimating kinetics from kinematics is an accurate 

representation of the axis of rotation. Early work proposed various theories on the 

location and orientation of the scapulothoracic axis of rotation during humeral elevation 

(Bagg et al., 1988; Dvir et al., 1978; Poppen et al., 1976). Poppen and Walker (1976) 

observed the axis of rotation was initially located lateral to the scapular body but shifted 

superior and medially as the arm was elevated. Conversely, Dvir and Berme (1978) and 

Bagg and Forrest (1988) proposed similar theories that the axis of rotation was oriented 

anteriorly/posteriorly near the root of the scapular spine during lower angles of elevation 

and shifted to the acromioclavicular joint towards the end of motion. These conflicting 

theories are likely due to projection errors associated with quantifying 3D kinematics 

from 2D radiographs. 

A helical axis may offer the most precise method for describing a joint’s axis of 

rotation. An exploratory analysis was performed using the data from the current study to 

visualize the scapulothoracic helical axis and test these early theories regarding the 

location and orientation of the axis of rotation. However, helical axis calculations are 

highly sensitive to noise and kinematics are often filtered prior to analysis (Woltring et 

al., 1985). Given the extensive data processing time required for this study, kinematic 

data was down-sampled to every 10º humerothoracic elevation, which precluded the 

ability to filter the data. Furthermore, finite helical axis calculations are sensitive to small 

total rotations (Spoor et al., 1980), which are often present at the sternoclavicular and 
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acromioclavicular joint. Future studies that track shoulder complex kinematics at a high 

sampling rate and use an instantaneous helical axis calculation will be an important step 

in understanding muscle function by establishing the scapulothoracic axis of rotation. 

Summary 

The shoulder is a complex system that serves an important function for facilitating 

upper limb function. Investigating these complex relationships requires highly accurate 

methods of quantifying shoulder kinematics. Single-plane fluoroscopy and 2D/3D shape-

matching provides sufficient accuracy to address many clinical questions related to 

shoulder motion and how it relates to potential mechanisms of rotator cuff injury. The 

impact of abnormal scapulothoracic motion on subacromial proximities is more complex 

than traditionally believed but emphasizes the need for accurate methods of measuring 

human motion in the clinic. More research is needed to investigate the impact of 

abnormal scapulothoracic kinematics on other mechanisms of soft tissue injury (i.e. 

internal impingement, labral tears) and identify the underlying kinematic and kinetic 

mechanisms of scapulothoracic motion.  
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Appendices 

Appendix A: Literature Review Summary Tables 

 

Table 9: Summary of Scapulothoracic Kinematic Studies in Asymptomatic Subjects during Scapular Plane Abduction 
Study Methods Subjects Range Angular 

Position 

Initial 

Position 

Final 

Position 

Change in 

Position 

Ludewig 

1996 

- Electromagnetic digitizer 

(static) 

- New ISB 

- N=25  

- 11 M, 14 F, 26±5 yrs. 

0°-140° IR/ER 33° 20° -13° 

UR/DR -2° -36° -34° 

AT/PT -8° 7° 15° 

McClure 

2001 

- Electromagnetic sensors 

attached to bone pins 

- Old ISB 

- N=8 

- 5 M, 3 F, 33 yrs. 

30°-120° IR/ER* 36° 29° -7° 

UR/DR* -19° -50° -31° 

AT/PT* 5° 15° 10° 

Ludewig 

2000 

- Electromagnetic surface 

sensors 

- Old ISB 

- N=26 

- 26 M, 40±13 yrs. 

- Overhead workers 

40°-120° IR/ER* 40° 47° 7° 

UR/DR -17° -41° -24° 

AT/PT* -10° -8° 2° 

Ebaugh 

2005 

- Electromagnetic surface 

sensors with scapular tracker 

- Old ISB 

- N=20 

- 10 M, 10 F, 23 yrs. 

Min-120° IR/ER 45° 42° -3° 

UR/DR -29° -67° -38° 

AT/PT 0° 1° 1° 

McClure 

2006 

- Electromagnetic surface 

sensors 

- Old ISB 

- N=45  

- 24 M, 21 F, 44±12 yrs. 

Min-120° IR/ER* 37° 35° -2° 

UR/DR* -18° -50° -32° 

AT/PT* 0° 4° 4° 

Ludewig 

2009 

- Electromagnetic sensors 

attached to bone pins 

- Old ISB 

- N=12  

- 7 M, 5 F, 29±7 yrs. 

30°-120° IR/ER 39° 37° -2° 

UR/DR -16° -44° -28° 

AT/PT -11° 3° 14° 

Notes: Positive rotations: IR, DR, and PT. Abbreviations: ISB = International Society of Biomechanics, SAB = scapular plane abduction, IR = internal 

rotation, ER = external rotation, DR = downward rotation, UR = upward rotation, PT = posterior tilt, AT = anterior tilt. *Data estimated from plots 
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Table 10: Summary of Glenohumeral Kinematic Studies in Asymptomatic Subjects during Scapular Plane Abduction 
Study Methods Subjects Range Angular Position Initial 

Position 

Final 

Position 

Change in 

Position 

Ludewig 

2009 

- Electromagnetic sensors 

attached to bone pins 

- Old ISB 

- XZ’Y” 

- N=12  

- 7 M, 5 F, 29±7 

yrs. 

30°-120° Abduction -14° -77° -63° 

Plane of elevation 6° 5° -1° 

IR/ER -50° -62° -12° 

Matsuki 

2012 

- Single-plane fluoro with 

2D/3D shape-matching 

- Glenoid LCS 

- Biceps LCS 

- ZX’Y” 

- N=12 

- 12 M, 32 yrs. 

30°-120° 

 

IR/ER* 

 

-97° -93° 4° 

Giphart 

2013 

- Biplane fluoro with 2D/3D 

shape-matching 

- New ISB for scapula  

- Biceps LCS 

- YX’Y” 

- N=13 30°-120° Abduction* -18° 80° -62° 

Plane of elevation* 8° -8° -16° 

IR/ER* 25° 20° -5° 

Notes: Positive rotations: adduction, posterior plane of elevation, and IR. Abbreviations: ISB = International Society of Biomechanics, LCS = local 

coordinate system, SAB = scapular plane abduction, IR = internal rotation, ER = external rotation. *Data estimated from plots 
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Table 11: Summary of Sternoclavicular Kinematic Studies during Scapular Plane Abduction 
Study Methods Subjects Range Angular 

Position 

Initial 

Position 

Final 

Position 

Change in 

Position 

Inman 

1944 

- Bone pin inserted into the 

clavicle 

- Presumably 1 male 

subject 

- Age unknown 

30°-120° Axial rotation* 0° 15° 15° 

McClure 

2001 

- Electromagnetic sensors attached 

to bone pins 

- Motion tracked as scapular 

position 

- N=8 

- 5 M, 3 F, 33 yrs. 

30°-120° Prot/Ret* -19° -30° -11° 

Elev/Dep* -2° -9° -7° 

Fung 

2001 

- Bone fixed electromagnetic 

sensors 

- Glenoid LCS 

- ISB for humerus and clavicle 

- N=5 

- Cadaveric specimen 

- 76±7 yrs. 

30°-120° Prot/Ret* -18° -31° -13° 

Elev/Dep* -4° -11° -7° 

Axial rotation* 4° 14° 10° 

Ludewig 

2004 

- Electromagnetic surface sensors 

- ISB 

- N=30  

- 14 M, 16 F, 27±5 yrs. 

Rest-110° Prot/Ret* -18° -26° -8° 

Elev/Dep -2° -11° -9° 

Axial rotation 1° 18° 17° 

Ebaugh 

2005 

- Electromagnetic surface sensors 

with scapular tracker 

- Motion tracked as scapular 

position 

- N=20 

- 10 M, 10 F, 23 yrs. 

Min-120° Prot/Ret -21° -34° -13° 

Elev/Dep 

 

-6° -19° -13° 

McClure 

2006 

- Electromagnetic surface sensors 

- Motion tracked as scapular 

position 

- N=45  

- 24 M, 21 F, 44±12 yrs. 

Min-120° Prot/Ret* -20° -30° -10° 

Elev/Dep* -3° -14° -11° 

Sahara 

2007 

- Static MR scan 

- Glenoid LCS 

- Clavicle expressed relative to 

lung 

- N=14 

- 14 M, 24 yrs. 

30°-120° 

(abduction) 

 

Prot/Ret* -32° -50° -18° 

Elev/Dep* -7° -14° -7° 

Axial rotation* 4° 22° 18° 

Ludewig 

2009 

- Electromagnetic sensors attached 

to bone pins 

- ISB 

- N=12  

- 7 M, 5 F, 29±7 yrs. 

30°-120° Prot/Ret* -25° -36° -11° 

Elev/Dep -12° -17° -5° 

Axial rotation 2° 24° 22° 

Notes: Positive rotations: protraction, depression, posterior axial rotation. Abbreviations: ISB = International Society of Biomechanics, LCS = local 

coordinate system, SAB = scapular plane abduction, Prot = protraction, Ret = retraction, Elev = elevation, Dep = depression. *Data estimated from plots 
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Table 12: Summary of Acromioclavicular Kinematic Studies during Scapular Plane Abduction 
Study Methods Subjects Range Angular 

Position 

Initial 

Position 

Final 

Position 

Change in 

Position 

Inman 

1944 

- Static radiographs - Presumably 1 male subject 

- Age unknown 

30°-120° 

(abduction) 

UR/DR* -5° -35° -30° 

Sahara 

2007 

- Static MR 

- Glenoid LCS 

- Clavicle expressed relative to lung 

- N=14 

- 14 M, 24 yrs. 

30°-120° 

(abduction) 

IR/ER* 66° 73° 7° 

UR/DR* 10° -2° -12° 

AT/PT* -14° -4° 10° 

Teece 

2008 

- Electromagnetic surface sensors 

- Old ISB 

- In vivo 

- N=30  

- 16 M, 14 F, 25±4 yrs. 

30°-90° 

 

IR/ER* 66° 70° 4° 

UR/DR* -14° -21° -7° 

AT/PT* -2° 1° 3° 

- Electromagnetic sensors attached to 

bone pins 

- Old ISB 

- In vitro 

- N=8, 63 yrs. 

30°-90° 

 

IR/ER 67° 70° 3° 

UR/DR -4° -9° -5° 

AT/PT 0° 13° 13° 

Ludewig 

2009 

- Electromagnetic sensors attached to 

bone pins 

- Old ISB 

- N=12  

- 7 M, 5 F, 29±7 yrs. 

30°-120° IR/ER 59° 64° 5° 

UR/DR -9° -16° -7° 

AT/PT -2° 11° 13° 

Notes: Positive rotations: IR, DR, PT. Abbreviations: ISB = International Society of Biomechanics, LCS = local coordinate system, SAB = scapular 

plane abduction, IR = internal rotation, ER = external rotation, DR = downward rotation, UR = upward rotation, PT = posterior tilt, AT = anterior tilt. 

*Data estimated from plots 
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Table 13: Summary of Studies Comparing Scapulothoracic Kinematics between Symptomatic and Asymptomatic Subjects  
Study Methods Subjects Comparisons Statistical Differences 

Lukasiewicz 

1999 

- Electromagnetic digitizer (static) 

- Projection angles 

Asymptomatic (N=20) 

8 M, 12 F, 34±8 yrs. 

Symptomatic (N=17) 

12 M, 5 F, 46±11 yrs. 

Duration: not specified 

SAB 

Rest, 90°, max 

Side-to-side comparisons* 

PT (90°, max): -8° 

Between-group comparisons* 

PT (90°, max): -10° 

Ludewig 

2000 

- Electromagnetic surface sensors 

- Old ISB 

- Construction workers 

Asymptomatic (N=26) 

26 M, 40±13 yrs. 

Symptomatic (N=26) 

26 M, 40±12 yrs. 

Duration: 5.5 yrs. 

SAB 

60°, 90°, 120° 

 

UR (60°): -4° 

PT (120°): -6° 

IR (loaded): +5° 

 

Endo 2001 - Static AP radiographs 

- Projection angles on scapula  

- Side-to-side comparisons  

Symptomatic (N=27) 

14 M, 13 F, 57 yrs. 

Duration: “chronic” 

Abduction 

0°, 45°, 90° 

UR (90°): -4° 

PT (45°): -3° 

PT (90°): -5° 

McClure 

2006 

- Electromagnetic surface sensors 

- Sternoclavicular motion tracked as 

scapular position 

- Old ISB 

Asymptomatic (N=45) 

24 M, 21 F, 44±12 yrs. 

Symptomatic (N=45) 

24 M, 21 F, 45±13 yrs. 

Duration: >4 wks. 

SAB 

60°, 90°, 120° 

SAB 

UR (90°): +4° 

PT (120°): +3° 

Lawrence 

2014 

- Electromagnetic sensors attached to bone 

pins 

- Old ISB 

Asymptomatic (N=12) 

7 M, 5 F, 29±7 yrs.  

Symptomatic (N=10);  

5 M, 5 F, 36±13 yrs. 

Duration: 10±8 yrs. 

SAB 

30°, 60°, 90°, 

120° 

SAB 

UR (30°): -7° 

UR (60°): -3° 

Sousa 2014 - Electromagnetic surface sensors 

- Old ISB 

Asymptomatic (N=26) 

13M, 13 F, 46±9 yrs. 

Symptomatic (N=25) 

13 M, 12 F, 48±9 yrs. 

Duration: >6 mo. 

SAB 

30°, 60°, 90° 

SAB 

UR: +3-4° 

Notes: Negative values for mean difference indicate symptomatic shoulders have decreased angular value compared to asymptomatic shoulders. 

Abbreviations: ISB = International Society of Biomechanics, SAB = scapular plane abduction, UR = upward rotation, PT = posterior tilt, IR = internal 

rotation. *Data estimated from plots 
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Table 14: Summary of Studies Comparing Glenohumeral Kinematics between Symptomatic and Asymptomatic Subjects 
Study Methods Subjects Comparisons Statistical Differences 

Ludewig 2000 - Electromagnetic surface sensors 

- Old ISB 

- Construction workers 

Asymptomatic (N=26) 

26 M, 40±13 yrs. 

Symptomatic (N=26) 

26 M, 40±12 yrs. 

Duration: 5.5 yrs. 

SAB 

60°, 90°, 120° 

 

No group differences 

Hallström 2006 - Dynamic biplane radiostereometry 

- Coordinate systems not related to 

anatomy 

- Rotation sequence: 

abduction/adduction, IR/ER, 

flexion/extension 

Asymptomatic (N=12) 

8 M, 4 F, 32 yrs. 

Symptomatic (N=25) 

16 M, 9 F, 51 yrs. 

Duration: >18 mo. 

Abduction No group differences 

Lawrence 2014 - Electromagnetic sensors attached 

to bone pins 

- Old ISB 

Asymptomatic (N=12) 

7 M, 5 F, 29±7 yrs. 

Symptomatic (N=10) 

5 M, 5 F, 36±13 yrs. 

Duration: 10±8 yrs. 

Abduction, flexion, 

SAB 

30°, 60°, 90°, 120° 

SAB 

Elevation (30°): +7° 

Elevation (60°): +6° 

Notes: Positive values for mean difference indicate symptomatic shoulders have increased angular value compared to asymptomatic shoulders. 

Abbreviations: ISB = International Society of Biomechanics, SAB = scapular plane abduction, IR = internal rotation, ER = external rotation. 
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Table 15: Summary of Studies Comparing Sternoclavicular and Acromioclavicular Kinematics between Symptomatic and 

Asymptomatic Subjects 
Study Methods Subjects Comparisons Statistical Differences 

McClure 

2006 

- Electromagnetic surface 

sensors 

- Sternoclavicular motion 

tracked as scapular position 

- Old ISB 

Asymptomatic (N=45) 

24 M, 21 F, 44±12 yrs. 

Symptomatic (N=45) 

24 M, 21 F, 45±13 yrs. 

Duration: varied 

Flexion, SAB 

60°, 90°, 120° 

Flexion 

SC elevation (90°): +3° 

SC elevation (120°): +3° 

SAB 

SC retraction (120°): +3° 

Lawrence 

2014 

- Electromagnetic sensors 

attached to bone pins 

- Old ISB 

Asymptomatic (N=12) 

7 M, 5 F, 29±7 yrs. 

Symptomatic (N=10) 

5 M, 5 F, 36±13 yrs. 

Duration: 10±8 yrs. 

Abduction, flexion, SAB 

30°, 60°, 90°, 120° 

Abduction 

SC posterior rotation: -5° 

Flexion 

SC posterior rotation: -6° 

SAB 

SC elevation (30° raising): -5° 

SC posterior rotation: -5° 

Sousa 

2014 

- Electromagnetic surface 

sensors 

- Old ISB 

Asymptomatic (N=26) 

13M, 13 F, 46±9 yrs. 

Symptomatic (N=25) 

13 M, 12 F, 48±9 yrs. 

Duration: >6 mo. 

Flexion and SAB 

30°, 60°, 90° 

Flexion (lowering) 

SC retraction: -4° 

Flexion (raising) 

AC posterior tilt: +5° 

SAB (lowering) 

AC upward rotation: -6° 

Notes: Negative values for mean difference indicate symptomatic shoulders have decreased angular value compared to asymptomatic shoulders. 

Abbreviations: ISB = International Society of Biomechanics, SAB = scapular plane abduction, SC = sternoclavicular, AC = acromioclavicular. 
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Table 16: Summary of Studies of Subacromial Space during Simulated Scapular Plane Abduction in Cadaveric Shoulder Specimen 
Study Methods Subjects Motions Studied Angle of 

Absolute 

Minimum 

Distance 

Absolute 

Minimum 

Distance  

(mean ± SD) 

Range of 

Rotator Cuff 

Risk 

Two-Dimensional Studies 

Burns and 

Whipple 1993 

- Photography and video 

- Static positioning of 

simulated glenohumeral 

motion 

Fresh-frozen cadaveric 

shoulders (N=5) 

Age: >50 yrs. 

SABa: 0°-90° in 

15° increments 

Not described Not described 67-135°* 

Brossman 1996 - Static MR images and 

radiographs 

Fresh cadaveric 

shoulder specimen 

(N=3) 

Age range: 70-80 yrs. 

SABa: 60°, 90° Not described Not described 60° and 90° 

Flexiona: 0°, 60°, 

90° 

Not described Not described 60° and 90° 

Other Methodologies 

Flatow 1994 - Stereo-photogrammetry 

(3D) and radiographs (2D) 

- Static positioning of 

simulated glenohumeral 

motion 

Fresh-frozen cadaveric 

shoulders (N=9) 

Mean age: 73 yrs. 

SAB: 0° to 180° in 

30° increments 

120° 4.8 ± 2.5 mm <90° 

Notes: All angles are humerothoracic elevation. Abbreviation: SAB = scapular plane abduction. *Glenohumeral elevation angle. 
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Table 17: Summary of Studies of Subacromial Space during Humeral Elevation in Asymptomatic Subjects 
Study Methods Subjects Motions 

Studied 

Angle of Absolute 

Minimum Distance 

(mean ± SD) 

Absolute 

Minimum 

Distance  

(mean ± SD) 

Range of Rotator 

Cuff Risk 

Two-Dimensional Studies 

Thompson 

2011 

- Single-plane 

fluoroscopy and 

static motion  

College baseball players 

(N=16) 

Age: 20±1 yrs. 

SAB: 0°, 30°, 

45°, 60°, 75° 

45° 5.2 ± 2.1 mm 

(to humerus) 

Not described 

Tasaki 2014 - Kinematic MR 

images  

N=20 

Mean age: 37 yrs. 

SAB: 30° to 

max 

93.5° ± 14.6° 1.6 ± 1.2 mm 

(to rotator cuff) 

Not described 

Three-Dimensional Studies 

Graichen 1999 - Bone models 

reconstructed from 

static MR images  

N=12  

Age range: 23-35 yrs. 

SAB: 30°, 60°, 

90°, 120°, 150° 

120° 3.9 ± 1.8 mm 

(to humerus) 

30°-90° 

Giphart 2012 - Dynamic bi-plane 

fluoroscopy and 

2D/3D shape-

matching  

N=8, 8 M 

Age: 30±7 yrs. 

SAB: 20°-150° 83° ± 13° 2.6 ± 0.8 mm 

(to humerus) 

34°-72° 

Flexion: 20°-

150° 

97° ± 23° 1.8 ± 1.2 mm  

(to humerus) 

36°-65° 

Notes: All angles are humerothoracic elevation. Abbreviation: SAB = scapular plane abduction, GH = glenohumeral, HT = humerothoracic. 
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Table 18: Summary of Studies of Comparing Subacromial Space between Asymptomatic Subjects and Clinical Populations  
Study Methods Subjects Motions Studied Angle of 

Absolute 

Minimum 

Distance 

Mean Difference in 

Absolute Minimum 

Distance 

Significant Group 

Difference in 

Minimum Distances 

Two-Dimensional Studies 

Hébert 2003 - Static MR images in upright 

seated posture 

Symptomatic impingement 

(N=41) 44±9 yrs. 

Asymptomatic contralateral 

shoulders (N=30) 

Flexion: rest, 50°, 

70°, 90°, 110°, 130° 

110° -1.3 mm 

 

70-130°: -1.1 to -1.3 

mm* 

Abduction: rest, 

70°, 80°, 90°, 110° 

110° -1.2 mm 80-110°: -1 to -1.2 

mm* 

Silva 2010 - Static ultrasound Asymptomatic junior elite 

tennis players with/without 

dyskinesia (age: 15 years) 

Abduction: 0° and 

60° with IR 

60° Not reported -0.5 mm† 

Seitz 2012 - Static ultrasound Asymptomatic (N=20) 

Symptomatic (N=20) 

Scapular dyskinesia 

Pooled mean age: 27±6 yrs. 

SAB: rest, 45° and 

90° 

45° -0.4 mm None 

Three-Dimensional Studies 

Graichen 

1999 

- Bone models reconstructed 

from static MR images  

- Side-to-side comparison  

Symptomatic (N=10) 

Age: 39-64 yrs. 

Stage I impingement (N=6) 

SAB: 30°, 90°  

 

90° 

 

 

-0.7 mm* 

 

 

None 

Full thickness rotator cuff tear 

(N=3) 

 90° -0.25 mm* 30°: -1.75 mm* 

90°: -0.75 mm* 

Acromioclavicular joint 

arthritis (N=1) 

 Not 

reported 

Not reported Not reported 

Bey 2007 - Dynamic bi-plane fluoroscopy 

and 2D/3D shape-matching 

N=11; 63±11 yrs. 

12-16 wks. after repair of 

isolated full-thickness 

supraspinatus tear and 

acromioplasty  

Abduction: 15° 

increments from 15° 

to 105°‡ 

90°c +1.1 mm* 15°-120°‡: +0.6 mm 

 

 

Lawrence 

2017 

- 3D anatomical models 

reconstructed from MR images 

- Simulated using mean 

kinematics of asymptomatic 

subjects during functional reach 

Asymptomatic (N=10) 

Age: 38.5  12.8 yrs. 

Symptomatic (N=10)  

43.0  11.8 yrs. 

Functional reaching 

task 

Not 

reported 

Not reported None 

Notes: All angles are humerothoracic elevation. Negative values for mean difference in absolute minimum distance indicate symptomatic shoulders have smaller distances. 

Abbreviations: SAB = scapular plane abduction. *Estimated from plots. †Change in acromiohumeral distance between 0° and 60°. ‡Glenohumeral elevation angle. 
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Appendix B: Additional Descriptions and Analyses for Aim 1 

Shape-Matching Errors for Angular Displacement and Glenohumeral Translations 

In addition to the bone and joint orientation and position errors due to shape-

matching described in Chapter 3, errors in glenohumeral translation (Table 19) and 

acromioclavicular (Table 20) and glenohumeral joint angular displacement (Table 21) 

were quantified between successive humerothoracic elevation positions.  

Glenohumeral translation was calculated as the difference between the 

glenohumeral position at time 2 relative to its position at time 1. The angular 

displacement errors were of particular interest as sternoclavicular, acromioclavicular, and 

scapulothoracic angular displacement will be variables of interest in Aim 3 (i.e. Chapter 

5). Displacements were calculated as the distal segment moving relative to the proximal 

segment between increments of humerothoracic elevation and described in the reference 

frame of the distal segment at the initial position (i.e. local displacement) (Zatsiorsky, 

1998). Angular displacements of the acromiohumeral joint were described using a Y-X’-

Z’’ rotation sequence (Wu et al., 2005), whereas angular displacements of the 

glenohumeral joint were described using a X-Z’-Y’’ rotation sequence (Phadke et al., 

2011).  
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Table 19: Shape-Matching Errors for Glenohumeral Joint 

Translation  
Phase Anterior/ 

Posterior 

Superior/ 

Inferior 

Medial/ 

Lateral 

Min to 30° 4.4 (-0.4 ± 5.4) 0.5 (0.4 ± 0.3) 1.7 (0.5 ± 2.0) 

30° to 60° 3.1 (-1.8 ± 2.9) 0.7 (0.2 ± 0.8) 0.7 (0.0 ± 0.8) 

60° to 90° 2.9 (-2.0 ± 2.5) 0.5 (-0.1 ± 0.6) 1.1 (0.3 ± 1.3) 

90° to Max 1.4 (0.5 ± 1.4) 0.6 (0.2 ± 0.6) 0.7 (0.1 ± 0.8) 

Overall 3.0 (-0.9 ± 3.0) 0.6 (0.2 ± 0.6) 1.1 (0.2 ± 1.1) 

Notes: Data presented as RMS error (bias ± precision). All values are 

in mm. 

 
 

 

Table 20: Shape-Matching Errors for Acromioclavicular Joint 

Angular Displacement 
Phase Internal 

Rotation 

Upward 

Rotation 

Tilt 

Min to 30° 2.1 (0.6 ± 3.4) 4.1 (2.6 ± 3.9) 2.4 (-1.2 ± 2.5) 

30° to 60° 2.6 (-0.7 ± 2.9) 2.8 ( -0.5 ± 3.2) 1.5 (0.3 ± 1.8) 

60° to 90° 2.6 (0.9 ± 2.8) 3.0 (-0.6 ± 3.4) 2.4 (1.0 ± 2.5) 

90° to Max 1.6 (-0.8 ± 1.6) 4.2 (-0.3 ± 4.8) 2.3 (-0.6 ± 2.5) 

Overall 2.4 (0.0 ± 2.5) 3.5 (0.2 ± 3.7) 2.2 (0.0 ± 2.2) 

Notes: Data presented as RMS error (bias ± precision). All values are 

in degrees. 
 

 

 

Table 21: Shape-Matching Errors for Glenohumeral Joint 

Angular Displacement 
Phase Elevation Plane of 

Elevation 

Axial Rotation 

Min to 30° 2.2 (-0.1 ± 2.7) 0.8 (0.6 ± 0.5) 4.2 (0.1 ± 5.1) 

30° to 60° 4.3 (-0.1 ± 5.0) 2.1 (-0.7 ± 2.3) 3.2 (0.5 ± 3.7) 

60° to 90° 1.9 (-1.0 ± 1.8) 0.6 (0.0 ± 0.7) 5.2 (-3.3 ± 4.6) 

90° to Max 2.1 (0.6 ± 2.3) 2.2 (-0.1 ± 2.5) 3.4 (0.1 ± 3.9) 

Overall 2.8 (-0.2 ± 2.9) 1.6 (-0.1 ± 1.7) 4.1 (-0.7 ± 4.1) 

Notes: Data presented as RMS error (bias ± precision). All values are 

in degrees. 

 

  



 

198 

 

 

Monte Carlo Simulation for Determining the Relative Impact of Marker Digitizing 

Errors on Error Attributed to Shape-Matching 

An inherent assumption of radiostereometric analysis (RSA) is that the tantalum 

beads can be tracked accurately in 3D space. This assumption was tested by digitizing 

beads embedded in an acrylic validation object as reported in Chapter 3. Although the 

RMS error due to marker digitization for describing the relative orientation between 

arbitrary coordinate systems was only 0.2°, it remains unclear the extent to which errors 

in digitizing beads under in vitro conditions confounded the description of the bead-based 

coordinate systems that ultimately represent the gold standard. Of particular interest was 

the potential impact of errors from digitizing the three nearly collinear beads in the 

clavicle on the description of clavicular kinematics.  

To investigate the impact of bead digitization errors on defining the gold standard 

kinematics, a Monte Carlo simulation was performed for each specimen using the 

following approach. First, a Gaussian sampling distribution was defined using the bias 

and precision from relative marker cluster position as described in the marker tracking 

validation in Chapter 3 (bias ± precision: 0.11 ± 0.21 mm). This step results in a 

distribution of errors expected along each coordinate axis due to bead digitization.  

Second, three errors (𝑒𝑥, 𝑒𝑦 , 𝑒𝑧) were randomly sampled from the distribution for 

each bead and applied to the originally digitized bead coordinates:  

𝑋′ = 𝑋 + 𝑒𝑥 

𝑌′ = 𝑌 + 𝑒𝑦 

𝑍′ = 𝑍 + 𝑒𝑧 
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Where X, Y, and Z are the originally digitized bead coordinates, 𝑒𝑥 , 𝑒𝑦 , 𝑒𝑧 are the 

randomly sampled errors, and X’, Y’, and Z’ are the new bead coordinates with the 

randomly sampled error. This step was repeated for each segment (i.e. clavicle, humerus, 

scapula) and resulted in new bead coordinates for each bead on each segment.  

Third, a new bead-based coordinate system was calculated in the same manner as 

the originally digitized coordinate system. Fourth, each segments’ new bead-based 

coordinate system was transformed into anatomical coordinate systems in the same 

manner as the original bead-based coordinate system. Fifth, the angular displacement 

between the original and new anatomical coordinate systems was calculated for each 

segment, and the difference in angular orientation was calculated for the 

acromioclavicular and glenohumeral joints. Sixth, the process was repeated 10,000 times 

to obtain a stable estimate of the errors once aggregated.  

Finally, overall RMS errors were calculated for joint (glenohumeral and 

acromioclavicular) and bone (clavicle, humerus, scapula) orientation. Segmental and joint 

position was not calculated as it would be dependent upon tracking a single point. 

Ultimately, this analysis provides a description of the extent to which each segment axis 

is sensitive to errors in digitization, and how these errors impact the gold standard 

description of joint kinematics.  

Comparison of errors due to digitization from the simulation and errors attributed 

to shape-matching (Chapter 3) are presented in Table 22 for bone orientation and Table 

23 for joint orientation. For the clavicle, axial rotation appears the most sensitive to 

digitization errors, which is also reflected in the higher errors in shape-matching 
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compared to other rotations. This suggests a portion of the error attributed to shape-

matching for clavicular axial rotation may be due to digitization errors. By comparison, 

retraction and elevation appear less sensitive to digitization errors. For the scapula, all 

three rotations appear to be minimally impacted by digitization errors. This suggests the 

higher error in scapular internal rotation attributed to shape-matching may be due to the 

out-of-plane position and not digitization error. Finally, for the humerus, axial rotation is 

the most sensitive to digitization errors, which is also reflected in the higher errors in 

shape-matching compared to other rotations. Errors due to digitization for humeral plane 

of elevation are relatively small, suggesting the errors attributed to shape-matching may 

also be due to the out-of-plane position and the difficulty shape-matching the humerus’ 

cylindrical shape. 

Table 22: Bone Orientation Errors Attributed to 

Marker Digitization and Shape-Matching 
 Digitization Shape-Matching 

Clavicle   

Retraction 0.2° 0.4° 

Elevation 0.3° 0.6° 

Axial rotation 1.2° 3.7° 

Scapula   

Internal rotation 0.2° 1.6° 

Upward rotation 0.3° 0.5° 

Tilt 0.2° 0.8° 

Humerus   

Elevation 0.3° 2.3° 

Plane of elevation 0.2° 1.2° 

Axial rotation 0.9° 3.2° 

Note: Errors are expressed as RMS.  

 

 

Given clavicle axial rotation was most sensitive to digitization error, it is not 

surprising that acromioclavicular upward rotation is also most sensitive to digitization 
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error. For the glenohumeral joint, the error attributed to shape-matching axial rotation and 

plane of elevation appear to be primarily due to the out-of-plane nature of the motion and 

the difficulty shape-matching the humerus. 

 

Table 23: Joint Orientation Errors Attributed to 

Marker Digitization and Shape-Matching 
 Digitization Shape-Matching 

Acromioclavicular   

Internal rotation 0.3° 1.8° 

Upward rotation 1.3° 3.4° 

Tilt 0.4° 2.0° 

Glenohumeral   

Elevation 0.4° 0.7° 

Plane of elevation 0.3° 2.6° 

Axial rotation 0.9° 3.3° 

Note: Errors are expressed as RMS.  

 

 

Sensitivity Analysis to Determine the Effect of Shape-Matching Errors on Proximity 

Parameters 

A sensitivity analysis was performed to determine how errors in shape-matching 

impact the calculation of minimum distance. In particular, out-of-plane position errors are 

generally high for shape-matching single-plane fluoroscopic images, and these errors 

may impact minimum distance calculations. Given the data collection setup employed for 

this thesis, out-of-plane position error will predominantly impact glenohumeral 

anterior/posterior position, plane of elevation, and axial rotation. To investigate the 

sensitivity of the minimum distance calculation to shape-matching errors, modeling was 

performed on each specimen using their individual glenohumeral kinematics from: 1) 

marker tracking (i.e. RSA), 2) shape-matching (i.e. unconstrained), and 3) shape-

matching assuming the humeral head remains centered anterior/posterior in the glenoid 
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(i.e. constrained). Errors between marker-tracking and both shape-matching conditions 

were described as root mean square (RMS), bias, and precision. Paired t-tests were 

performed to determine whether the minimum distance errors were significantly different 

between conditions. 

Errors for calculating minimum distance based on constrained and unconstrained 

kinematics are shown in Table 24. Unconstrained kinematics resulted in lower RMS 

errors and precision than constraining the humeral anterior/posterior position to the center 

of the glenoid. However, the unconstrained method resulted in higher bias error.  

 

Table 24: Errors in Methods for Modeling 

Glenohumeral Kinematics for Quantifying Subacromial 

Minimum Distance 
Error Statistic Unconstrained Constrained 

RMS 1.5 mm 1.8 mm 

Bias 0.6 mm 0.3 mm 

Precision 1.4 mm 1.8 mm 

Notes: Unconstrained refers to glenohumeral kinematics 

from original shape-matching, while constrained refers to 

glenohumeral kinematics assuming the humerus remains 

centered anteroposteriorly in the glenoid. 

 

When compared statistically, both methods of modeling the kinematics were not 

significantly different than marker tracking (unconstrained: p = 0.09, t =1.79, df = 18; 

constrained: p = 0.49, t = 0.70, df = 18). Although insignificant, the lower p-value for the 

unconstrained method is the result of a larger mean difference (i.e. bias) and a smaller 

standard deviation (i.e. precision). Further, no difference was found between shape-

matching methods (p = 0.55, t = -0.61, df = 18). Given there was no difference between 

modeling using constrained and unconstrained kinematics on the calculation of minimum 

distance, it was decided to proceed using the unconstrained approach as it would not 
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presume the humerus remains centered in the glenoid when anterior/posterior translations 

are known to occur during humeral elevation (Lawrence et al., 2014b; Ludewig et al., 

2000).  
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Appendix C: Additional Descriptions and Analyses for Aim 2 

Additional Descriptions of Methods for Determining Rotator Cuff Insertion and 

Thickness 

Identification of Rotator Cuff Insertion Region of Interest 

The rotator cuff insertion region of interest was identified on MR images within 

Mimics software following 3D model reconstruction by fitting two polyplanes to the 

humeral head model. The first polyplane defined the articular margin and extended 

anteriorly from the biceps groove to the posterior aspect of the humeral head (Figure 

31A). The second polyplane defined the anterior, lateral, and posterior margins of the 

rotator cuff insertion (Figure 31B). Initial guesses were made of the location of both 

polyplanes based on the margins of the superior facet of the greater tuberosity on the 3D 

humeral model. Once defined, the polyplanes’ locations were iteratively refined by 

scrolling through the MR slices and triangulating the visual margin of the rotator cuff soft 

tissue based on the coronal, sagittal, and transverse plane MR views (Figure 32). This 

process was repeated until the margins of the rotator cuff on the MR were as close as 

possible with the margins of the footprint on the 3D bone model. Once defined, these 

planes were used to define and isolate (i.e. cut) the rotator cuff insertion region of interest 

from the 3D humeral model. 
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Figure 31: Definition of polyplanes at rotator cuff insertion margins. A) The articular 

margin polyplane follows inflection between the superior facet and articular surface and 

extended anteriorly from the biceps groove to the posterior aspect of the humeral head; B) 

A polyplane representing the initial guess of the anterior, lateral, and posterior margins of 

the rotator cuff insertion based on the contours of the superior facet. 

 

 
 

Figure 32: Identification of rotator cuff insertion region of interest. The crosshairs on the 

three MR views indicates the 2D location of the reference marker (ball with crosshairs) 

on the 3D humeral model. The margin of the rotator cuff insertion was identified by 

scrolling through the slices of each MR view and ensuring the margins of the insertion as 

seen on the MR images are consistent between the reference maker and insertion region 

of interest (red surface) on the 3D model. 
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Identification of Articular Margin Region of Interest 

Following identification of the rotator cuff insertion margins, the articular surface 

polyplane was duplicated and translated 0.7 mm laterally (Figure 33). This width was 

chosen as it was the resolution of the MR scan. Once defined, these planes were used to 

define and isolate (i.e. cut) the articular margin region of interest from the 3D humeral 

model. 

 
 

Figure 33: Definition of the articular margin region of interest (red) from the rotator cuff 

insertion region of interest (blue and red). The articular margin region of interest was 

defined by duplicating the articular margin polyplane and translating it 0.7 mm laterally. 

Measurement of Rotator Cuff Thickness 

The anterior and posterior margins of the rotator cuff insertion region of interest 

were digitized on the humeral 3D model. The sagittal MR slice corresponding to the 

midpoint between these landmarks was identified for the thickness measurement. A 

reference line was drawn on the 2D sagittal MR image slice extending from the articular 

margin to the lateral aspect of the rotator cuff insertion (Figure 34). A second line was 

drawn perpendicular to the first, and the rotator cuff thickness measurement was taken 

along this line (Figure 34). 
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Figure 34: Measurement of rotator cuff thickness. Two reference lines were drawn (red), 

which included a line connecting the medial and lateral margins of the insertion and its 

perpendicular. The rotator cuff thickness was measured from the surface of the humeral 

head along the perpendicular (blue lines). 

 

Calculation of Morphology Parameters 

Several scapular morphological parameters were calculated as potential covariates 

for the investigation of scapulothoracic upward rotation on subacromial space. In total, 

five parameters were calculated for each subject: acromial slope, glenoid inclination, 

glenoid version, critical shoulder angle, and the radius of the humeral head. Details of 

these calculations are provided below. The descriptions of acromial slope, glenoid 

inclination, and glenoid version were made relative to the orientation of the scapular 

anatomical coordinate system, which was defined based on published recommendations 

(Ludewig et al., 2010) 
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Acromial Slope 

Acromial slope represents the angulation of the undersurface of the acromion 

(Figure 35). To perform this calculation, the undersurface of the acromion was manually 

identified in 3-Matic software (Materialise NV; Leuven, Belgium) and converted to a 

point cloud. A plane was fit to the point cloud using a principal components analysis. 

This approach was chosen as is capable of accounting for the multi-dimensional nature of 

the anatomical point cloud and is not constrained to the orientation of the reference 

coordinate system as is a least squares approach. The principal axis representing the 

plane’s normal vector was defined as a unit vector and transformed into the scapular 

anatomical coordinate system. Acromial slope was calculated as the angle between the 

plane’s normal vector and the scapular Y (i.e. superior/inferior) axis after being projected 

onto the scapular XY (i.e. sagittal) plane. Calculations performed on left-sided scapula 

were converted to right-sided equivalence by negating the X (i.e. anterior/posterior) 

component:  

Lateral acromial slope (right) = tan−1 (
𝑉𝑥�̂�

−𝑉𝑦�̂�
) 

Lateral acromial slope (left) = tan−1 (
−𝑉𝑥�̂�

−𝑉𝑦�̂�
) 

Where �̅� is the normal vector of the plane fit to the undersurface of the acromion 

represented relative to the scapular anatomical coordinate system, and i and j are its unit 

vector components. 
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Figure 35: Lateral acromial slope (𝜃) was calculated as the angle between a vector 

normal to the undersurface of the acromion (blue) and the scapular Y axis (green) after 

being projected onto the scapula’s XY (i.e. sagittal) planes. 

 

Glenoid Inclination 

Glenoid inclination represents the angulation of the glenoid in the 

superior/inferior direction (Figure 36). To perform this calculation, the glenoid rim was 

manually identified in 3-Matic software (Materialise NV; Leuven, Belgium) and 

converted to a point cloud. A plane was fit to the point cloud using a principal 

components analysis. The superior/inferior principal axis of the glenoid was defined as a 

unit vector and transformed into the scapular anatomical coordinate system. Glenoid 

inclination was calculated as the angle between the glenoid’s superior/inferior principal 

axis and the scapular Y (i.e. superior/inferior) axis after being projected onto the scapular 

YZ (i.e. coronal) plane. Glenoid inclination was described as a positive magnitude and 

declination was described as a negative magnitude: 

Glenoid inclination = 0° − tan−1 (
𝑉𝑧�̂�

𝑉𝑦�̂�
) 
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Where �̅� is the superior/inferior principal axis of the glenoid represented relative 

to the scapular anatomical coordinate system, and j and k are its unit vector components. 

 
 

Figure 36: Glenoid inclination (𝜃) was calculated as the angle between the glenoid’s 

superior/inferior principal axis (red) and the scapular Y axis (green) after being projected 

onto the scapular YZ (i.e. coronal) plane. 

Glenoid Version 

Glenoid version represents the angulation of the glenoid in the anterior/posterior 

direction (Figure 37). The anterior/posterior principal axis of the glenoid was defined as 

a unit vector and transformed into the scapular anatomical coordinate system. Glenoid 

version was calculated as the angle between the anterior/posterior principal axis and the 

scapular X (i.e. anterior/posterior) axis after being projected onto the scapular XZ (i.e. 

transverse) plane. Glenoid anteversion was described as a positive magnitude and 

retroversion being described as a negative magnitude: 

Glenoid version (right) = 0° − tan−1 (
𝑉𝑧�̂�

𝑉𝑥�̂�
) 

Glenoid version (left) = tan−1 (
𝑉𝑧�̂�

𝑉𝑥�̂�
) 



 

211 

 

Where �̅� is the anterior/posterior principal axis of the glenoid represented relative 

to the scapular anatomical coordinate system, and i and k are its unit vector components. 

 
 

Figure 37: Glenoid version (𝜃) was calculated as the angle between the anterior/posterior 

principal axis (green) and the scapular X axis (red) after being projected onto the 

scapula’s XZ (i.e. transverse) plane. 

Critical Shoulder Angle 

The critical shoulder angle represents the laterality of the acromion relative to the 

inclination of the glenoid (Figure 38). To perform this calculation, the acromion and 

glenoid rim were converted into point clouds with the coordinates transformed into the 

scapular coordinate system. The lateral-most point of the acromion was then identified as 

the point coordinate with the maximum magnitude in the +Z direction. A similar 

approach was used to identify the inferior-most point on the glenoid rim. A vector was 

created between these two points (pointing superolaterally) and converted to a unit vector 
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represented in the scapular coordinate system. The critical shoulder angle was calculated 

as the 3D angle between this vector and the superior/inferior principal axis of the glenoid: 

CSA = �̂� ∙ �̂� 

Where �̂� is the unit vector representation of the lateral-most point on the 

acromion relative to the inferior-most point on the glenoid, and �̂� is the superior/inferior 

principal axis of the glenoid represented relative to the scapular anatomical coordinate 

system. 

 
 

Figure 38: The critical shoulder angle (𝜃) was calculated as the 3D angle between this 

lateral acromion/inferior glenoid vector (green) and the superior/inferior principal axis of 

the glenoid (red). 

 

Determination of Covariance Structure for Mixed Models 

Utilization of mixed models requires specification of a covariance structure with 

which to model the within-subject (i.e. repeated) factor. This specification accounts for 

the presence and type (i.e. structure) of relationship between the levels of the within-

subject factor. With repeated measures analyses, these levels cannot be assumed to be 

independent, which is a general assumption of traditional ANOVA analyses.  
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For the current study, the covariance structure chosen to specify the relationship 

between the levels of the repeated factor (i.e. humerothoracic elevation angle) was chosen 

by inspecting covariance and correlation values across the pairwise time points, and by 

comparing the fit statistics from models fit with different covariance structures (Littell et 

al., 2000). For the analyses of both normalized minimum distance and surface area, 

inspecting the covariance and correlation matrix suggests a decay is present across 

adjacent levels of humerothoracic elevation (Table 25 and Table 27). This suggests first 

order autoregressive or Toeplitz covariance structures may be most appropriate. 

However, the magnitude does not fully decay to zero for levels furthest apart (i.e. arm at 

side and 90º for normalized minimum distance, 30º and 90º for surface area) suggesting 

Toeplitz may be most appropriate. Inspection of the fit statistics (Table 26 and Table 28) 

confirms a Toeplitz structure is most appropriate and was chosen to model the covariance 

for the analysis of normalized minimum distance and surface area. 

Normalized Minimum Distance 

Table 25: Covariance and Correlations for Normalized Minimum 

Distance to Coracoacromial Arch (log transformed) 
 Arm at side 30º 60º 90º 

Arm at side 6358.2 (1.0) 2603.5 (0.81) 1242.9 (0.63) 1045.4 (0.32) 

30º -- 1594.7 (1.0) 542.2 (0.55) 207.3 (0.13) 

60º -- -- 601.6 (1.00) 716.5 (0.72) 

90º -- -- -- 1645.3 (1.00) 

Note: Data presented as pairwise variance/covariance (correlation). 
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Table 26: Fit Statistics for Models with Different Covariance 

Structures for Normalized Minimum Distance to 

Coracoacromial Arch (log transformed) 
Covariance Structure AIC AICC BIC 

Variance Components 1633.9 1633.9 1635.9 

Compound Symmetry 1602.2 1602.3 1605.6 

Autoregressive (1st order) 1577.8 1577.9 1581.1 

Toeplitz 1576.5 1576.8 1583.2 

Note: Smaller fit statistics indicate better model fit. 

 

Surface Area 

Table 27: Covariance and Correlations for Surface 

Area of the Footprint within 100% of the Rotator Cuff 

Tendon Thickness 
 30º 60º 90º 

30º 3803.4 (1.00) 2416.9 (0.50) 1203.5 (0.24) 

60º -- 6040.4 (1.00) 4895.2 (0.78) 

90º -- -- 6486.8 (1.00) 

Note: Data presented as pairwise variance/covariance 

(correlation). 

 

 

Table 28: Fit Statistics for Models with Different Covariance 

Structures for Surface Area of the Footprint within 100% of 

the Rotator Cuff Tendon Thickness 
Covariance Structure AIC AICC BIC 

Variance Components 1323.9 1324.0 1325.6 

Compound Symmetry 1296.1 1296.3 1299.5 

Autoregressive (AR-1) 1282.5 1282.6 1285.8 

Toeplitz 1279.9 1280.1 1285.0 

Note: Smaller fit statistics indicate better model fit. 

 

 

Summary of Clinical Examination Findings 

Below are tables summarizing the clinical presentation of the symptomatic 

participants (Table 29), the results of the scapular movement examination by symptom 

group (asymptomatic, symptomatic) (Table 30) and by scapulothoracic upward rotation 

group (Table 31), and other clinical examination findings by symptom group 
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(asymptomatic, symptomatic) (Table 32) and by scapulothoracic upward rotation group 

(Table 33). 

 

Table 29: Clinical Presentation in Symptomatic 

Participants (n = 24) 
Characteristic Responses 

Symptom duration (weeks)* 36.0 

Symptoms disturb sleep (% yes) 58.3% 

Receiving treatment (% yes) 8.3% 

Location of symptoms  

Front of shoulder joint 54.2% 

Back of shoulder joint 25.0% 

Side of shoulder joint 25.0% 

Deep in shoulder joint 54.2% 

Shoulder blade area 13.0% 

Symptom quality 

Loss of motion 16.7% 

Instability 29.2% 

Weakness 25.0% 

Stiffness 29.2% 

Pain 95.8% 

NPRS (0-100) 

Best in last week* 10.0 

Worst in last week* 50.0 

Symptom temporality 

Intermittent 70.8% 

Constant 29.2% 

Notes: Percentages for location of symptoms and quality of 

symptoms may not sum to 100% as some participants may 

have responded affirmatively to multiple options. *Indicates 

data presented as median due to skewed distribution. 
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Table 30: Scapular Movement Examination Results by Symptom Group 
 Asymptomatic 

(n = 25) 

Symptomatic 

(n = 24) 

Statistic p-value 

Unloaded Flexion     

Positive test 40.0% 87.5% Χ2
1
 = 11.9 <0.01 

Shrug 0.0% 0.0% Χ2
1
 = 0.0* 1.00 

Dumping 0.0% 16.7% Χ2
1
 = 4.5* 0.05 

Medial border winging 12.0% 25.0% Χ2
1
 = 1.4* 0.29 

Inferior border winging 32.0% 83.3% Χ2
1
 = 13.2 <0.01 

Unloaded Abduction     

Positive test 52.0% 79.2% Χ2
1
 = 4.0 0.05 

Shrug 4.0% 25.0% Χ2
1
 = 4.4* 0.05 

Dumping 24.0% 58.3% Χ2
1
 = 6.0 0.01 

Medial border winging 12.0% 29.2% Χ2
1
 = 2.2* 0.17 

Inferior border winging 32.0% 41.7% Χ2
1
 = 0.5 0.48 

Loaded Flexion     

Positive test 64.0% 91.7% Χ2
1
 = 5.4 0.02 

Shrug 4.0% 8.3% Χ2
1
 = 0.4* 0.61 

Dumping 4.0% 37.5% Χ2
1
 = 8.5* <0.01 

Medial border winging 12.0% 33.3% Χ2
1
 = 3.2 0.07 

Inferior border winging 56.0% 83.3% Χ2
1
 = 4.3 0.04 

Loaded Abduction     

Positive test 40.0% 91.7% Χ2
1
 = 14.4 <0.01 

Shrug 20.0% 50.0% Χ2
1
 = 4.9 0.03 

Dumping 8.0% 58.3% Χ2
1
 = 14.1 <0.01 

Medial border winging 20.0% 37.5% Χ2
1
 = 1.8 0.18 

Inferior border winging 24.0% 50.0% Χ2
1
 = 3.6 0.06 

Notes: Data presented as proportions for the side tested only. A positive test indicates the 

participant had at least one finding (i.e. subtle or obvious for at least one deviation). Data 

for specific deviations (i.e. shrug, dumping, etc.) presented as proportions of participants 

with a positive finding (i.e. subtle or obvious). Proportions may not sum to 100% as some 

participants may have had positive findings for multiple deviations. *Indicates Fisher’s 

Exact Tests was used due to low expected counts. 
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Table 31: Scapular Movement Examination Results by Scapulothoracic Upward 

Rotation Group 
 High 

(n = 20) 

Low 

(n = 20) 

Statistic p-value 

Unloaded Flexion     

Positive test 45.0% 90.0% Χ2
1
 = 9.2 <0.01 

Shrug 0.0% 0.0% Χ2
1
 = 0.0* 1.00 

Dumping 5.0% 15.0% Χ2
1
 = 1.1* 0.61 

Medial border winging 5.0% 25.0% Χ2
1
 = 3.1* 0.18 

Inferior border winging 45.0% 85.0% Χ2
1
 = 7.0 <0.01 

Unloaded Abduction     

Positive test 50.0% 80.0% Χ2
1
 = 4.0 0.05 

Shrug 5.0% 25.0% Χ2
1
 = 3.1* 0.18 

Dumping 30.0% 50.0% Χ2
1
 = 1.7 0.20 

Medial border winging 15.0% 20.0% Χ2
1
 = 0.2* 1.00 

Inferior border winging 25.0% 55.0% Χ2
1
 = 3.8 0.05 

Loaded Flexion     

Positive test 65.0% 90.0% Χ2
1
 = 3.6* 0.13 

Shrug 5.0% 10.0% Χ2
1
 = 0.4* 1.00 

Dumping 15.0% 25.0% Χ2
1
 = 0.6* 0.69 

Medial border winging 20.0% 15.0% Χ2
1
 = 0.2* 1.00 

Inferior border winging 60.0% 85.0% Χ2
1
 = 3.1 0.08 

Loaded Abduction     

Positive test 60.0% 80.0% Χ2
1
 = 1.9 0.17 

Shrug 35.0% 40.0% Χ2
1
 = 0.1 0.74 

Dumping 20.0% 45.0% Χ2
1
 = 2.8 0.09 

Medial border winging 20.0% 35.0% Χ2
1
 = 1.1 0.29 

Inferior border winging 30.0% 55.0% Χ2
1
 = 2.6 0.11 

Notes: Data presented as proportions for the side tested only. A positive test indicates the 

participant had at least one finding (i.e. subtle or obvious for at least one deviation). Data 

for specific deviations (i.e. shrug, dumping, etc.) presented as proportions of participants 

with a positive finding (i.e. subtle or obvious). Proportions may not sum to 100% as some 

participants may have had positive findings for multiple deviations. *Indicates Fisher’s 

Exact Tests was used due to low expected counts. 
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Table 32: Clinical Examination Results by Symptom Group 
 Asymptomatic 

(n = 25) 

Symptomatic 

(n = 24) 

Statistic p-value 

Posture     

Within normal limits 44.0% 41.7% Χ2
1
 = 0.0 0.87 

Forward head 44.0% 29.2% Χ2
1
 = 1.2 0.28 

Rounded shoulders 24.0% 41.7% Χ2
1
 = 1.7 0.19 

Range of Motion     

Scapular plane abduction 162.8° ± 7.0° 161.0° ± 6.8° t47 = 0.9 0.35 

External rotation 90.3° ± 8.8° 88.8° ± 9.2° t47 = 0.6 0.58 

Internal Rotation 62.0° ± 10.2° 57.1° ± 11.0° t47 = 1.6 0.11 

Total arc of motion 152.3° ± 13.3° 146.0° ± 14.4° t47 = 1.6 0.12 

Special Tests     

Provocation tests positive† 0.0 3.0 X2
1 = 38.8 <0.01 

Scapular assistance test 0.0% 79.2% Χ2
1
 = 38.3 <0.01 

Hawkins-Kennedy 4.0% 62.5% Χ2
1
 = 19.1 <0.01 

Jobe 0.0% 70.8% Χ2
1
 = 27.1 <0.01 

Neer 4.0% 62.5% Χ2
1
 = 19.1 <0.01 

Resisted external rotation 0.0% 66.7% Χ2
1
 = 24.7 <0.01 

Biceps load II 0.0% 4.2% Χ2
1
 = 1.1 0.49 

Sulcus 8.0% 8.3% Χ2
1
 = 0.0* 1.00 

Notes: Data presented for the side tested only. Continuous data presented as mean ± SD 

and statistically assessed using an independent two-sample t-test. Categorical data 

presented as proportions and statistically assessed using Chi-square tests. Proportions may 

not sum to 100% as some participants may have had positive findings for multiple options 

within an assessment. Provocation tests positive represents the number of tests positive 

from the following: Hawkins-Kennedy, Jobe, Neer, and resisted external rotation. 

†Indicates data presented as median due to highly non-normal data in asymptomatic 

group, data tested statistically with Kruskal-Wallis test. *Indicates Fisher’s Exact Tests 

was used due to low expected counts.  
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Table 33: Clinical Examination Results by Scapulothoracic Upward Rotation Group 
 High 

(n = 20) 

Low 

(n = 20) 

Statistic p-value 

Posture     

Within normal limits 60.0% 40.0% Χ2
1
 = 1.6 0.21 

Forward head 20.0% 45.0% Χ2
1
 = 2.8 0.09 

Rounded shoulders 30.0% 35.0% Χ2
1
 = 0.1 0.74 

Range of Motion     

Scapular plane abduction 161.8° ± 7.0° 162.1° ± 6.8° t38 = -0.1 0.91 

External rotation 88.5° ± 7.0° 89.7° ± 10.6° t38 = -0.4 0.67 

Internal Rotation 59.5° ± 12.3° 56.9° ± 8.3° t38 = 0.8 0.45 

Total arc of motion 147.9° ± 13.3° 146.6° ± 14.2° t38 = 0.3 0.76 

Special Tests     

Provocation tests positive 1.4 ± 1.6 1.7 ± 1.6 t38 = -0.6 0.56 

Scapular assistance test 45.0% 45.0% Χ2
2
 = 0.9 0.64 

Hawkins-Kennedy 40.0% 35.0% Χ2
1
 = 0.1 0.74 

Jobe 30.0% 50.0% Χ2
1
 = 1.7 0.20 

Neer 35.0% 45.0% Χ2
1
 = 0.4 0.52 

Resisted external rotation 35.0% 40.0% Χ2
1
 = 0.1 0.74 

Biceps load II 0.0% 5.0% Χ2
1
 = 1.0* 1.00 

Sulcus 10.0% 0.0% Χ2
1
 = 2.1* 0.49 

Notes: Data presented for the side tested only. Continuous data presented as mean ± SD and 

statistically assessed using an independent two-sample t-test. Categorical data presented as 

proportions and statistically assessed using Chi-square tests. Proportions may not sum to 

100% as some participants may have had positive findings for multiple options within an 

assessment. Provocation tests positive represents the number of tests positive from the 

following: Hawkins-Kennedy, Jobe, Neer, and resisted external rotation. *Indicates Fisher’s 

Exact Tests was used due to low expected counts. NC = not computed due to no data in the 

high group. 
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Correlations Between Proximity Variables and Morphology 

In addition to kinematics, scapular and humeral morphology parameters have 

been hypothesized to impact an individual’s risk for subacromial rotator cuff 

compression (Hughes et al., 2003; Kandemir et al., 2006; Neer, 1983). To determine 

whether morphology variables should be added to the mixed model as covariates, 

Pearson’s correlations were calculated with subacromial proximity variables (i.e. 

normalized minimum distance and surface area) at each angle of humerothoracic 

elevation assessed statistically. Variables were retained as a covariate if the magnitude of 

the correlation was ≥ 0.5. 

Normalized Minimum Distance 

Below are scatter plots and correlation statistics for the relationship between 

morphology variables and the normalized minimum distance at the humerothoracic 

angles analyzed statistically (arm at side, 30°, 60°, and 90°). 

 

 
 

Figure 39: The relationship between acromial slope and normalized minimum distance at 

each angle of humerothoracic elevation analyzed statistically.  
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Figure 40: The relationship between glenoid inclination and normalized minimum 

distance at each angle of humerothoracic elevation analyzed statistically. Positive values 

indicate inclination, negative values indicate declination. 

 

 
 

Figure 41: The relationship between glenoid version and normalized minimum distance 

at each angle of humerothoracic elevation analyzed statistically. Positive values indicate 

anteversion, negative values indicate retroversion. 

 

 

 
 

Figure 42: The relationship between critical shoulder angle and normalized minimum 

distance at each angle of humerothoracic elevation analyzed statistically. 
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Figure 43: The relationship between humeral head radius and normalized minimum 

distance at each angle of humerothoracic elevation analyzed statistically. 

 

Surface Area 

Below are scatter plots and correlation statistics for the relationship between 

morphology variables and the surface area of the footprint within 100% of the tendon 

thickness at the humerothoracic angles analyzed statistically (30°, 60°, and 90°). 

 
 

Figure 44:The relationship between acromial slope and the surface area within 100% of 

the rotator cuff tendon thickness at each angle of humerothoracic elevation analyzed 

statistically. 
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Figure 45: The relationship between glenoid inclination and the surface area within 

100% of the rotator cuff tendon thickness at each angle of humerothoracic elevation 

analyzed statistically. Positive values indicate inclination, negative values indicate 

declination. 

 

 
 

Figure 46: The relationship between glenoid version and the surface area within 100% of 

the rotator cuff tendon thickness at each angle of humerothoracic elevation analyzed 

statistically. Positive values indicate anteversion, negative values indicate retroversion. 

 

 

 

Figure 47: The relationship between critical shoulder angle and the surface area within 

100% of the rotator cuff tendon thickness at each angle of humerothoracic elevation 

analyzed statistically. 
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Figure 48: The relationship between the humeral head radius and surface area within 

100% of the rotator cuff tendon thickness at each angle of humerothoracic elevation 

analyzed statistically. 

 

 

Correlations Between Proximity Variables and Participant Demographics 

Asymptomatic and symptomatic groups were matched based on age, gender, and 

dominance of the side tested as it is possible these factors could also influence 

subacromial proximities. However, once subjects were classified into the scapulothoracic 

upward rotation groups, it was not guaranteed demographic variables would remain 

matched between groups. Therefore, Pearson’s (or Spearman’s when appropriate) 

correlations were calculated between demographic and subacromial proximity variables 

(i.e. normalized minimum distance and surface area) at each angle of humerothoracic 

elevation assessed statistically. Variables were retained as a covariate if the magnitude of 

the correlation was ≥ 0.5. 

 

Normalized Minimum Distance 
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Below are scatter plots and correlation statistics for the relationship between 

participant demographic variables and the normalized minimum distance at the 

humerothoracic angles analyzed statistically (arm at side, 30°, 60°, and 90°). 

 

 
 

Figure 49: The relationship between age and normalized minimum distance at each angle 

of humerothoracic elevation analyzed statistically. 

 

 

 
 

Figure 50: The relationship between height and normalized minimum distance 

 at each angle of humerothoracic elevation analyzed statistically. 
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Figure 51: The relationship between mass and normalized minimum distance at each 

angle of humerothoracic elevation analyzed statistically. 

 

 

 
 

Figure 52: The relationship between BMI and normalized minimum distance at each 

angle of humerothoracic elevation analyzed statistically. 

 

 

 
 

Figure 53: The relationship between gender and normalized minimum distance at each 

angle of humerothoracic elevation analyzed statistically. 
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Figure 54: The relationship between the dominance of the side tested and normalized 

minimum distance at each angle of humerothoracic elevation analyzed statistically. 

 

Surface Area 

Below are scatter plots and correlation statistics for the relationship between 

participant demographics and the surface area of the footprint within 100% of the tendon 

thickness at the humerothoracic angles analyzed statistically (30°, 60°, and 90°). 

 

 

 
 

Figure 55: The relationship between age and the surface area within 100% of the rotator 

cuff tendon thickness at each angle of humerothoracic elevation analyzed statistically. 
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Figure 56: The relationship between height and the surface area within 100% of the 

rotator cuff tendon thickness at each angle of humerothoracic elevation analyzed 

statistically. 

 

 

 
 

Figure 57: The relationship between mass and the surface area within 100% of the 

rotator cuff tendon thickness at each angle of humerothoracic elevation analyzed 

statistically. 

 

 

 
 

Figure 58: The relationship between BMI and the surface area within 100% of the rotator 

cuff tendon thickness at each angle of humerothoracic elevation analyzed statistically. 
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Figure 59: The relationship between gender and the surface area within 100% of the 

rotator cuff tendon thickness at each angle of humerothoracic elevation analyzed 

statistically. 
 

 

Figure 60: The relationship between the dominance of the side tested and the surface 

area within 100% of the rotator cuff tendon thickness at each angle of humerothoracic 

elevation analyzed statistically. 

 

 

Pairwise Comparisons for Follow-up of Group-by-Angle Interaction for Normalized 

Minimum Distance  

A two-factor mixed-model ANOVA was performed to assess for group 

differences in normalized minimum distance, which were log transformed to correct for 

skewness. The model was performed using a Toeplitz covariance structure with a 

between-subject factor of group (low and high scapulothoracic upward rotation), and a 

within-subject factor of humerothoracic elevation position (arm at side, 30º, 60º, 90º). 

The group-by-position interaction was significant at p = 0.049 (F = 2.71, df = 3,113). 
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Table 34 provides the pairwise comparisons to follow up the significant group-by-angle 

interaction for minimum distance. 

Table 34: Pairwise Comparisons of Normalized Minimum Distance between 

Scapular Upward Rotation Groups 

Position High 

 Group 

Low  

Group 

Mean 

Difference 

Statistic p-value 

Arm at side 244.9 210.1 34.8 t113 = 1.99 0.049 

30º 160.4 143.8 16.6 t113 = 0.95 0.34 

60º 137.6 135.6 2.0 t113 = 0.12 0.91 

90º 158.3 177.0 -18.7 t113 = -1.08 0.28 

 

 

Analysis of Glenohumeral Superior/Inferior Positions Across Scapular Plane 

Abduction 

Glenohumeral position data was calculated such that it represented the geometric 

center of the humeral head relative to the geometric center of the glenoid. However, this 

data was transformed such that the humeral head center could be represented relative to a 

circle fit to the inferior glenoid margin to allow comparison with data from Lawrence et 

al. (Lawrence et al., 2017). This study calculated subacromial proximities directly to the 

supraspinatus tendon by imposing average kinematics onto subject-specific anatomical 

models with the important assumption that the humeral head remained centered in the 

glenoid. Figure 61 shows the distribution of the superior/inferior glenohumeral position 

in all participants in the current study at each humerothoracic elevation position (center 

of humeral head relative to center of inferior glenoid). 
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Figure 61: Glenohumeral superior/inferior positions across scapular plane abduction. 

Glenohumeral position defined as the center of the humeral head relative to the center of 

the inferior glenoid. The reference line at 0 mm indicates the center of the humeral head 

is aligned with the center of a circle fit to the inferior glenoid as in (Lawrence et al., 

2017). Abbreviations: min = arm at the side. 

 

It is possible the superior/inferior glenohumeral position confounded the analysis 

of subacromial proximities. Therefore, superior/inferior glenohumeral position was 

compared between scapulothoracic upward rotation groups using a two-factor mixed-

model ANOVA. The covariance structure chosen to specify the relationship amongst the 

levels of the repeated factor (i.e. humerothoracic elevation angle) was chosen by 

inspecting covariance and correlation values and by comparing the fit statistics from 

models fit with different covariance structures (Littell et al., 2000). It appears a decay is 

generally present in the covariance and correlation matrix across adjacent levels of 

humerothoracic elevation (Table 35). This suggests a first order autoregressive or 

Toeplitz covariance structure may be most appropriate. However, the magnitude does not 

fully decay to zero for the levels furthest apart (i.e. arm at side and 90°) suggesting 

Toeplitz may be most appropriate. Inspection of the fit statistics (Table 36) confirms both 
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a first order autoregressive and Toeplitz appear to produce the best model fit, with 

autoregressive performing slightly better although not likely to substantially alter the 

conclusions compared to those obtained from Toeplitz. Ultimately, a first order 

autoregressive was chosen to model the covariance for the analysis of glenohumeral 

superior/inferior position. 

Table 35: Covariance and Correlations for Glenohumeral 

Superior/Inferior Position 
 Arm at side 30º 60º 90º 

Arm at side 39.8 (1.0) 22.5 (0.74) 20.1 (0.64) 21.6 (0.70) 

30º -- 24.1 (1.0) 21.5 (0.88) 20.5 (0.83) 

60º -- -- 24.7 (1.00) 22.8 (0.92) 

90º -- -- -- 24.9 (1.00) 

Note: Data presented as pairwise variance/covariance (correlation). 

 

 

 

Table 36: Fit Statistics for Models with Different Covariance 

Structures for Glenohumeral Superior/Inferior Position 
Covariance Structure AIC AICC BIC 

Variance Components 961.7 961.7 963.4 

Compound Symmetry 844.1 844.2 847.4 

Autoregressive (1st order) 829.6 829.6 832.9 

Toeplitz 830.2 830.4 836.9 

Note: Smaller fit statistics indicate better model fit. 

 

Groups were not found to be significantly different in glenohumeral 

superior/inferior position (interaction: p = 0.26, F = 1.36, df = 3,113; main effect: p = 

0.61, F = 0.26, df = 1,38) (Figure 62).  
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Figure 62: Group comparison of glenohumeral superior/inferior position. Position 

normalized to the glenoid height and expressed as a percentage. 

 

Exploratory Analysis Investigating the Impact of Modeling the Coracoacromial 

Ligament as a Plane on Subacromial Proximity Calculations 

 

The coracoacromial ligament was constructed as a plane fit between the coracoid 

process and anterior acromion based on anatomical descriptions (Edelson et al., 1995) 

because it could not be visualized and therefore reconstructed from the MR scan. 

Consequently, it is possible representing the coracoacromial ligament in this manner 

could have impacted the description of subacromial proximities. To investigate this, 

minimum distances were calculated between the articular margin and acromion only (i.e. 

removing the coracoacromial ligament plane from the analysis). A separate two-factor 

mixed-model ANOVA was performed with group as the between-subject factor (high and 

low scapulothoracic upward rotation) and humerothoracic elevation angle as the within-
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subject factor (arm at side, 30°, 60°, 90°). The results indicate that, although the group 

mean differences have changed slightly, modeling the coracoacromial ligament did not 

impact the interpretation of the results particularly in the range of motion in which 

subacromial proximities are smallest (i.e. below 90°). Using either approach, it is 

concluded that there is no difference between groups at any angle of humerothoracic 

elevation (Table 37 and Figure 63). 

Table 37: Results of Two-Factor Mixed Model ANOVA for 

Normalized Minimum Distance to the Acromion 
Effect Statistic p-value 

Group main effect F1,38 = 0.43 0.51 

Position main effect F3,113 = 47.47 <0.01 

Group-by-position interaction F3,113 = 0.95 0.42 

Note: Model was fit using log transformed normalized minimum 

distance and a Toeplitz covariance structure. There are two levels for the 

group independent variable (high/low scapulothoracic upward rotation) 

and 4 levels for the humerothoracic elevation position independent 

variable (minimum, 30°, 60°, 90°). 

 

 
 

Figure 63: Group comparison of normalized minimum distance between the acromion 

and articular margin.  Magnitudes of normalized minimum distance have been back-

transformed and are reported as geometric means and 95% confidence intervals.  
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Shoulder Complex Kinematics by Scapulothoracic Upward Rotation Groups  

Figure 64, Figure 65, and Figure 66 provide descriptive statistics for shoulder 

complex kinematics by scapulothoracic upward rotation group.  

 

Figure 64: Sternoclavicular kinematic descriptive data for high and low scapulothoracic 

upward rotation groups. Data are reported descriptively as means and unpooled SEs for 

each angle/group.  
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Figure 65: Acromioclavicular kinematic descriptive data for high and low 

scapulothoracic upward rotation groups. Data are reported descriptively as means and 

unpooled SEs for each angle/group. Abbreviations: IR/ER = internal/external rotation; 

UR/DR = upward/downward rotation. 
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Figure 66: Glenohumeral kinematic descriptive data for high and low scapulothoracic 

upward rotation groups. Data are reported descriptively as means and unpooled SEs for 

each angle/group.  

A Priori Analysis not Included in Chapter 4 

Hypothesis 2.4: Of the component motions of scapulothoracic upward rotation, 

acromioclavicular upward rotation will be the strongest predictor of absolute minimum 

subacromial distance magnitude. 

An initial multiple regression analysis was run for model diagnostics using data 

from the 49 subjects analyzed in Aim 2. Data were assessed using Cook’s D, DFFITS, 

DFBETAS, and outlier and leverage statistics. Following model diagnostics, multiple 

regression analyses were performed with data from 45 subjects.  
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The results of the multiple regression analysis are presented in Table 38. The 

overall R2 for the model was very low (0.03, adjusted R2 = -0.04), which is consistent 

with the generally very low bivariate r2 values. In considering the analysis post hoc, it 

was realized the hypothesis was not prudent primarily because the kinematic predictors 

contain significant variability and are likely confounded by the large variance in the 

humerothoracic elevation angle at which the absolute minimum distance occurred Figure 

19. However, a similar analysis performed at a specified angle of humerothoracic 

elevation (30°) yielded a similarly low adjusted model R2 (-0.02, p = 0.55). Together 

these analyses suggest a low relationship between normalized minimum distance and the 

component motions of scapulothoracic upward rotation. Upon exploring the data more, 

this conclusion is not surprising given the very low correlation between the magnitude of 

the absolute minimum distance and the magnitude of scapulothoracic upward rotation 

position for the position of absolute minimum distance (r = -0.02, p = 0.92). High 

variability is also visible in this relationship Figure 67, again likely reflecting the large 

variance in the humerothoracic elevation angle at which the absolute minimum distance 

occurred.  
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Table 38: Results of Multiple Regression Analyses for Predicting the 

Magnitude of Absolute Minimum Distance from Scapulothoracic 

Upward Rotation Component Motions 
Effect R2 Regression 

Coefficient 

p-value 

Sternoclavicular posterior rotation 0.00 -0.14 (-0.04) 0.80 

Sternoclavicular elevation 0.00 -0.07 (-0.02) 0.89 

Acromioclavicular upward rotation 0.02 -0.42 (-0.16) 0.31 

Intercept N/A 119.7 (0) <0.01 

Overall Model -0.04 N/A 0.70 

Notes: Outcome: magnitude of absolute minimum distance; Predictors: 

sternoclavicular posterior rotation, sternoclavicular upward rotation, and 

acromioclavicular upward rotation at position of absolute minimum 

distance. Regression coefficients for the predictors presented as non-

standardized (standardized). R2 for overall model expressed as adjusted R2. 

R2 for individual predictors expressed as squared semi-partial correlations. 

N/A indicates the statistic is not appropriate for the specific effect. 

 

 

Figure 67: Relationship between normalized minimum distance and scapulothoracic 

upward rotation at the absolute minimum distance. 
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Collectively these findings and those reported in Chapter 4 suggest the magnitude 

of the absolute minimum distance may not be influenced by kinematic factors. Instead, it 

may be primarily influenced by anatomical factors, whereas the range of motion in which 

the absolute minimum distance occurs may be primarily influenced by kinematics factors. 

To explore this possibility, bivariate correlations were calculated between the magnitude 

of the absolute minimum distance and the morphology parameters described in 

Appendix C. The results of this analysis are provided in Table 39. The findings support 

the hypothesis stated above, suggesting the magnitude of the absolute minimum distance 

may be more related to morphology than kinematics. In particular, critical shoulder angle, 

glenoid inclination, and acromial slope had the strongest relationship with the magnitude 

of the absolute minimum distance. For both critical shoulder angle and glenoid 

inclination, the results suggest an increasing positive magnitude (i.e. inclination and 

increased critical shoulder angle) are mildly although significantly associated with a 

smaller absolute minimum distance (critical shoulder angle: r = -0.33, p = 0.02; glenoid 

inclination: r = -0.31, p = 0.03). The modest correlation between critical shoulder angle 

and absolute minimum distance is consistent with a growing body of evidence suggesting 

the metric may be an important factor in the pathogenesis of rotator cuff disease (Moor et 

al., 2013; Moor et al., 2014; Spiegl et al., 2016). 
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Table 39: Relationship between Morphology Parameters 

and the Magnitude of the Absolute Minimum Distance 
Morphology Parameter r r2 p-value 

Acromial slope -0.28 0.08 0.06 

Glenoid inclination -0.31 0.10 0.03 

Glenoid version -0.14 0.02 0.32 

Critical shoulder angle -0.33 0.11 0.02 

Humeral head radius 0.05 0.00 0.71 

Notes: Increasing acromial slope indicates sloped acromion (i.e. 

0º indicates flat), positive inclination indicates inclination, and 

positive version indicates anteversion. 

 

The negative correlation for acromial slope (r = -0.28) suggests a larger angle is 

mildly although significantly associated with a smaller absolute minimum distance. This 

supports the theory that a sloped acromion may increase an individual’s risk for rotator 

cuff compression and injury (Balke et al., 2013; Bigliani et al., 1991; Epstein et al., 1993; 

Neer, 1972). However, findings related to this theory are often mixed (Bigliani et al., 

1991; Epstein et al., 1993; Farley et al., 1994; Pandey et al., 2016).  

It is important to note, however, that the way acromial slope was quantified in the 

current study is different than what has been traditionally described. Bigliani originally 

defined acromial slope based on lateral radiographs as the angle between two lines; the 

first between the anterior-most point and the midpoint along the undersurface of the 

acromion, and the second between the posterior-most point and the midpoint along the 

undersurface of the acromion (Bigliani et al., 1991). This metric provides an estimate of 

the curvature within the lateral acromion, and in particular the presence of any spurs 

along the anterior-inferior surface. Conversely, acromial slope in the current study was 

defined using a plane fit to the entire undersurface of the acromion. Therefore, the degree 
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to which the acromion is hooked may not be reflected in the magnitude of acromial slope 

because the impact of the points that define the lateral acromion may be reduced by the 

mass of points describing the more medial aspects. Further, the plane’s normal vector 

was related to an extrinsic vector (i.e. the scapular coordinate system) as opposed to an 

intrinsic aspect of the acromion itself as in Bigliani (1991). Therefore, it is possible these 

metrics are describing different underlying morphological constructs that may require 

additional studies to fully explore. In general, the relationship between morphology, 

kinematics, and the mechanisms of rotator cuff injury is an important future area of 

research to explore what is likely a very complex interaction of variables.  
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Appendix D: Additional Descriptions and Analyses for Aim 3 

Determination of Covariance Structure for Mixed Models 

For the analysis of component motion proportional contributions, the covariance 

structure to specify the relationship amongst the levels of the repeated factor (i.e. 

humerothoracic elevation phase) was chosen by inspecting covariance and correlation 

values and by comparing the fit statistics from models fit with different covariance 

structures (Littell et al., 2000). This process was performed for each mixed-model 

analysis of the component motion proportional contributions as described below.  

Sternoclavicular Posterior Rotation 

Inspecting the covariance and correlation magnitudes indicates a lack of overall 

structure with very low correlations (Table 40). This suggests a variance components 

structure may be most appropriate (Littell et al., 2000) for modeling sternoclavicular 

posterior rotation proportional contributions, which is confirmed based on fit statistics 

(Table 41). 

 

Table 40: Covariance and Correlations for 

Sternoclavicular Posterior Rotation Proportional 

Contribution 
 30° to 60° 60° to 90° 90° to 120° 

30° to 60° 1145.3 (1.0) 201.5 (0.23) -53.2 (-0.09) 

60° to 90° -- 700.4 (1.0) -31.0 (-0.07) 

90° to 120° -- -- 280.6 (1.00) 

Note: Data presented as pairwise variance/covariance 

(correlation). 
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Table 41: Fit Statistics for Models with Different Covariance 

Structures for Sternoclavicular Posterior Rotation 

Proportional Contribution 
Covariance Structure AIC AICC BIC 

Variance Components 1649.8 1649.8 1651.9 

Compound Symmetry 1651.2 1651.3 1655.4 

Autoregressive (1st order) 1649.8 1649.9 1654.0 

Toeplitz 1651.2 1651.3 1657.5 

Note: Smaller fit statistics indicate better model fit. 

 

 

Sternoclavicular Elevation 

 Inspecting the covariance and correlation magnitudes suggests a decay is present 

across adjacent levels of humerothoracic elevation (Table 42); therefore, either an 

autoregressive or Toeplitz structure may be appropriate (Littell et al., 2000). Inspection of 

the fit statistics (Table 43) confirms a first order autoregressive structure is most 

appropriate and was chosen to model the covariance for the analysis of sternoclavicular 

posterior rotation proportional contribution. 

 

Table 42: Covariance and Correlations for 

Sternoclavicular Elevation Proportional Contribution 
 30° to 60° 60° to 90° 90° to 120° 

30° to 60° 53.1 (1.0) 18.9 (0.50) 8.2 (0.17) 

60° to 90° -- 26.9 (1.0) 18.9 (0.56) 

90° to 120° -- -- 42.6 (1.00) 

Note: Data presented as pairwise variance/covariance 

(correlation). 
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Table 43: Fit Statistics for Models with Different Covariance 

Structures for Sternoclavicular Elevation Proportional 

Contribution 
Covariance Structure AIC AICC BIC 

Variance Components 1151.4 1151.4 1153.5 

Compound Symmetry 1133.5 1133.6 1137.7 

Autoregressive (1st order) 1122.1 1122.1 1126.2 

Toeplitz 1123.3 1123.4 1129.6 

Note: Smaller fit statistics indicate better model fit. 

 

Acromioclavicular Upward Rotation 

Inspecting the covariance and correlation magnitudes indicates a lack of overall 

structure with very low correlations (Table 44). This suggests a variance components 

structure may be most appropriate (Littell et al., 2000) for modeling acromioclavicular 

upward rotation proportional contributions, which is confirmed based on fit statistics 

(Table 45). 

Table 44: Covariance and Correlations for 

Acromioclavicular Upward Rotation Proportional 

Contribution 
 30° to 60° 60° to 90° 90° to 120° 

30° to 60° 1995.0 (1.0) 288.0 (0.19) -79.0 (-0.08) 

60° to 90° -- 1139.4 (1.0) -65.1 (-0.08) 

90° to 120° -- -- 510.1 (1.00) 

Note: Data presented as pairwise variance/covariance 

(correlation). 

 
 

Table 45: Fit Statistics for Models with Different Covariance 

Structures for Acromioclavicular Upward Rotation 

Proportional Contribution 
Covariance Structure AIC AICC BIC 

Variance Components 1741.6 1741.6 1743.7 

Compound Symmetry 1743.5 1743.6 1747.7 

Autoregressive (1st order) 1742.7 1742.8 1746.9 

Toeplitz 1744.1 1744.2 1750.3 

Note: Smaller fit statistics indicate better model fit. 
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Details of the Group Comparisons for Proportional Contributions of Component 

Motions to Scapulothoracic Upward Rotation 

There was no significant group difference (i.e. main effect) for any component 

motion proportional contribution (Table 46 and Figure 68).  

Table 46: Results of Two-Factor Mixed Model ANOVAs for 

Component Motion Proportional Contributions 
 Statistic p-value 

Sternoclavicular Posterior Rotation 

Group main effect F1,58 = 0.68 0.41 

Phase main effect F2,115 = 25.95 <0.01 

Group-by-phase interaction F2,115 = 0.98 0.38 

Sternoclavicular Elevation 

Group main effect F1,58 = 3.27 0.08 

Phase main effect F2,115 = 3.97 0.02 

Group-by-phase interaction F2,115 = 0.45 0.64 

Acromioclavicular Upward Rotation 

Group main effect F1,58 = 3.03 0.09 

Phase main effect F2,115 = 33.30 <0.01 

Group-by-phase interaction F2,115 = 0.50 0.61 

Notes: There are two levels for the group independent variable 

(asymptomatic/symptomatic) and three levels for the humerothoracic 

elevation phase independent variable (30° to 60°, 60° to 90°, and 90° to 

120°). 

 

 

 
 

Figure 68: The proportional contribution of scapulothoracic upward rotation component 

motions in symptomatic and asymptomatic individuals across phases of humerothoracic 

elevation (30°-60°, 60°-90°, 90°-120°). A) acromioclavicular upward rotation; B) 

sternoclavicular posterior rotation; and C) sternoclavicular elevation. Note the different 

y-axis scales across the subplots. Abbreviations: AC = acromioclavicular, SC = 

sternoclavicular. 
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A Priori Analyses Not Included in Chapter 5 

Two analyses planned a priori were not included in Chapter 5. The details of the 

analysis and results are described below. 

 

Hypothesis 3.1: Compared to the high scapulothoracic upward rotation group, the low 

scapulothoracic upward rotation group will be in decreased acromioclavicular upward 

rotation, sternoclavicular posterior rotation, and sternoclavicular elevation at the same 

angles of humerothoracic elevation at which the groups differ in scapulothoracic upward 

rotation. 

Scapulothoracic upward rotation, acromioclavicular upward rotation, 

sternoclavicular elevation and posterior rotation, and scapulothoracic upward rotation 

positions were calculated at every 10° increment of humerothoracic elevation. Two-factor 

mixed-model ANOVAs were performed with between-subject factor of scapulothoracic 

upward rotation group (high, low) and within-subject factor of humerothoracic elevation 

angle (minimum, 30°, 60°, 90°). Humerothoracic elevation angles were reduced to three 

levels (30°, 60°, 90°) for the comparison of sternoclavicular posterior rotation as there is 

no between-subject variance for the minimum position due to the need to align the 

clavicular vertical axis to that of the thorax (Wu et al., 2005). The appropriate covariance 

structure was determined by inspecting the covariance matrix of the within-subject factor 

and fit statistics of models using various covariance structures (Littell et al., 2000). The 

significance of the two-factor interaction was assessed first. The significance of the main 

effects was only assessed in the absence of a significant interaction.  
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At all angles assesses statistically, participants in the low scapulothoracic upward 

rotation group were in less scapulothoracic upward rotation than participants in the high 

scapulothoracic upward rotation group, however, the magnitude of the difference 

depended on the angle of humerothoracic elevation (interaction: p = 0.04, F = 2.79, df = 

3,113) (Figure 15B). Specifically, the low scapulothoracic upward rotation group were in 

7.9°, 10.0°, 8.9°, and 6.0° less scapulothoracic upward rotation at the minimum, 30°, 60°, 

and 90° humerothoracic elevation positions, respectively (minimum: p < 0.01, t = -5.07, 

df = 113; 30°: p < 0.01, t = -6.44, df = 113; 60°: p < 0.01, t = -5.69, df = 113; and 90°: p < 

0.01, t = -3.83, df = 113). 

Participants in the low scapulothoracic upward rotation group were consistently in 

an average of 4.4° less sternoclavicular elevation than participants in the high 

scapulothoracic upward rotation group (main effect of group: p = 0.01, F = 7.82, df = 

1,38) (Figure 69A). Additionally, participants in the low scapulothoracic upward rotation 

group were consistently in an average of 6.4° less acromioclavicular upward rotation 

across all angles of humerothoracic elevation than participants in the high 

scapulothoracic upward rotation group (main effect of group: p < 0.01, F = 21.18, df = 

1,38) (Figure 69B). Groups were not significant different in the magnitude of 

sternoclavicular posterior rotation at any angle of humerothoracic elevation (interaction: 

p = 0.36, F = 1.03, df = 2,76; main effect: p = 0.86, F = 0.03, df = 1,38) (Figure 69C). 
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Figure 69: Comparison of scapulothoracic upward rotation component motions between 

high and low scapulothoracic upward rotation groups across angles of humerothoracic 

elevation: A) sternoclavicular elevation; B) acromioclavicular upward rotation; and C) 

sternoclavicular posterior rotation. Abbreviations: AC = acromioclavicular, SC = 

sternoclavicular. 
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Hypothesis 3.2: Acromioclavicular upward rotation and sternoclavicular posterior 

rotation angular displacement will be the strongest predictors of scapulothoracic upward 

rotation angular displacement. 

Acromioclavicular, sternoclavicular, and scapulothoracic joint positions were 

calculated at every 30° increment of humerothoracic elevation for all 60 subjects. 

Transformation matrices were calculated as the displacement of the distal segment 

moving relative to the proximal segment between 30° increments of humerothoracic 

elevation and described in the reference frame of the distal segment at the initial position. 

The position and orientation of a helical axis was determined using a finite calculation 

(Spoor et al., 1980). Helical angles were then calculated by projecting the helical axis 

onto the reference frame of the distal segment at the initial position. Multiple regression 

analyses were used to determine the relationship between scapulothoracic upward 

rotation displacement (response) and acromioclavicular upward rotation, sternoclavicular 

posterior rotation, and sternoclavicular elevation angular displacement (predictors) at 

each humerothoracic elevation phase (30°-60°, 60°-90°, 90°-120°). 

Initial multiple regression analyses were run for model diagnostics using data 

from all 60 subjects. Data were assessed using Cook’s D, DFFITS, DFBETAS, and 

outlier and leverage statistics. Following model diagnostics, multiple regression analyses 

were performed with data from 57 subjects. Separate analyses were performed for each 

humerothoracic elevation phase (30°-60°, 60°-90°, 90°-120°). Squared bivariate and 

semi-partial (i.e. part) correlations were also calculated to assess the unadjusted and 
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adjusted relationship with each predictor and scapulothoracic upward rotation 

displacement, respectively.  

The results of the bivariate correlation and multiple regression analyses are 

presented in (Table 47). The results suggest all component motions are significantly 

associated with scapulothoracic upward rotation displacement across all phases of 

humerothoracic elevation. In particular, sternoclavicular elevation is the component 

motion with the strongest relationship with scapulothoracic upward rotation displacement 

(r2 = 0.27-0.53). Likewise, sternoclavicular posterior rotation and acromioclavicular 

upward rotation have weaker relationships with scapulothoracic upward rotation 

displacement (r2 = 0.08-0.28 and r2 = 0.09-0.11, respectively), despite the statistical 

significance. These findings are in conflict with the predominant belief (and supporting 

evidence from Chapter 5) that sternoclavicular elevation is the least important component 

motion and highlight a limitation of correlations (especially bivariate) when investigating 

complex causative hypotheses.  
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Table 47: Results of Multiple Regression Analyses for Predicting Scapulothoracic 

Upward Rotation Displacement from Component Motion Displacements 
 Humerothoracic Elevation Phase 

 30° to 60° 60° to 90° 90° to 120° 

Sternoclavicular posterior rotation 

Coefficients -0.84 (-1.08)  -0.87 (-1.35) -0.95 (-0.99) 

Squared semi-partial correlation 0.39 (<0.01) 0.59 (<0.01) 0.58 (<0.01) 

Squared bivariate correlation 0.10 (0.02) 0.08 (0.03) 0.28 (<0.01) 

Type I Sums of Squares 50.4 37.9 159.6 

Type III Sums of Squares 193.2 271.6 338.0 

Sternoclavicular elevation 

Coefficients 0.51 (0.35)  0.40 (0.29)  0.29 (0.24) 

Squared semi-partial correlation 0.09 (<0.01) 0.08 (<0.01) 0.05 (<0.01) 

Squared bivariate correlation 0.53 (<0.01) 0.27 (<0.01) 0.30 (<0.01) 

Type I Sums of Squares 260.8 125.3 176.8 

Type III Sums of Squares 46.4 34.7 27.6 

Acromioclavicular upward rotation 

Coefficients 0.99 (1.10)  1.02 (1.37)  0.99 (0.85) 

Squared semi-partial correlation 0.41 (<0.01) 0.62 (<0.01) 0.41 (<0.01) 

Squared bivariate correlation 0.11 (0.01) 0.09 (0.03) 0.11 (0.01) 

Type I Sums of Squares 55.6 40.0 62.4 

Type III Sums of Squares 201.0 286.5 238.7 

Intercept    

Coefficient -0.19 -0.65 -0.83 

Overall model 

Significance < 0.01 < 0.01 < 0.01 

R2 0.97 0.93 0.93 

Notes: Outcome: scapulothoracic upward rotation displacement; Predictors: 

sternoclavicular posterior rotation, sternoclavicular upward rotation, and acromioclavicular 

upward rotation displacement. Regression coefficients for the predictors presented as non-

standardized (standardized). Squared part and bivariate correlations presented as statistic 

(p-value). R2 for overall model expressed as adjusted R2. 

 

When considered together in multiple regression models for each humerothoracic 

elevation phase, the linear combination of component motions (i.e. sternoclavicular 

posterior rotation, acromioclavicular upward rotation, and sternoclavicular elevation) 

account for 93-97% of the variance in scapulothoracic upward rotation displacement. 

Compared to the bivariate relationships, a shift is observed in the relative importance of 

the individual predictors (Table 47). In particular, sternoclavicular posterior rotation and 
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acromioclavicular upward rotation emerge as the strongest predictors of scapulothoracic 

upward rotation across all humerothoracic elevation phases. This suggests the presence of 

suppression in the multiple regression model. Additional evidence suggesting suppression 

effects in the model includes the Type III Sums of Squares for sternoclavicular posterior 

rotation and acromioclavicular upward rotation being higher than their respective Type I 

Sums of Squares. This suggests an individual predictor (i.e. sternoclavicular posterior 

rotation or acromioclavicular upward rotation) accounts for more variance above and 

beyond that of the combined effect of the other predictors (Type III Sums of Squares) 

than it does alone (Type I Sums of Squares). Finally, increment multiple regression 

model building in which pairs of predictors are included further suggests suppression 

only occurs when sternoclavicular posterior rotation and acromioclavicular upward 

rotation are included in the same model. 

Suppression in multiple regression is a paradoxical phenomenon in which the 

influence of an individual predictor is inflated due to the presence of another predictor in 

the model. This typically occurs when a predictor has a weak relationship with the 

outcome but a strong relationship with another predictor (Cohen & Cohen, 2003). For the 

case of the component motions predicting scapulothoracic upward rotation displacement, 

the suppressor effect is due to the presence of both sternoclavicular posterior rotation and 

acromioclavicular upward rotation in the model. When included in a multiple regression 

model together, sternoclavicular posterior rotation and acromioclavicular upward rotation 

suppress the irrelevant variance in each other making them both appear more important to 

the prediction of scapulothoracic upward rotation (or have a stronger relationship) than 
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they would have alone. This results in an increase in the variable’s regression coefficient, 

squared semi-partial correlation, and the overall model fit (i.e. R2).  

The practical implications of suppression are not well understood and may depend 

on whether a regression model is used for prediction or explanation of multivariate 

relationships. In the case of explanation which was the goal of the proposed analysis, 

inference should be made with caution unless the cause of the suppression is known. For 

the current study, it is believed the cause of the suppression between sternoclavicular 

posterior rotation and acromioclavicular upward rotation is related to shape-matching 

error. Errors in quantifying acromioclavicular upward rotation should be related to 

sternoclavicular posterior rotation as they both depend on the accuracy of shape-matching 

the clavicle, and in particular its axial rotation. Of the acromioclavicular joint angular 

displacements, upward rotation was the most prone to shape-matching errors (RMS error 

= 3.5°) (Table 20), which was likely due to the error in shape-matching clavicle axial 

rotation (RMS error = 3.7°). Therefore, it is possible shape-matching errors added 

irrelevant variance to the measurement of sternoclavicular posterior rotation and 

acromioclavicular upward rotation displacement that reduce the bivariate correlations 

with scapulothoracic upward rotation. Further, the bivariate correlation between 

sternoclavicular posterior rotation and acromioclavicular upward rotation remains 

relatively unaffected because the error is shared and therefore can continue to explain 

variance in each other. Once all three variables are included in the same multiple 

regression model, this shared variance is suppressed, thereby increasing the regression 
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coefficients and squared semi-partial correlations of sternoclavicular posterior rotation 

and acromioclavicular upward rotation. 

Ultimately, this analysis was deferred from being included in Chapter 5 as it 

cannot directly investigate the purpose of Aim 3, which was to identify the mechanisms 

by which sternoclavicular and acromioclavicular joint motion contributes to 

scapulothoracic upward rotation. The coupling theory suggests component motions cause 

or, in the case of sternoclavicular posterior rotation, allow scapulothoracic upward 

rotation to occur. Regression analysis can provide estimates of relationships, which are 

necessary but not sufficient to infer causation. However, the prediction equations 

developed from the multiple regression provide a means to estimate scapulothoracic 

upward rotation displacement directly from the data as opposed to a predefined coupling 

function as was done in Chapter 5. Importantly, the weights applied to each of the 

component motions in the coupling function only account for the offset between the 

clavicular and scapular axes in the transverse plane, whereas the weights calculated from 

the regression equation are not limited in this manner. Therefore, direct comparison 

between analyses (i.e. coupling function and multiple regression models) will be 

confounded. 
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Appendix E: Data Collection Documents 

Online Screening Tool Distributed using REDCap 

 

This form was available as an internet link to individuals interested in 

participating in the study. It primarily asked question to determine initial eligibility.  
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Clinical Examination Form 

 

This form guided the clinical examination process to determine official study 

eligibility.  
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Disabilities of the Arm Shoulder and Hand (DASH) Questionnaire 

 

This questionnaire was used to objectively measure upper extremity function.  
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