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Abstract 

Across ape species, a large variation in shoulder bone morphology (shape) corresponds to broad 

differences in upper limb behaviour. Over millions of years, humans have evolved unique 

shoulders that allow us to execute tasks with speed, dexterity, and power. Today, the human 

shoulder is highly variable and specific shape features are correlated with rotator cuff injury. This 

suggests that variation in bone morphology alters the mechanical function of the shoulder on a 

large, interspecific scale (influencing behaviours across species) and on a smaller, intraspecific 

scale (impacting propensity for injury within humans). In this work, I investigated the relationship 

between shoulder shape and function using computational and experimental methods. To provide 

evolutionary context for modern human shoulder function, I first used a proximity-based model to 

estimate the 3D glenohumeral range-of-motion of living and fossil primates and identified 

mobility-enhancing shape traits. I found that, relative to other apes, humans have highly mobile 

shoulders that favour activities at low levels of arm elevation. I then examined the sources of 

variation in modern scapula (shoulder blade) shape and found significant differences between male 

and female scapulae that are not attributable to size-shape relationships. Next, I investigated the 

interactions among shape, motion, and muscle function and their implications for rotator cuff tears. 

I found that scapula shapes predictive of tears inhibited the stabilizing role of the supraspinatus, 

potentially increasing the load required by the tendon to maintain stability. However, this shape-

driven effect was partially corrected with kinematic adjustments, indicating that healthy 

individuals may adapt their kinematics according to their anatomy to modulate muscle function. 

To further understand the mechanics behind healthy shoulder kinematics, my final study employed 

biplanar videoradiography to compare the motion of the scapula during two tasks imposing 

opposite loading profiles on the shoulder: a press-up and a pull-down. Scapula motion differed 
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significantly between tasks, elucidating how the scapula may assist in stabilizing the glenohumeral 

joint. Overall, this work contributes to an improved understanding of how large- and small-scale 

variations in shoulder morphology influence function. Our findings provide insights into human 

evolution, injury mechanisms, and the characteristics that define healthy shoulder function.  
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Chapter 1 

Introduction 

1.1 Motivation 

Across primate species, a large variation in shoulder morphology corresponds to a diverse array 

of locomotor styles, postures, and overall behaviours (Larson, 1993). The mechanical implications 

of specific morphological traits have been inferred by comparing a speciesô morphology to their 

observed behaviour. For example, the gibbon possesses highly specialized shoulder morphology 

that allows it to safely and efficiently swing between branches in an arboreal environment (Arias

Martorell, 2018). Meanwhile, the baboon possesses different shape features that enable it to 

locomote on all four limbs ï quadrupedally ï in a terrestrial environment (Larson, 1993).  

The evolutionary history of the human skeleton has been extensively studied in the context of our 

ape relatives to understand the selective pressures under which we evolved (Alm®cija et al., 2021). 

Analyses of living and fossil ape morphology suggest that the human shoulder evolved from a 

chimpanzee-like state to our modern-day shapes (Young et al., 2015). The theorized evolutionary 

trajectory presumably enabled a shift from overhead tasks - such as swinging and climbing - to 

tasks at lower arm elevation levels - such as throwing, knapping, and dextrous tool use (Roach et 

al., 2013). Today, our shoulders are capable of executing tasks with speed, dexterity, and power. 

However, our current environment differs substantially from the hunter-gather lifestyle in which 

we presumably evolved. In our modern environment, the shoulder is highly susceptible to injury. 

Over 20% of the population have full-thickness rotator cuff tears, while a much higher percentage 

suffer from generalized rotator cuff pain (van der Windt et al., 1995; Yamamoto et al., 2010). 

Shoulder dysfunction and pain not only impact quality of life through impeding activities of daily 
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living and participation in sport, but can also jeopardize livelihood for individuals who rely on 

healthy shoulder function for their careers (MacDermid et al., 2004).  

Interestingly, shoulder shape is highly variable across the human population (Gray, 1942), and 

specific skeletal features are correlated with rotator cuff tears (E. C. S. Lee et al., 2020; Zaid et al., 

2019). This shape-injury relationship ï combined with the larger-scale form-function relationship 

across species ï suggests that the comparatively subtle shape variation within the human 

population may alter shoulder mechanics in a way that is important for injury (Figure 1).  

 

Figure 1-1: Parallels between shape-function relationships across species and within humans. Across species, shape 

is associated with broad differences in behaviour, but the mechanical pathways from morphology to behaviour have 

not been rigorously tested. Within humans, shape is associated with injury, but the mechanical determinants are poorly 

understood. 

While recent work has begun to explore the relationship between shape features and mechanics in 

the context of injury (Gerber et al., 2014; E. C. S. Lee et al., 2020; Oswald et al., 2024), our general 

understanding of how anatomy maps to function is largely based on qualitative inferences. 

Accurately measuring and modelling the shoulder to study form-function relationships within 

humans is challenging because the shoulder is anatomically complex and motion of the shoulder 

blade is notoriously difficult to measure. Meanwhile, the large-scale shape differences assumed to 

enable locomotor differences across species have been inferred from separate analyses of bone 
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shape and observed behaviour, but the direct effect of these shape traits on mechanics has not been 

rigorously tested.  

The purpose of this thesis is to investigate the relationship between bone shape and mechanical 

function of the shoulder. Across primate species, this knowledge will help us better understand the 

selective pressures that shaped our present-day shoulder anatomy and provide anthropologists with 

more confidence in reconstructing the function of fossil species. Within humans, this research will 

elucidate why individuals with specific shape features are at a higher risk of musculoskeletal injury 

and inform patient-specific treatment and preventative strategies. 

1.2 Background 

1.2.1 Structure and movement of joints comprising the shoulder 

The shoulder is a joint complex comprised of four articulations: the sternoclavicular, 

acromioclavicular, scapulothoracic, and glenohumeral joints. The simultaneous motion of these 

four joints enables the shoulderôs exceptional range of motion (Inman et al., 1944).  

The scapulothoracic articulation consists of the scapula (shoulder blade) gliding and rotating 

relative to the posterolateral surface of the thoracic cage. The scapula is suspended by soft tissue 

from the cervical and thoracic vertebrae, ribs, and clavicle, forming a closed chain mechanism 

(Veeger and van der Helm, 2007). Therefore, scapulothoracic motion implies the coordinated 

movement of the sternoclavicular and acromioclavicular joints. Scapular rotation occurs about 

three axes (Ludewig et al., 2009) (Figure 1-2). 
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Figure 1-2: Rotations of the scapula depicted for a right shoulder. 

The glenohumeral joint is the articulation between the humeral head and the glenoid fossa of the 

scapula. While commonly categorized as a ball-and-socket joint, the glenohumeral joint is best 

compared to a golf ball on a tee due to the relatively small surface area of the glenoid fossa. In 

contrast to the hip, where the acetabulum provides a bony encapsulation of the femoral head, the 

surface area of the glenoid fossa is 3-4 times smaller than the surface area of the humeral head (Lj 

et al., 1992). This unique structure provides the glenohumeral joint with exceptional three-

dimensional range-of-motion (Figure 1-3), making it the most mobile articulation in the human 

body. The glenohumeral joint also exhibits translational degrees of freedom. During dynamic 

activity, dual fluoroscopy and biplanar videoradiography have measured humeral head translations 

up to 6.0mm in the anterior/posterior direction and 2.5mm in the superior/inferior direction relative 

to the glenoid in healthy shoulders (Bey et al., 2008; Massimini et al., 2012).  

 

Figure 1-3: (A) The articular surfaces of the glenohumeral joint (green). Other anatomical features surrounding the 

glenohumeral joint are highlighted in purple. (B) Rotations of the glenohumeral joint shown on a right shoulder.  
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Studies of shoulder function have paid particular attention to relative contributions of the 

scapulothoracic and glenohumeral joints during arm-raising (shoulder abduction). In healthy 

individuals, the scapula upwardly rotates, posterior tilts, and internally rotates as the arm elevates 

(Ludewig et al., 2009; McClure et al., 2001). Abnormalities in this coordination are associated 

with various shoulder pathologies and are often targeted in physiotherapy (Kibler and McMullen, 

2003). However, there is substantial variation in scapular kinematics even across healthy 

individuals (Kolz et al., 2021) and it is unclear whether abnormal scapular kinematics are a cause 

or consequence of pathology (Teixeira et al., 2021). While a normal scapular movement pattern is 

hypothesized to enable joint stability and muscle mechanics during shoulder elevation (Ben Kibler, 

1998), further research is required to better understand the mechanical demands that underly 

healthy scapular motion.  

Scapulothoracic and glenohumeral kinematics are notoriously difficult to measure since the 

scapula glides under the skin. Methods relying on skin-mounted devices may lead to large errors 

in estimating the true pose of the scapula (Matsui et al., 2006). Instead, studies using intracortical 

pins or biplanar videoradiography yield highly accurate kinematics as they measure bone motion 

directly (Bey et al., 2006; B. Lee et al., 2020; Ludewig et al., 2009).  

1.2.2 Glenohumeral stability 

The skeletal structure of the glenohumeral joint enables high joint mobility but provides inherently 

little bony stability. Instead, the soft tissues of the glenohumeral joint ï the labrum, ligaments, and 

rotator cuff ï stabilize the humeral head on the glenoid. Here, we define mobility as the magnitude 

of rotational range-of-motion. We define stability as the ability to limit tangential translations of 

the humeral head to a magnitude observed in healthy shoulders. 
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The labrum is a fibrocartilaginous rim that surrounds the perimeter of the glenoid and deepens its 

curvature (Wilk et al., 1997). The glenohumeral joint capsule is composed of multiple layers of 

collagen fibres and reinforced with capsular ligaments. The joint capsule is loose and only becomes 

taught and provides stability at the extremes of range-of-motion (Lippitt and Matsen, 1993).  

The rotator cuff is defined as a group of four glenohumeral muscles: the supraspinatus, 

infraspinatus, teres minor, and subscapularis (Figure 1-4A). Rotator cuff architecture allows the 

muscles to provide active stabilization at mid-ranges-of-motion and passive stabilization at end 

ranges-of-motion (Ward et al., 2006). Electromyography and cadaveric studies suggest that the 

rotator cuff muscles act as active stabilizers to reduce humeral head translations (Lee et al., 2000; 

Sangwan et al., 2015) in addition to contributing modestly to joint motion (Mansfield and 

Neumann, 2019).  

The larger muscles superficial to the rotator cuff ï such as the deltoid, latissimus dorsi, and 

pectoralis major ï act as the prime movers of the humerus (Mansfield and Neumann, 2019). The 

lines-of-action of these muscles provide them with high mechanical advantages to generate large 

moments at the shoulder. However, these lines-of-action also tend to impose destabilizing forces 

on the humeral head, as they have relatively large components of force that are tangential to the 

glenoid (Mulla et al., 2020). The soft tissues of the glenohumeral joint must therefore resist the 

destabilizing forces caused by the prime movers (Figure 1-4B).  
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Figure 1-4: (A) Rotator cuff muscles. (B) The deltoidôs line-of-action has a superior line-of-action that tends to 

translate the humerus superiorly relative to the glenoid. The supraspinatusô line-of-action acts compressively.  

Stability is thought to be achieved by increasing the compressive force on the glenoid. In a 

cadaveric study, Lippit et al. applied a compressive load and measured the tangential force required 

to dislocate the joint with an intact and excised labrum (1993). They concluded that the concavity-

compression mechanism ï the combined effect of a compressive joint load and an intact glenoid 

labrum ï was effective in preventing joint dislocation. Concavity-compression is closely related 

to the idea of scapulohumeral balance: the theory that the humeral head is stable when the net 

joint reaction force is within the arc provided by the glenoid and labrum (Lippitt and Matsen, 1993) 

(Figure 1-5A). The concavity-compression mechanism and scapulohumeral balance are 

presumably enabled by a large compressive force generated by the co-contraction of the rotator 

cuff muscles (Perry, 1988) (Figure 1-5B).  However, a systematic review identified limited 

evidence of rotator cuff co-contraction, and instead found that muscle activity was consistent with 

the directional forces required to resist the translations caused by the prime mover (Sangwan et 

al., 2015). The authors suggested that the rotator cuff muscles activate in a direction-specific 

manner to enable joint stability (Figure 1-5C).   
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Figure 1-5: A) The theory of scapulohumeral balance enabled by concavity-compression. A balanced net force lies 

within the stable arc of the glenoid and labrum, whereas an unbalanced net force lies outside of the arc (Lippitt and 

Matsen, 1993). B) Concavity-compression mechanism enabled by rotator cuff co-activation. C) Direction-specific 

mechanism where rotator cuff muscles selectively activate to resist the destabilizing force. 

Therefore, although it is established that the rotator cuff muscles resist humeral head translations, 

it is unclear whether this is achieved by concavity-compression, direction-specific activation, or a 

combination of both.  

1.2.3 Rotator cuff tears 

Rotator cuff tears refer to the partial or full tear of a rotator cuff tendon ï which most often occurs 

in the supraspinatus (Minagawa et al., 2013). Full-thickness rotator cuff tears affect 20-23% of 

adults and prevalence increases with age (Minagawa et al., 2013; Tempelhof et al., 1999; 

Yamamoto et al., 2010). The causes of rotator cuff tears are multi-factorial and can develop from 

both extrinsic and intrinsic pathways (Seitz et al., 2011). Extrinsic factors are associated with the 

external compression of the tendon, while intrinsic factors are associated with degeneration of the 

tendon (Seitz et al., 2011).  

Repetitive tensile loading is a well-established intrinsic cause of tendon tears, as repetitive use is 

associated with a higher risk of cuff tears (Lawrence et al., 2024). Rotator cuff tear prevalence is 

higher in dominant shoulders than in non-dominant shoulders (Yamamoto et al., 2010). Further, 

manual workers and overhead athletes such as swimmers and throwers have a higher risk of tears 

(Braun et al., 2009; Dischler et al., 2017; Linaker and Walker-Bone, 2015). Rotator cuff tendons 
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can also be subject to elevated strain for a given activity based on anatomical variation across 

individuals (Gerber et al., 2014). 

Subacromial impingement is a theorized extrinsic mechanism where the supraspinatus tendon gets 

compressed between the humeral head and subacromial bursa inferior to the acromion, leading to 

mechanical abrasion (Neer, 1972). Mechanisms that narrow the subacromial space, such as 

morphological variations or abnormal scapular kinematics, are therefore thought to increase the 

risk of compression of the tendon (Bigliani et al., 1986; Lawrence et al., 2020; Silva et al., 2010). 

While modelling work suggests that subacromial impingement does occur (Lawrence et al., 2019; 

Tasaki et al., 2015), the evidence supporting impingement as a cause of pathology is mixed. 

Impingement and reduced subacromial space alone do not predict pathology (Lawrence et al., 

2024; Park et al., 2020), and animal models suggest that mechanical abrasion may only increase 

tear risk when the tendon is already subject to repetitive strain (Carpenter et al., 1998).  

Rotator cuff tears can also occur due to glenohumeral instability. Weakness in rotator cuff muscles, 

ligament laxity, and labral lesions can inhibit the jointôs ability to resist the superior shear action 

of the deltoid (Lewis et al., 2001; Sharkey and Marder, 1995). Since repetitive strain is a cause of 

tears, factors that place a higher demand on the muscles to stabilize the joint ï such as soft tissue 

laxity and skeletal shape ï may increase the load of the rotator cuff tendons and subsequently 

increase the risk of tears.  

1.2.4 Human scapula variation and associations with rotator cuff tears 

Human scapula shape is highly diverse (Dwight, 1887; Gray, 1942). While the sources of variation 

are not fully understood, this intraspecific variability may reflect our speciesô release from the 

strong selective pressure for quadrupedal locomotion, as reflected in other ape species (Young, 



 

10 

 

2006). Today, scapula shape and size appear to vary with biological sex (Maranho et al., 2022) and 

geographical location (Peckmann et al., 2016), but the interactions among variations in shape and 

size have not been rigorously distinguished or explored.   

Numerous studies have reported statistically significant associations between two-dimensional 

measures of scapular morphology and rotator cuff tears. Measures including acromion type 

(Bigliani et al., 1986), acromion index (Nyffeler et al., 2006), lateral acromion angle (Balke et al., 

2013; Banas et al., 1995; Kim et al., 2012; Moor et al., 2014; Pandey et al., 2016), critical shoulder 

angle (Moor et al., 2013), glenoid inclination (Hughes et al., 2003), and glenoid version (T®treault 

et al., 2004) have all been shown to significantly separate individuals with rotator cuff tears from 

asymptomatic controls (Figure 1-6). However, these findings are inconsistent across studies 

(Bishop et al., 2009; Hamid et al., 2012; Kandemir et al., 2006). These inconsistencies may be due 

to the challenges of capturing the complex morphology of the scapula from two-dimensional 

radiographs, where measurements can differ based on the patientôs posture or camera angle. More 

recently, shape analyses incorporating three-dimensional (3D) landmarks across the entire scapula 

revealed 3D tear-associated scapula features that go beyond discrete measures (E. C. S. Lee et al., 

2020). In particular, a superiorly-oriented glenoid and scapular spine, narrower teres major 

attachment site, and narrower supraspinous fossa were all correlated with symptomatic tears.  

 
Figure 1-6: Scapula features associated with rotator cuff tears. A) Acromion type (Bigliani et al., 1986). B) Lateral 

acromion angle (Balke et al., 2013). C) Critical shoulder angle (Moor et al., 2013). D) 3D shapes associated with 

supraspinatus tears (T, red) and asymptomatic controls (A, blue) (E. C. S. Lee et al., 2020). 
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Recent studies have also begun to investigate the biomechanical implications of tear-associated 

morphology. Computer simulations and physical models have found that a larger critical shoulder 

angle (indicating more acromial overhang) increases the shear component of the deltoid line-of-

action and elevates the load required of the rotator cuff to maintain glenohumeral stability (Gerber 

et al., 2014; Viehºfer et al., 2015). Meanwhile, a morphable musculoskeletal model showed that 

3D tear-associated scapula features reduced the mechanical advantage of the supraspinatus at low 

levels of abduction (<90Á), theoretically increasing the muscle force required to generate the same 

abduction moment in positions where most activities of daily living occur (Aizawa et al., 2010; E. 

C. S. Lee et al., 2020). These studies provide biomechanical insight into how scapula shape 

contributes to a higher risk of supraspinatus tears.  

1.2.5 Morphology and locomotion in primates 

Studying human shoulder mechanics and morphology in the context of apes can elucidate the 

pressures that shaped our anatomy. Then, intraspecific variation in specific aspects of morphology 

across humans, viewed in the context of broader interspecific morphological changes relative to 

apes, can help us understand how intraspecific changes alter modern-day function. 

Broadly, the primate shoulder has been categorized into two groups (Ashton and Oxnard, 1964). 

Group 1 constitutes terrestrial quadrupeds with morphological features thought to enable high joint 

stability during compressive loading. They possess a broad scapula, a large and curved laterally-

oriented glenoid, and prominent humeral tubercles. Group 2 is suspensory, with features enabling 

high joint mobility for arboreal activity. They possess a tall and narrow scapula, a small and 

rounded cranially-oriented glenoid, and globular humeral heads (Figure 1-7).  
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While the morphology-function associations are apparent between the most representative species 

of each group (e.g. baboon and gibbon), most species engage in a variety of locomotor styles and 

postures. The great apes (chimpanzees, gorillas, and orangutans) all belong to Group 2 and possess 

features enabling suspensory behaviour. However, chimpanzees and, especially, gorillas spend 

most of their time knuckle-walking on the ground which requires high joint stability (Hunt, 1991). 

This multifunctional behaviour renders it difficult to apply a one-to-one association of discrete 

morphological features to functional significance.  

Understanding the pressures that shaped the human shoulder is especially challenging because the 

activities that presumably shaped our evolution (hunter-gathering, tool use, digging, etc.) do not 

lie on the spectrum from suspensory to quadrupedal, as observed in living apes. As bipeds, we do 

not rely on our upper extremity for locomotion. However, our speciesô unique ability to perform 

specific high-demand tasks such as high-speed throwing, dextrous tool use, and punching suggests 

that strong, non-locomotor selective pressures were at play (McPherron et al., 2010; Morris et al., 

2019b; Roach et al., 2013). For instance, relative to other apes, humans possess uniquely sloped 

acromions, laterally oriented glenoids, and small supraspinatus fossae (Voisin et al., 2014; Young 

et al., 2015) (Figure 1-7). Interestingly, both acromion shape and glenoid inclination are among 

the injury-associated features cited above. Understanding how human variation in these features 

alters function in evolutionary-relevant tasks can shed light on why these features correlate with 

rotator cuff tears in our modern environment.  
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Figure 1-7: Comparison of scapula and humerus morphology across primate species. Unique human features are 

highlighted in red. 

1.2.6 Quantifying Shape 

Previously, most studies investigating the clinical implications of morphology have measured 

specific aspects of scapula morphology from two-dimensional lengths, angles, and ratios. 

However, the shoulder is a three-dimensional complex joint; therefore, it is difficult to determine 

how shape features captured by 2D measures alter 3D shoulder biomechanics. 3D analysis of 

shoulder morphology may provide further insight into shape-function relationships for two 

reasons. First, 3D shape analyses such as statistical shape modelling isolate features based on how 

well they capture variation across a population. Second, 3D shape models provide a continuum of 

scapular shapes that can be morphed along shape axes of interest, allowing us to isolate the 

mechanical effects of a single mode of variation.  

3D Geometric Morphometrics (3DGM) ï or landmark-based shape modeling ï is a quantitative 

method in evolutionary biology that captures more robust 3D variation in shape (Zelditch et al., 

2012). Briefly, 3D landmarks are manually or semi-automatically identified across a sample of 

skeletal structures. These landmarks are then scaled, centred, and aligned using Generalized 

Procrustes Analysis, yielding 3D shape coordinates. Then, numerous statistical tests (i.e., 

regression) and dimension reduction techniques (i.e., Principal Component Analysis) determine 
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how shape coordinates change with variables of interest (i.e., injury state or function). In contrast 

to statistical shape models that use node-correspondences across entire high-resolution surface 

meshes, landmark-based 3DGM allows the user to capture specific areas of interest on the skeletal 

structure and avoids challenges associated with establishing node correspondences.   

1.3 Approach 

The overall goal of this research is to better understand the relationship between morphology and 

function of the shoulder both across species (with implications for ape evolution) and within 

humans (with implications for musculoskeletal injury). I investigate these questions by combining 

novel computational models and state-of-the-art experimental techniques in four specific aims. 

Specific Aim 1: Investigate the relationships among morphology, glenohumeral range-of-motion, 

and behaviour across primate species.  

While the relationship between morphology and mobility can be safely inferred when comparing 

species with distinct function (i.e the quadrupedal baboon and brachiating gibbon), the relationship 

is less clear in species with multiple functional demands (e..g, chimpanzees) or unclear selective 

pressures (e.g., humans). In Chapter 2, I use a proximity-based glenohumeral model to simulate 

3D range-of-motion across primate species with diverse locomotor repertoires. I then use 3D 

geometric morphometrics to identify mobility-enhancing traits in the scapula and proximal 

humerus. 

Specific Aim 2: Investigate how human scapula shape varies with biological sex and body size. 

Since human scapula shape is highly variable and appears to influence function, characterizing the 

underlying sources of this variation can elucidate whether shape ï and related function and/or 



 

15 

 

dysfunction ï varies demographically. In Chapter 3, I use geometric morphometrics to test for 

sexual dimorphism (sex-based differences) and allometry (size-based differences) in scapula 

shape. Since biological sex and body size are inherently linked, I examine whether sex differences 

in shape are attributable to size-related variation in shape.  

Specific Aim 3: Investigate how tear-associated scapula shapes alter the stabilizing potential of 

the supraspinatus  

While previous biomechanical analyses have focused on shape-driven differences in deltoid 

destabilizing action, it is unknown how tear-associated scapula morphology affects the stabilizing 

potential of the supraspinatus itself. In Chapter 4, I combine geometric morphometrics, finite-

element modelling, and kinematic simulation to examine how tear-associated scapula shape alters 

the supraspinatusô potential to stabilize the glenohumeral joint. I also examine the extent to which 

kinematic perturbations can modulate shape-driven differences in muscle function.   

Specific Aim 4: Investigate the demands underlying healthy scapula motion by perturbing the load 

imposed on the shoulder 

The shape-based variation in shoulder function combined with large observed variability in healthy 

shoulder movement raises the question of whether individuals adapt their kinematics according to 

their unique anatomy. However, investigating this question requires a better fundamental 

understanding of the mechanical demands that drive healthy shoulder motion. In Chapter 5, I begin 

to explore these demands by comparing scapulothoracic kinematics between concentric abduction 

(arm-raising) and concentric adduction (arm-lowering) using biplanar videoradiography. 
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Chapter 2 

A comparative approach for characterizing the relationship among morphology, 

range-of-motion, and locomotor behaviour in the primate shoulder 

This chapter was published in the Proceedings of the Royal Society B: Biological Sciences (Lee 

et al., 2023a). 

2.1 Introduction 

The shoulder is a complex anatomical region that serves as the principal interface between muscles 

and tendons connecting the trunk, pectoral girdle, and forelimb. It, therefore, plays a central role 

in facilitating motions of the upper body and extremity. Comparative studies across tetrapods 

indicate that anatomical variation in the pectoral girdle and proximal humerus plays a significant 

role in forelimb function by enabling or constraining range-of-motion (ROM) at the glenohumeral 

(GH) joint (Hutson and Hutson, 2013; Lai et al., 2018; Regnault and Pierce, 2018; Senter and 

Robins, 2005). Primates, with their wide range of both shoulder morphology and upper-extremity 

mobility, are a case study in form-to-function relationships (Hunt, 1991; Larson, 1993; Young, 

2006). Notably, the primate shoulder is capable of circumducting the long axis of the humerus to 

positions on an imaginary ñglobeò surrounding the joint (through a combination of abduction and 

plane angle rotation) while also ñtwistingò the humerus about its long axis (through axial rotation). 

Variations in this basic design are thought to have large effects on mobility reflected in locomotor 

repertoires spanning the baboonôs committed terrestrial quadrupedalism to the gibbonôs highly 

arboreal brachiation. Yet, the association between traits, functional impacts, and behavioural 

outcomes remain correlational.  
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A variety of traits and associated linear measures, ratios, and angles have been proposed to capture 

these inferred form-to-function relationships in primates. For example, traits possessed by species 

that engage in frequent overhead postures (e.g. hominoids) ï a more globular humeral head with a 

large articular surface area (Kagaya, 2006; Larson, 1993; Swartz, 1989), a smaller and rounded 

glenoid (Arias Martorell, 2018; Larson, 1993), and a high humeral intertuberosity angle (Rose, 

1989) ï are generally assumed to enable high mobility. On the other hand, traits exhibited by 

quadrupedal species (e.g. cercopithecids) ï a narrow-lipped glenoid and proximally flat humeral 

head with prominent tubercles that promote stability of the joint through the parasagittal plane 

(Rose, 1989) ï are thought to constrain mobility. That said, these traits and their associated 

measures have significant limitations that impact interpretation and application. First, it is not 

possible to visualize ROM directly from linear measures. Therefore, it is unclear what the impact 

of specific trait values on function and inferred behaviours is. Second, not all traits occur together 

as a simple package, confounding their interpretation. Thus, some traits may better discriminate 

observed behavioural differences than others (e.g., arboreal vs terrestrial, suspensory vs 

quadrupedal), while others may capture functions not strictly associated with GH mobility. The 

challenge of interpreting these form-function relationships becomes even more acute in species 

that exhibit less specialized behaviours or have mixed or mosaic morphologies. This is particularly 

true in fossil species. For example, how does one reverse engineer the functional ROM and 

potential locomotory behaviour of Australopithecus sediba, a species that possesses a mosaic of 

glenohumeral features that in turn resembles the orangutan (Pongo), chimpanzee (Pan), and gorilla 

(Gorilla) (Churchill et al., 2013)? To address this gap, we must characterize both the relationship 

between morphology and mobility (form-mobility) and between mobility and locomotor behaviour 

(mobility-function) (Manafzadeh, 2023).   
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Previous attempts to directly link anatomical traits and associated measures to primate GH 

mobility using functional assessments have provided significant insights into these questions, but 

also reveal limitations in their application. For example, measurements of ROM from dry bones 

are limited to independent rotations successively sampling each degree of freedom (e.g. arm 

raising in the frontal plane) (Rose, 1989; Swartz, 1989). Rotations of cadavers (Chan, 2007a), 

when available, measure passive ROM. However, manipulating the joint with arbitrary force may 

put the joint into positions that are not necessarily favourable for maintaining stability or 

transmitting joint forces in vivo (see below). Collecting accurate in vivo data using imaging 

technology such as biplanar videoradiography ï which yields direct measurement of bone ï is in 

some regards ideal but logistically challenging to capture, and moreover cannot isolate the direct 

contribution of skeletal morphology to ROM as it includes soft tissue constraints. A critical gap 

then lies in the link between how one both captures relevant traits and derives related functional 

outcomes such as ROM in order to identify those measures that are more or less important in 

facilitating behaviour. 

More recently, paleontologists have turned to in silico simulations to better account for complex 

joint interactions across all rotational degrees of freedom (Brocklehurst et al., 2022; Herbst et al., 

2022; Kambic et al., 2017; Manafzadeh and Gatesy, 2022). This approach requires only 3D bone 

meshes to predict 3D ROM by systematically manipulating a ñdigital marionetteò through all 

possible rotational positions, excluding those where bones interpenetrate (Gatesy et al., 2009; 

Manafzadeh et al., 2021; Manafzadeh and Padian, 2018; Nyakatura et al., 2019; Regnault and 

Pierce, 2018; Richards et al., 2021) or articular surfaces cease to overlap (Bishop et al., 2022; 

Brocklehurst et al., 2022; Molnar et al., 2021). Recent computational ROM studies have added 

translational freedom along a single axis (Richards et al., 2021) or systematically enabled 3 degree-



 

19 

 

of-freedom translations (Bishop et al., 2022; Manafzadeh and Gatesy, 2021). In silico approaches 

that consider all 6 degrees-of-freedom are well-suited for investigating primate GH ROM given 

that GH translations are observed in vivo (Bey et al., 2008; Massimini et al., 2012). Further, 

quadrupedal primates exhibit flattened portions of the humeral articular surface (Rose, 1989); thus, 

modeling the GH articulation with idealized ball-and-socket geometry would fail to capture the 

translational-rotational coupling necessitated by the variable articular curvature (e.g. as measured 

in the human knee (Gray et al., 2019)). Systematically introducing 3D translations, however, 

imposes challenges such as determining an acceptable magnitude of sampled translations and 

interpreting the physiological relevance of ñtranslational mobilityò relative to ñrotational mobilityò 

(Bishop et al., 2022). Models that optimize translations to maintain articulation at a given rotational 

pose may address these challenges.  

Here, we extend a proximity-driven GH model (E. C. S. Lee et al., 2020) to simulate all rotational 

positions while optimizing translations to achieve a target joint proximity between articular 

surfaces. We then define the skeletal ROM as the collection of positions where the surfaces 

maintain target proximity, and the bones are free of interpenetration. This approach attempts to 

limit ROM positions to those where the entire surface of the glenoid can maintain contact with the 

humeral head. Our assumption that full glenoid contact occurs in vivo is based on its contributions 

to two established mechanisms. First, maximizing the available joint contact area reduces the 

compressive stress caused by the forces generated from external loading (e.g. weight bearing) and 

large muscle forces crossing the joint (Swartz, 1989). Second, the primate GH joint has minimal 

bony constraints, and thus relies on passive and active contributions from soft tissue to provide 

joint stability (Arias Martorell, 2018). In humans, joint stability is partially achieved through the 

compression of the humeral head into the concave glenoid ï a mechanism presumably enabled 
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through contact with the entire curvature (Lippitt et al., 1993). Considering the similarity in basic 

GH structure across primates, this mechanism can likely be extended beyond humans to other 

species.  

This study introduces a novel approach for quantifying 3D ROM in primates that incorporates both 

morphological analyses and in silico simulation in a comparative framework. First, we use our 

proximity-driven GH model to quantify 3D ROM. We next combine existing and novel methods 

to quantify both ROM magnitude (Manafzadeh and Gatesy, 2020) and ROM location (e.g. 

overhead vs. lateral) in living primates and assess which metrics are capable of distinguishing 

between locomotor groups. We then use shape-based geometric morphometrics to identify 

morphological features that are correlated with GH ROM and test long-standing assumptions 

regarding features specialized for mobility. Finally, we apply our model to infer the GH ROM 

functionality of the fossil hominin A. sediba and compare these results directly to living primates.  

2.2 Methods 

Scapula and humerus bone meshes 

We acquired scapula and proximal humerus bone meshes for species spanning phylogeny and 

diverse locomotor groups (Appendix A.2 Subject and Mesh Information). The brachiator group 

included Hylobates (n=2), Symphalangus (n=1), and Ateles (n=1). The more general suspensory 

group included Pongo (n=1) and Pygathrix (n=1). The knuckle-walking group consisted of Pan 

(n=3) and Gorilla (n=2). The bipedal group consisted of modern humans (H. sapiens) acquired 

from two previous studies (n=22, see Appendix A.2 Subject and Mesh Information) (Kolz CW, 

2020; E. C. S. Lee et al., 2020). Slow climbers included Potto (n=1) and Nycticebus (n=1). Cebus 

(n=1) comprised the arboreal quadruped group, and Macaca (n=1) and Mandrillus (n=1) 
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comprised the terrestrial quadruped group. We included a dog (Canis, n=1) as a quadrupedal 

outgroup. The fossil A. sediba (n=1) was not assigned an a priori locomotor group.  

Several meshes were acquired directly from open-access databases (Aliaj et al., 2021b), while most 

meshes were manually segmented in Mimics (Materialise NV, Leuven, Belgium) from open-

access computed tomography (CT) images (Appendix A.2 Subject and Mesh Information). We 

smoothed all bone meshes in Geomagic Wrap (3D Systems, Rock Hill, South Carolina). We defined 

anatomical coordinate systems of the scapula and humerus to maintain consistency across all 

species (Figure 2-1, Appendix A.3 Coordinate System Definitions).  Briefly, the scapula coordinate 

system was defined such that the cranial-caudal (Y) axis was aligned with the medial (vertebral) 

border, the medial-lateral (X) axis was oriented perpendicular to the medial border and in the plane 

of the scapula blade, and the anterior-posterior (Z) axis was perpendicular to the blade of the 

scapula. The humerus coordinate system was defined based on proximal morphology, since the 

distal humerus was truncated in most CT scans. The cranial-caudal (Y) axis was aligned with the 

long axis of the proximal shaft, and the location of the lesser tubercle relative to the centre of the 

humeral head defined the medial-lateral (X) and anterior-posterior axes (Z). 

 

Figure 2-1: Scapula and humerus anatomical coordinate systems visualized for (A) chimpanzee (Pan troglodytes) and 

(B) mandrill (Mandrillus sphinx). 
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Following the methodology of Marai et al. (Marai et al., 2006), we built distance fields for each 

subjectôs scapula, humerus, and humeral head articular surface in MATLAB (Mathworks, Natick, 

Massachusetts; functions provided in supporting dataset). For each mesh, 200x200x200 grid points 

were distributed on a rectangular prism 50% larger than the meshôs bounding box. Each grid point 

was assigned a proximity value indicating the shortest distance to the surface of the mesh. The 

proximity value is positive if it is outside of the mesh, zero at the surface of the mesh, and negative 

inside the mesh. Proximity values can then be interpolated between these points to estimate the 

distance to the mesh surface from any point located inside the rectangular prism (e.g. any vertex 

on an articulating mesh).  

Proximity-driven ROM Simulation 

For each specimen, we simulated 197 173 rotational positions sampling the entire range of plane 

of elevation angle (-180Á to 180Á), abduction (0Á to 180Á), and axial rotation (-180Á to 180Á) at 5Á 

increments. At each pose, the rotational position was fixed while the humerus was translated to 

minimize the difference between a) the simulated joint proximity and b) a target joint proximity 

(see below), with the added constraint that the bones could not interpenetrate. The joint proximity 

is defined as the mean proximity between the glenoid vertices and humerus articular surface, and 

is distinct from previous measures of joint spacing (Bishop et al., 2021) defined by the minimum 

proximity between joint surfaces. Targeting the mean joint proximity is a simple yet effective 

approach for ensuring that the humeral head maintains good coverage of the glenoid, since the 

mean is sensitive to outliers (e.g. regions on the glenoid far away from the humeral head). We used 

MATLABôs fmincon function to optimize the humerus translations and included a non-linear 
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constraint preventing the scapula and humerus from interpenetrating. We considered poses to be 

within the range-of-motion with a 5% proximity threshold (i.e., if the joint proximity achieved by 

the optimization was within 5% of the target value). We chose a 5% threshold following a 

sensitivity analysis that found that altering the threshold from 2-8% had a marginal effect on the 

number of poses in the ROM and the resulting ROM metrics (Appendix A.5 Sensitivity Analyses). 

To test our assumption regarding glenoid coverage and examine how predicted ROM compares to 

in vivo ROM, we compared our in silico ROM estimates to in vivo kinematics measured from 

biplanar videoradiography in twenty human subjects (Appendix A.11 Comparison of simulated 

ROM with in vivo ROM).  

Custom Scaling Law for Estimating Joint Proximity 

The proximity-driven ROM simulation required subject-specific estimates of target joint 

proximity. Given that the CT scans yield bone meshes that exclude cartilage, the joint proximity 

between bone meshes should ï anatomically ï represent the summed cartilage thickness of the 

humeral head and glenoid, and any synovial fluid-filled space between the surfaces. Several 

cadaveric studies have reported a strong correlation between body mass and cartilage thickness in 

compressively loaded joints (Malda et al., 2013; Shepherd and Seedhom, 1999; Stockwell, 1971); 

however, they have primarily investigated the knee, and cartilage scaling of the shoulder may 

differ. One study reported the relationship between shoulder cartilage thickness, cartilage area, and 

body mass across mice, rats, dogs, sheep, and cows (Simon, 1970). However, cartilage thickness 

in the shoulders of non-quadrupedal primates may not obey the same scaling law given differences 

in joint loading, and many subjects lack body mass information (including A. sediba). 
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We, therefore, developed a custom scaling law that would require only dimensions from scapula 

and humerus meshes. For each subject with a CT scan acquired in an anatomical joint position, we 

calculated the joint proximity between the glenoid and humeral head articular surface (Figure 2-

2). We then regressed the joint proximity on the radius of a sphere fit to the humeral head articular 

surface. To establish a relationship spanning primates and non-quadrupedal mammals not skewed 

by a large sample of a single species (i.e., humans), we performed the regression on a 

representative sample (n=17, see Appendix A.4 Joint Proximity Estimation). Joint proximity was 

strongly correlated with humeral head radius across species (Figure 2-2, R2 = 0.772, p < 0.00001), 

and additionally, aligned with the intra-specific trend in joint proximity observed in the current 

human sample. For the ROM simulations, we calculated the humeral head sphere-fit radius for all 

subjects and set each subjectôs target joint proximity according to the scaling law. 

 
Figure 2-2: Estimation of joint proximity used as target for simulation. (A) Scaling law used for joint proximity 

estimation, where joint proximity is linearly proportional to humeral head radius. The joint proximity is the mean 

distance from each glenoid point to the humeral head articular surface in anatomical CT scans, and the humeral head 

radius is the radius of a sphere fit to the articular surface. Linear regression was performed for subjects (n=17, grey 

triangles) with anatomical CT scans. Omitted human subjects (n=20, green circles) obey a similar trend (B) Heat map 

indicating distances from glenoid to humeral head for a Western gorilla (Gorilla gorilla) in an anatomical CT pose, 

with a mean distance (joint space) of 5.8 mm. 
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We performed a sensitivity analysis to determine how ROM metrics were affected by changes in 

joint proximity by varying joint proximity target values according to three physiologically-

plausible scaling laws (Appendix A.5 Sensitivity Analyses).  

Quantifying ROM 

To quantify the magnitude and location of ROM, we plotted rotational positions according to an 

adapted version of the spherical rotation coordinate system (Cheng, 2000) (see Appendix A.10 

Glenohumeral Joint Angle Decomposition). In this system, 3 degree-of-freedom rotations are 

described in two steps: 1) a long-axis rotation describing the orientation of the humerus long axis 

on a joint sphere, and 2) an axial rotation describing the rotation of the humerus around its long 

axis. This spherical rotation coordinate system is advantageous over Euler decomposition as it is 

sequence-independent and avoids distortion due to gimbal lock. We describe the spherical long-

axis rotation by the plane of elevation angle (analogous to longitude) and abduction angle 

(analogous to latitude). We projected the spherical rotation onto a 2D map (similar to the projection 

of Earth onto a political map) using a sine-correction, which ensures that distances between points 

on the joint sphere are undistorted (Manafzadeh and Gatesy, 2020).  

We calculated three metrics to summarize ROM (Figure 2-3). First, we computed mobility - a 

measure of the magnitude of ROM - by calculating the volume (in degrees cubed, Á3) of an alpha 

shape encompassing the point cloud in sine-corrected 3D angle-space (Manafzadeh and Gatesy, 

2020) (MATLAB, Mathworks, Natick, Massachusetts). We chose an alpha radius of 5 following a 

sensitivity analysis determining the radius below which the estimated volume significantly 

decreases (Appendix A.5 Sensitivity Analyses). Second, we calculated the functional centre ï a 
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measure of the location of ROM. We assigned each position on the joint sphere an intensity value 

according to the range of achievable axial rotation. We then visualized the ROM of each subject 

as a two-dimensional heat map indicating the degree of axial mobility at each joint pose. We 

generated a search circle with a radius proportional to the cube root of mobility, within which an 

average intensity value could be computed. Using MATLABôs built-in genetic algorithm ga, we 

optimized the search circle location to maximize the average intensity value of points within the 

search circle. The location of the centre of the search circle (the functional centre) is described by 

its abduction angle and plane of elevation angle. We analyzed only the abduction level of the 

functional centre due to its association with locomotor and postural behaviours. Based on the 

defined scapula and humerus coordinate systems, this abduction level represents the inclination of 

the long axis of the humerus relative to the medial border of the scapula. Finally, we computed 

circumduction envelope ï a measure of rotational freedom around the joint globe when axial 

rotation is freely enabled. We calculated the circumduction envelope as the area (in degrees 

squared, Á2) of an alpha shape encompassing the 2D point cloud of ROM poses projected onto the 

joint map with an alpha radius of 5. Given the small sample size of each locomotor group, we 

reported group differences in mobility, abduction level of the functional centre, and circumduction 

envelope by visually comparing distributions rather than through statistical tests. We performed 

independent linear regressions among the 3 ROM metrics, performing an F-test for a non-zero 

slope. All statistical tests were performed at a 5% level of significance. To visualize differences in 

ROM metrics across primate phylogeny, we mapped ROM metrics onto a consensus tree generated 

from 10kTrees (Arnold et al., 2010) using R packages phytools (Revell, 2012) and ape (Paradis 

and Schliep, 2019). 
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Figure 2-3: Range-of-motion metrics visualized for the most mobile individual (a lar gibbon; Hylobates lar) and the 

least mobile individual (Japanese macaque; Macaca fuscata) in the primate sample. (A) ROM at each degree of long-

axis rotation is visualized on the glenohumeral joint sphere (see Movie S1 in Appendix A.1 Description of Additional 

Materials), then each joint sphere is mapped onto a 2D projection (Manafzadeh and Gatesy, 2020). The ROM positions 

are then visualized as a 3D point cloud in angle-angle-angle space. Mobility (the magnitude of ROM) is computed as 

the volume of the 3D point cloud. (B) (Top) The point cloud is projected onto the 2D joint sphere, where each point 

is coloured according to the range of axial rotation allowed in that pose. (Bottom) The functional centre (FC) locates 

the point around which rotational freedom is maximized. Only the abduction level of the functional centre (ABD) was 

analyzed. The circumduction envelope (CE, in black) denotes the area on the joint sphere that can be achieved when 

axial rotation is allowed to vary freely.   

To evaluate the ability of each ROM metric to distinguish function, we first tested whether each 

ROM metric captured expected differences between the two locomotor groups with the most 

distinct shoulder function: the brachiators and terrestrial quadrupeds. We also assessed which 

metrics separated primates from the cursorial outgroup (dog). For subsequent morphological 

analyses (see below) and for applying insights to A. sediba, we retained only ROM metrics that 

properly distinguished between groups.  
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Discrete Measures 

We tested the relationship between morphology and ROM on a subset of the sample including only 

hominoids, lorisids, and arboreal monkeys. We excluded the terrestrial quadrupeds and the dog 

from morphological analyses to prevent them from driving trends. Given the large sample size of 

humans, we included only three representative individuals that possessed the minimum, median, 

and maximum mobilities. 

We measured twelve discrete morphological parameters cited as having implications for 

glenohumeral ROM. Angles and linear measurements were calculated from landmarks manually 

identified in Landmark Editor 3.5 (University of California, Davis). Parameters relating to surface 

area were computed from areas isolated in Geomagic Wrap. Where appropriate, measures were 

scaled to scapula centroid size to ensure that shape factors affecting ROM were not skewed by 

differences in overall body size related to locomotor groups (i.e., large body size of African apes). 

Further details on the calculation and scaling of each parameter are given in Appendix A.9 

Correlations Between Morphological Parameters and ROM Metrics. We performed independent 

linear regression analyses of each ROM metric on each discrete measure, performing an F-test for 

a non-zero slope.  

3D Geometric Morphometrics 

3D landmark coordinate data (x,y,z) were manually identified in Landmark Editor 3.5 (University 

of California, Davis). We applied 22 landmarks to the scapula (E. C. S. Lee et al., 2020; Young, 

2008) and 21 landmarks and 4 semilandmarks to the humerus (Arias-Martorell et al., 2015; Arias

Martorell et al., 2015) (Appendix A.8 Geometric Morphometrics). All subsequent analyses used 
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the R package, geomorph (Adams et al., 2023). Treating the scapula and proximal humerus as 

separate subsets, we performed local Procrustes superimposition to remove the effects of scale, 

rotation, and alignment. We then combined the scapula and humerus Procrustes shape coordinates 

by concatenating the separate superimpositions into a common coordinate space. We performed 

independent linear regression of each ROM metric on the first four Principal Components (PCs), 

and identified any PCs correlated with ROM. We visualized the shape axes by warping a thin plate 

spline of the mean specimen from the minimum to maximum PC scores in the sample (Zelditch et 

al., 2012). 

2.3 Results 

We computed all three ROM metrics ï mobility, circumduction envelope, and functional centre - 

for 40 individuals representing species spanning locomotor groups (Figure 2-4) and primate 

phylogeny (Figure 2-5), and a dog for outgroup comparison. Within primates, the abduction level 

of the functional centre was not correlated with mobility (R2=0.003, p=0.82) or circumduction 

envelope (R2=0.006, p=0.76), but mobility was strongly correlated with circumduction envelope 

(p<0.0001, R2=0.635, see Appendix A.7.2 ROM Metric Correlations). 

Comparing ROM metrics between distinct locomotor groups, brachiators had higher mobility and 

more highly abducted functional centres than terrestrial quadrupeds (Figure 2-4). Circumduction 

envelope, however, did not differ between brachiators and terrestrial quadrupeds. Similarly, all 

primates had enhanced mobility and abducted functional centres relative to the cursorial dog, but 

the circumduction envelope was not consistently higher in primates than in the dog.  
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Figure 2-4: Range-of-motion metrics compared across locomotor groups. Points are individuals (n=40) and 

silhouettes are species means. Brachiators = Lar gibbon (Hylobates lar), siamang (Symphalangus syndactylus), and 

spider monkey (Ateles sp.). Slow climbers = Potto (Potto sp.) and slow loris (Nycticebus sp.). Australopith = 

Australopithecus sediba. Bipeds = Humans (Homo sapiens). Suspensory = Douc langur (Pygathrix sp.) and orangutan 

(Pongo). Knuckle walkers = Western gorilla (Gorilla gorilla) and chimpanzee (Pan troglodytes). Arboreal quadruped 

= Capuchin monkey (Cebus sp.). Terrestrial quadrupeds = Japanese macaque (Macaca fuscata) and mandrill 

(Mandrillus sphinx). Outgroup = Dog (Canis familiaris). (A) Mobility. (B) Circumduction envelope. (C) Functional 

centre, visualized on the 2D map projection of the joint sphere. Top map captures entire joint sphere, including the 

dogôs functional centre. Bottom map is enlarged to see distinctions across primate locomotor groups. 

Together, the abduction level of the functional centre and mobility further distinguished 

intermediate locomotor groups (Figure 2-4, Figure A-12). Among the higher-mobility primates, 

the brachiator group displayed the most highly abducted functional centres, followed by the 

suspensory group. The highly mobile slow-climbing lorisids and bipedal humans, however, 

exhibited lower mean functional centres. Among the less mobile primates, the knuckle-walkers 

had higher functional centres (with a range overlapping that of brachiators), whereas the 

quadrupedal monkeys had lower functional centres. A. sediba had mobility consistent with the 
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high-mobility groups (brachiators, bipeds, suspensory, and slow-climbers) and a functional centre 

intermediate to modern humans and non-human apes. When comparing ROM metrics in the 

context of phylogenetic groups, non-human apes all possessed highly abducted functional centres, 

but variable mobility relative to other primates (Figure 2-5).  

 
Figure 2-5: Mobility (left) and abduction level of the functional centre (right) visualized as traits evolved over primate 

phylogeny. For species with multiple individuals, node colours were determined by the species mean. Non-human 

apes had consistently high abduction levels, but variable mobility. 

 

Two morphological analyses ï conducted on a representative sample of scapulae and proximal 

humeri (n=18) excluding terrestrial quadrupeds ï identified features correlated with ROM 

measures. Due to their ability to discriminate between locomotor groups, we included only 

mobility and the abduction level of the functional centre in the morphological analyses. 

Morphological associations with circumduction envelope are reported in Appendix A.9 
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Correlations Between Morphological Parameters and ROM Metrics. The discrete morphological 

analysis captured subsets of traits that predicted ROM (Table 2-1, Appendix A.9 Correlations 

Between Morphological Parameters and ROM Metrics). Of the twelve discrete parameters, 

mobility was associated with features describing a large, spherical humeral articular surface. 

Functional centre was correlated with features of both the glenoid and proximal humerus; however, 

the orientation of the glenoid (cranial angle) explained 98% of the variation in the functional 

centre.  

Table 2-1: Results of independent linear regression analyses comparing discrete morphology measures to mobility 

and the abduction level of the functional centre (see Appendix A.9 Correlations Between Morphological Parameters 

and ROM Metricsfor plots). Dashes indicate no correlation and arrows indicate whether there is a positive (ŷ) or 

negative (Ź) correlation (*p<0.05, **p<0.01, ***p<0.0001). 

 

Three-dimensional geometric morphometrics identified modes of variation that captured the 

discrete measures above and revealed more complex shape features associated with ROM. The 

joint-level analysis, including landmarks on the scapula and proximal humerus, produced modes 

Morphological Parameter  
Correlation with ROM metric 

Mobility Abduction Level 

Cranial angle ð ŷ*** 

Critical shoulder angle ð ð 

Glenoid surface area ð ð 

Glenoid height ð ð 

Glenoid width ð ð 

Glenoid height:width ratio ð Ź* 

Humerus articular surface area ð ð 

Intertuberosity angle ð ŷ** 

Humeral head radius ð ð 

Articular surface area ratio (humerus:glenoid) ŷ* ŷ* 

ñGlobularityò (Humerus radius/centroid size) ŷ** ð 

Sphericity of humerus articular surface ŷ* ð 
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of variation that occurred across the articulating bones. The first four principal components 

accounted for 67% of the total shape variation. Principal Component 1 (PC1) predicted the 

functional centre (R2 = 0.587, p<0.001) and explained 30.8% of the shape variation (Figure 2-6, 

Figure A-31). A highly abducted functional centre was associated with negative PC1 scores 

describing a narrow scapula, cranially orientated glenoid, a reduced infraspinous fossa, a rounded 

glenoid, and more retracted humerus tubercles. Principal Component 3 (PC3) was moderately 

correlated with mobility (R2 = 0.275, p = 0.025) and explained 9.6% of the variation (Figure 2-6, 

Figure A-33). Enhanced mobility was correlated with negative PC3 scores describing a broad 

acromion, a superior-inferiorly short vertebral border, a cranially-oriented coracoid process, and a 

large humeral head. Neither PC2 nor PC4 were correlated with ROM metrics. 

 

Figure 2-6: Correlation between ROM metrics and PCs of scapula and proximal humerus shape variation. PCs are 

visualized by warping the mean shape. Linear regression models were computed from the sample of all individuals in 

the morphometrics model (n=18; see SI Fig S31 and Fig S33), but species means are depicted here. (A) PC1, strongly 

correlated with functional centre. (B) PC3, moderately correlated with mobility. 

2.4 Discussion 

In this study, we developed a proximity-driven model and used it to predict the glenohumeral (GH) 

range-of-motion (ROM) of living primate species spanning a range of locomotor behaviours, 

identified associated shape-based traits, and used our results to interpret the fossil hominin A. 
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sediba. We found that mobility (the magnitude of ROM) and functional centre (the anatomical 

location of ROM) are decoupled, meaning high mobility is not necessarily associated with 

abducted shoulder posture. Our findings suggest that non-human apes are not uniquely adapted for 

high 3D mobility but are perhaps adapted specifically for overhead ROM as all possess highly 

abducted functional centres. Morphological analyses revealed that functional centre was correlated 

with measures cited to be important for overhead behaviour, but mobility was less easily predicted 

from morphological features.  

An important caveat to our bone-based model is that it is most appropriately applied in a 

comparative framework. We defined the ROM to include any position where the articular surfaces 

maintained proximity within a defined threshold (essentially modelling glenoid coverage). Indeed, 

some positions considered acceptable by our model would likely be prevented by soft tissue in 

vivo. For example, in humans, when the humerus is elevated 90Á, joint proximity can be maintained 

for 360Á of axial rotation - a motion restricted by ligaments and muscles in vivo. Any attempt to 

predict in vivo ROM would require glenohumeral soft-tissue properties that are impractical to 

estimate for all muscles and ligaments across all species and impossible in extinct taxa. We, 

therefore, did not intend for our model to replicate in vivo ROM perfectly. Comparing simulated 

ROM to in vivo ROM confirmed that, within humans, the proximity-driven model captures the 

general observation that the humeral head maintains coverage of the glenoid throughout ROM (see 

Appendix A.11 Comparison of simulated ROM with in vivo ROM). However, the model does not 

perfectly replicate in vivo translations, and it indeed tends to overestimate in vivo ROM. Further 

testing is required to draw conclusions on the relationship between skeletal ROM and in vivo ROM 

in other primate species. Therefore, our model is more effective for comparing gross differences 

in skeletal ROM across locomotor groups. Although soft tissue properties will contribute to 
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differences in mobility ï and these properties likely vary across taxa ï we assume that the bony 

morphology plays a prominent role in dictating the ROM within which the soft tissue provides 

further constraints.  

To evaluate the model, we tested whether our ROM metrics were consistent with expected 

differences in ROM of brachiators and terrestrial quadrupeds. Given their clear distinction in 

locomotor behaviour and morphology, we predicted brachiators would have higher GH mobility, 

larger circumduction envelopes, and abducted functional centres relative to the quadrupeds. We 

also expected all primates to exhibit higher mobility, higher circumduction envelope, and more 

abducted functional centres than the cursorial dog. We found that mobility and functional region 

captured the expected distinctions in ROM while circumduction envelope did not (Figure 2-4). 

Interestingly, relative circumduction envelopes predicted here were similar to the circumduction 

area previously measured in cadaveric experiments, with unexpectedly high circumduction ranges 

in quadrupeds and low circumduction ranges in brachiating hominoids (Chan, 2007a). This 

discrepancy suggests that circumduction envelope, or area, is not an effective measure of ROM. 

While it is logical that circumduction envelope and mobility are correlated - given that both are 

dependent on the range of positions the humerus can achieve on the joint globe ï it appears that 

the two-dimensionality of the circumduction envelope limits its ability to distinguish groups. We 

posit that the enhanced ROM possessed by brachiators is elucidated when freedom in axial rotation 

is incorporated. Given the complex arboreal environment through which Hylobates and Ateles 

brachiate, we expect them to require freedom in axial rotation across the joint globe to easily set 

up their elbow and hand position for gripping substrates overhead (Larson, 1988). As mobility and 

functional centre account for differences in axial mobility across the joint globe, they are more 

suitable for comparing joint ROM and distinguishing function across locomotor groups. This 
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highlights the need for a 3D approach in characterizing primate glenohumeral function (Demuth 

et al., 2023).   

Our comparison of ROM across locomotor groups suggests that glenohumeral mobility is not 

specialized for brachiation, nor is it unique to hominoids. Pongo, Pan, and Gorilla all possessed 

relatively low mobility while retaining high functional centres. Although all are capable of 

overhead suspension, they generally move slower and more cautiously through the canopy 

compared to Hylobates and Ateles. They perhaps do not require high glenohumeral mobility as 

they can carefully adapt their posture or grip choice to move in a way that their range-of-motion 

allows. Further, ROM profiles of Pan and Gorilla suggest that they have lower rotational freedom 

at lower abduction levels (Figure A-10). This is perhaps due to their prominent humeral tubercles 

that presumably enhance the mechanical advantage of the rotator cuff muscles for stabilizing the 

glenohumeral joint during the stance-phase of knuckle walking (Larson and Stern, 1987). Gorilla 

also possessed lower mobility and functional centres than Pan (Figure 2-4), which is consistent 

with their higher degree of terrestrialism (Hunt, 1991).  

Humans, surprisingly, had mobility on par with brachiating primates but at substantially lower 

functional centres. Therefore, although the human shoulder is said to be released from arboreal 

pressures (Darwin, 1872), other behaviours important for survival may place a high demand on 

retaining enhanced mobility at low abduction levels (Alm®cija et al., 2021; Harmand et al., 2015). 

Knapping, tool manipulation, and especially throwing all require axial mobility and thus may have 

shaped the modern glenohumeral morphology (Roach et al., 2013).  

While the A. sediba scapula has been described morphologically as possessing a mosaic of features 

resembling Pongo, Pan, and Gorilla, its overall glenohumeral morphology resulted in a unique 
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ROM profile (Appendix A.6 Subject-specific ROM projections). Within the context of the 

hominids, A. sediba possesses a functional centre that is intermediate to African apes and humans. 

This is consistent with its position on the predicted evolutionary trajectory from African apes 

towards humans in the scapula shape morphospace (Young et al., 2015). This lateralization of 

ROM combined with A. sedibaôs high, human-like mobility may reflect a selection for complex 

tasks at low abduction levels requiring high axial mobility. This is consistent with adaptions at the 

A. sediba hand that are considered to have enabled tool use and precision grip while still enabling 

a strong grasp for climbing (Dunmore et al., 2020; Kivell et al., 2011). At the glenohumeral joint, 

they retained the range-of-motion to climb or engage in arboreal behaviour to a greater extent than 

modern humans (consistent with (Churchill et al., 2013; Rein et al., 2017)), yet they had adaptions 

that may have allowed Homo-like behaviour.  

Our morphological analyses suggest that morphological features associated with overhead 

behaviour are decoupled from features related to enhanced 3D mobility, despite previous 

assumptions that the two are integrated. For example, select features possessed by brachiating 

gibbons - a cranially-oriented glenoid, a high intertuberosity angle, and a small rounded glenoid ï 

have been assumed to enable both high abduction levels and high overall joint mobility (Arias

Martorell, 2018; Ashton and Oxnard, 1964; Rose, 1989). We found that these morphological traits 

were correlated with highly-abducted functional centres but not with overall mobility. 3D mobility, 

rather, was correlated with features describing a globular humeral head. PCA further supported our 

findings, as PC1 and PC3 were correlated with functional centre and mobility, respectively. PC1 

and PC3 are orthogonal by definition, indicating that shape changes that affect functional centre 

(PC1) and shape changes that affect mobility (PC3) can vary independently. This contradicts the 

notion that mobility is generally linked with frequent overhead arm posture; rather, mobility 
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appears to be primitive for primates in general. Overall, morphological measures best predicted 

functional centre and not mobility. PC3 accounted for a small amount of shape variation (9.6%), 

and its correlation with mobility was weak-to-moderate. Our results suggest that morphological 

features alter 3D mobility in a complex manner, and there are multiple ñmorphological packagesò 

that enhance skeletal mobility. Therefore, for predicting 3D mobility of a new individual or fossil 

species, simulating ROM may be more suitable than drawing on associations with discrete 

morphological traits.  

A limitation of our study is that it was mainly conducted on open-access bone meshes and thus we 

were limited to a small sample size for each non-human species. With our small sample, we 

observed high intraspecific variability in ROM metrics (particularly mobility) (Figure 2-4). Our 

sensitivity analyses revealed that the differences in mobility between individuals of the same 

species cannot be completely attributed to sensitivity in model parameters (SI S5). Rather, the 

variability in ROM may be due to intraspecific variation in morphology that has a meaningful 

impact on function. For example, a large variation in scapula shape across humans alters joint 

biomechanics in a manner that may explain differences in injury risk (E. C. S. Lee et al., 2020). In 

non-human primates, intraspecific variation in morphology and locomotion are influenced by 

sexual dimorphism (Doran, 1993; Morris et al., 2019a) and environment (e.g. wild or captive) 

(Sarmiento, 1985). Therefore, our sample may be affected by the characteristics of the included 

individuals. While our interspecific PC1-PC2 morphospace is similar to that of studies with larger 

samples (Young, 2008; Young et al., 2015) (Figure A-18), we would expect lower-numbered PCs 

to be more sensitive to changes in the sample (Mei et al., 2008). 
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The glenohumeral ROM presented here does not account for differences in scapular position across 

species. Further modelling would be required to incorporate scapulothoracic configuration. 

Variation in where the scapula rests on the thorax alters how we interpret the anatomical meaning 

of the functional centre relative to the thorax. In hominoids, a long clavicle and a short scapular 

spine allow the scapula to sit on the dorsal side of the thorax, which orients the glenoid laterally 

(Ashton and Oxnard, 1964; Chan, 2007b). Lorisids, in contrast, have laterally positioned scapulae 

that orient the glenoid ventrally; thus shifting their glenohumeral ROM anterior to the body. 

Therefore, although hominins and lorisids share similar glenohumeral mobilities and functional 

centres (Figure 2-4), glenohumeral abduction manifests more as parasagittal arm-raising in lorisids 

and frontal plane arm-raising in hominins. A dorsally positioned scapula also enables the upwards 

rotation of the scapula on the thorax, facilitating higher levels of overall shoulder abduction (Chan, 

2008). The clavicle length of A. sediba suggests a dorsally located scapula and a pectoral girdle 

arrangement intermediate to Homo and Pan, further supporting a shoulder ROM intermediate to 

Homo and African Apes (Churchill et al., 2013).  

The scapular morphological characteristics we found here to be relevant for glenohumeral ROM 

could also implicate the scapulothoracic articulation. For example, the mediolateral breadth of the 

scapula is captured by PC1 (Figure 2-6) and correlates with a more highly abducted functional 

centre. A narrower scapular blade ï represented by low PC1 scores ï presumably increases the 

scapulaôs range of upwards rotation (Roberts, 1974). While further modelling is required to 

simulate scapulothoracic ROM, this trait likely further enhances abduction ROM by contributing 

to scapulothoracic mobility. 
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The locomotor groups adopted in this study are intentionally broad, as our aim was to understand 

how summative ROM metrics varied across broad locomotor categories. Indeed, the various 

species categorized within each group differ in their frequency, technique, and kinematics of 

locomotion. Exploring how these nuanced behaviours correspond with 3D ROM beyond 

summative metrics would be an interesting avenue of future study. Each individualôs 3D ROM has 

a unique profile with complex 3D interactions, reflecting the extensive variability in ROM not 

currently captured in our metrics (see ROM projections in Appendix A.6 Subject-specific ROM 

projections). Future studies focusing on a narrower taxonomic sample are well-suited for exploring 

the more nuanced variation in 3D ROM and locomotion. 

In this study, we used ROM predictions to provide insight into the evolution of the hominoid 

shoulder and reconstruct the behaviour of the fossil hominin A. sediba. We found that enhanced 

glenohumeral mobility is neither unique to brachiators nor common to all hominoids. Rather, 

interpreting mobility and functional centre as different ñfunctionsò enabled a clearer separation of 

locomotor groups. Further, two morphological analyses revealed that features strongly correlated 

with high abduction levels were independent of features correlated with mobility. These results 

suggest that high mobility and adaptation for frequent overhead behaviour are not necessarily 

coupled. This finding should be considered when evaluating competing hypotheses regarding the 

evolution of the hominoid upper-limb. Considering the similarly high functional centres exhibited 

across non-human apes, we posit that the common locomotor and postural demand requires ROM 

spanning high abduction levels, but not high mobility. Kinematic analyses of extant primates 

engaging in locomotion in the wild, facilitated by recent advances in non-invasive motion capture 

technology, could provide further estimations of the glenohumeral ROM required for various 

locomotor styles and postures (Nath et al., 2019).  
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In conclusion, these results offer a clearer picture of the relationship between glenohumeral 

morphology and ROM such that more informed predictions of range-of-motion of fossil taxa can 

be made from morphometric analyses alone. Our results demonstrate that the complex interaction 

of articular features can alter range-of-motion in ways not previously anticipated. Thus, proximity-

based simulations, when applied in a comparative framework, can help illuminate function where 

isolated morphological analyses cannot. While our proximity-driven model was developed for the 

glenohumeral joint, it can be adapted to predict mobility at other joints such as the hip, elbow, and 

knee. Prior to applying the model to other joints, researchers should carefully consider the 

suitability of proximity-driven translations and identify reasonable joint proximities to target in 

their ROM simulations. Extending this framework to other anatomical regions and fossil taxa will 

help to better understand key transformations in primate and hominin evolution.  

2.5 Data Accessibility 

Data and scripts required to run the proximity-driven model, compute ROM metrics, and reproduce 

results presented in the paper are published open-access on the Queenôs University Database 

(https://doi.org/10.5683/SP3/S89LWQ) (Lee et al., 2023b). The MATLAB functions for 

computing distance fields developed by J. J. Crisco (Brown University) can be accessed on a public 

Github repository (https://github.com/BrownBioeng/DistanceFields).  

  

https://doi.org/10.5683/SP3/S89LWQ
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Chapter 3 

Sexual dimorphism and allometry in human scapula shape 

This chapter is published in the Journal of Anatomy (Lee et al., 2024a). 

3.1 Introduction 

The scapula plays a critical role in the function of the shoulder complex, serving as a junction 

between the trunk and forelimb and providing attachment sites for the robust musculature spanning 

the thorax, humerus, and forearm. The scapula also facilitates the shoulderôs large range-of-motion 

(Inman et al., 1996). Suspended by its articulation with the clavicle at the acromioclavicular joint, 

it glides and rotates along the posterolateral surface of the thorax. Distally, the glenoid fossa of the 

scapula articulates with the humerus at the highly mobile glenohumeral joint (Inman et al., 1996).   

Scapula shape is highly variable across humans, with notable variation in the aspect ratio and 

curvature of the scapula body (Dwight, 1887; Graves, 1921), the shape and slope of the acromion 

(Vªhªkari et al., 2010) and spine of the scapula (E. C. S. Lee et al., 2020; Wang et al., 2015), and 

the orientation of the glenoid (Hughes et al., 2003; Nyffeler et al., 2003). This observed variability 

reflects the evolutionary history of the human shoulder. There is an ongoing debate over when 

early hominins stopped using their upper limbs for locomotion (Larson, 2013). However, 

comparative morphological analyses of fossil hominins, modern humans, and living apes generally 

indicate that the human shoulder reflects a gradual loss of traits enabling arboreality and a shift 

towards features that facilitate dextrous upper-limb tasks like tool use and throwing (Larson, 2007; 

McPherron et al., 2010; Roach et al., 2013; Young et al., 2015). The degree of intraspecific 

variability observed in humans is consistent with other hominoid species whose shoulders are 



 

43 

 

released from the stabilizing selection for quadrupedal locomotion (Young, 2006). However, the 

factors that influence variability in specific scapula features across humans are unclear.  

In addition to functional sources of variability, sexual dimorphism is a possible source of variation 

in human scapula shape. Previous studies revealed significant differences between male and 

female scapulae (Maranho et al., 2022; Scholtz et al., 2010; Zdilla and Guzm§n-L·pez, 2023), 

potentially supporting the role of sexual selection in human shoulder evolution (Puts, 2010). 

Sexual selection on fighting performance in male-male competition is thought to have contributed 

to why, on average, males have more upper body muscle mass than females (Lassek and Gaulin, 

2009; Morris et al., 2019b). This sexual dimorphism in muscle mass may correspond to differences 

in skeletal shape (Morris et al., 2019a). Understanding sex-differences in scapula shape can inform 

forensic and clinical applications. Identifying sexually dimorphic shape features is important for 

improving sex determination in forensic analyses (Atamt¿rk et al., 2019; Dabbs and Moore-Jansen, 

2010; Di Vella et al., 1994; Er et al., 2020; Peckmann et al., 2016), contextualizing scapula features 

that are correlated with injury risk (E. C. S. Lee et al., 2020), and developing personalized 

treatments.  

However, the aforementioned studies investigating sexual dimorphism in scapula shape have not 

evaluated the extent to which shape differences are due to size differences (Klingenberg, 2016). 

Disentangling static allometry (the relationship between size and shape across adults, herein 

referred to as ñallometryò) from sexual dimorphism is necessary because adult males are, on 

average, larger than adult females. Therefore, apparent differences in shape between sexes could 

be due to inherent differences in body size, as observed in other anatomical structures in the human 

body (Bruner et al., 2012; Dargel et al., 2011). This distinction is important. For example, from a 
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human health perspective, if observed sex-based differences in scapula shape are used to inform 

sex-specific glenohumeral implants, but these differences are largely allometric (i.e.., due to size), 

then binning treatment into male and female options could disadvantage larger females and smaller 

males who fall outside of their group averages in size. In the knee, female-specific implants have 

not been shown to improve clinical outcomes (Johnson et al., 2011; Sappey-Marinier et al., 2020), 

and this could be because sex differences in shape do not persist after correcting for body height 

(Grelsamer et al., 2005) and femur length (Dargel et al., 2011). 

It is likely important to account for the scapulaôs complex three-dimensional structure when 

examining sexual dimorphism and allometry. Previous work has found that 3D shape differences 

are associated with shoulder function across species (Lee et al., 2023a; Young, 2006) and 

predictive of soft-tissue injury within humans (E. C. S. Lee et al., 2020). In forensic analyses of 

the scapula, sex determination models that incorporate multiplanar metrics yield better accuracy 

than models that consider only single-plane measurements (Dabbs and Moore-Jansen, 2010; Di 

Vella et al., 1994), indicating that 3D structure may differ between sexes. While these 

discriminative models use absolute (unscaled) metrics to achieve high classification accuracy, they 

do not parse out sexual dimorphism in shape from sexual dimorphism in size. Moreover, pre-

determined discrete metrics may not capture 3D shape features important for function. Geometric 

morphometrics overcomes these limitations by analyzing landmarks across the entire bone, and 

scaling bones to a common size for shape comparison (Zelditch et al., 2012). Previous geometric 

morphometric studies of the scapula have quantified shape using 2D projections. These studies 

have found that the male scapula tends to have more pronounced curvature on the medial and 

lateral borders, a more projected inferior angle, and a more concave glenoid compared to the 

female scapula (Maranho et al., 2022; Scholtz et al., 2010; Zdilla and Guzm§n-L·pez, 2023). 
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However, the 2D approach could be missing important sexually dimorphic 3D features. Further, 

while all bones are scaled to a common size, these analyses did not account for the shape variation 

that persists due to size-shape relationships (allometry) even after scaling. 

The purpose of this study was to investigate sexual dimorphism in scapula shape and examine the 

role of static allometry in sex-based shape variation. First, we tested for sexual dimorphism in 

three-dimensional scapula shape using landmark-based geometric morphometrics. We then 

determined the extents to which the observed sexual dimorphism is allometric and non-allometric. 

We hypothesized that males and females would exhibit differences in scapula shape, and that 

observed differences would contain a significant non-allometric component.  

3.2 Methods  

We combined three datasets collected at the University of Utah (Kolz et al., 2021; Kolz CW, 2020) 

and Henry Ford Health (Lawrence et al., 2024; E. C. S. Lee et al., 2020) for a total of 125 scapula 

meshes segmented from computed tomography (CT) scans. All studies received Institutional 

Review Board approval and obtained informed consent from all participants. All data shared were 

anonymized. While all studies required computed tomography scans to measure shoulder 

kinematics with biplanar videoradiography unrelated to this study, the original publications 

describe the sample and purpose of each data collection in more detail (Kolz et al., 2021; Kolz 

CW, 2020; Lawrence et al., 2024; E. C. S. Lee et al., 2020). The datasets did not differentiate 

between sex and gender; therefore, we assumed that reported sex (male or female) was the sex 

assigned at birth (i.e. biological sex). There were 80 females and 45 males. The datasets included 

individuals varying in age (55 Ñ 10 years), condition of the rotator cuff (27.2% with full-thickness 

supraspinatus tears), and presence of shoulder symptoms (19.2% with symptoms). Since the 
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sampleôs observed shape variation could be associated with age and injury condition (E. C. S. Lee 

et al., 2020), we tested whether these traits differed between males and females in the sample. We 

performed two-proportions Z-tests for group differences in the proportion of full-thickness tears 

and presence of shoulder symptoms and a two-sample Welchôs t-test for differences in age.  

Twenty-nine scapula landmarks capturing articular site and muscle origin geometry were semi-

automatically identified by a single observer (ECSL) in Checkpoint (Stratovan Corporation, 

Sacramento, CA) (E. C. S. Lee et al., 2020) (Figure 3-1). We performed Generalized Procrustes 

Analysis to scale, rotate, and translate the landmarks to a common size and orientation (Zelditch 

et al., 2012). This yielded 3D Procrustes shape coordinates that only describe variation in shape 

but retain allometric effects (shape variation explained by size).  

 

Figure 3-1: Scapula landmarks visualized on the individual with shape closest to the sample mean. See Table 3-1 for 

landmark descriptions. 

We evaluated intra-observer error by having the same observer repeat landmark identification on 

a subset of 15 randomly selected individuals, at least one month following the initial identification. 

We performed Generalized Procrustes Analysis on the original and repeated landmarks of the 15 

individuals, then computed Procrustes distance (sum of squared distances between corresponding 

landmarks) between the original and repeated Procrustes landmarks. We considered the intra-
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observer error to be acceptable if all between-repetition Procrustes distances for the subsample 

(n=15) were less than all of the between-subject Procrustes distances across the original sample 

(n=125) (Torres-Tamayo et al., 2020).  

Table 3-1: Anatomical descriptions of each landmark. Adapted from (E. C. S. Lee et al., 2020). 

Landmarks 

1 Suprascapular notch 

2 Midpoint along superior border between (1) and (3) 

3 Superior point on vertebral border 

4 Midpoint between (3) and (5) along vertebral border 

5 Intersection of spine with vertebral border 

6 Midpoint between (5) and (7) on vertebral border 

7 Inferior point on vertebral border 

8 Superior lateral point of teres major fossa 

9 Intersection of teres major fossa with axillary border 

10 Deltoid tubercle (medial extent) 

11 Confluence of scapular spine with body 

12 Scapular neck 

13 Triceps brachii insertion 

14 Root of spine 

15 Inferior extent of glenoid 

16 Posterior extent of glenoid 

17 Anterior extent of glenoid 

18 Superior extent of glenoid 

19 Shallowest point of glenoid along midline between (16) and (17) 

20 Superior coracoid root on scapula body 

21 Superomedial extent of proximal coracoid body 

22 Superolateral extent of distal coracoid body 

23 Inferolateral extent of distal coracoid body 

24 Inferomedial extent of proximal coracoid body 

25 Exterior angle of acromion 

26 Interior angle of acromion 

27 Lateral extent of distal acromion body 

28 Transition between acromion and scapula spine 

29 Medial extent of distal acromion body 

 



 

48 

 

Body height was unknown for a subset of participants, so we approached size by using centroid 

size of the scapula (the square root of the sum of squared distances from each landmark to the 

centroid). To assess how scapula centroid size scaled with body size, we fit a linear regression 

model of centroid size on body height for participants with body height data (n = 115). We 

performed an Analysis of Covariance (ANCOVA) to examine whether the relationship between 

centroid size and body height differed between males and females.  

We used Procrustes ANOVA to quantify the shape variation associated with sex and size (Figure 

3-2). Briefly, Procrustes ANOVA begins with a multivariate regression of the 3D Procrustes 

coordinates (the x, y, and z locations of each landmark) on one predictor variable (Goodall, 1991; 

Zelditch et al., 2012). The multivariate regression model consists of a multi-component slope, 

where the components describe the change in each coordinate as a function of the predictor 

variable. We refer to this multi-component slope as the shape vector, which describes the overall 

change in 3D landmark configuration as a function of the predictor variable (Fischer and 

Mitteroecker, 2017). Unlike unsupervised dimension reduction techniques such as Principal 

Component Analysis (PCA), multivariate regression directly isolates shape features most relevant 

to the predictor variable of interest. Here, the predictor variables of interest were size and sex, 

yielding allometry and sexual dimorphism shape vectors, respectively. 
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Figure 3-2: Visualization of a Procrustes ANOVA multivariate regression and the associated shape vector for a 

hypothetical relationship. (A) 3D Procrustes coordinates following scaling and alignment, visualized on one 

hypothetical shape. (B) The shape vector is equal to the slope of the multivariate regression model, where each 

component is the rate of change in the coordinate with respect to the predictor variable. Here, there are 29 three-

dimensional landmarks, yielding 87 shape coordinates. (C) The shape vector visualized on the 3D shape, depicting 

the change in Procrustes landmarks for a unit increase in the predictor variable. (D) The simplified PC1-PC2 

morphospace. The individual shapes comprising the hypothetical sample are scaled according to the magnitude of the 

predictor variable. The shape vector is oriented in the direction of increasing magnitude of the predictor variable. 

We assessed the fit of the multivariate regression models using the distance-based approach 

characteristic of Procrustes ANOVA. In this approach, the residual variance is calculated as the 

Procrustes distance from the actual landmarks to the model-fitted landmarks of each scapula, 

effectively quantifying the total magnitude of shape variation not explained by the model (Goodall, 

1991; Zelditch et al., 2012). Randomized Residuals in a Permutation Procedure (RRPP) 

determined the statistical significance of each regression model, which we assessed at a 5% level 

of significance (Collyer and Adams, 2018). Procrustes ANOVAs were performed using the R 

packages geomorph (Adams et al., 2023) and rrpp (Collyer and Adams, 2023, 2018). 
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To visualize the shape vectors, we performed PCA which identified the prevailing modes of 

scapula shape variation. We projected individual scapula shapes and shape vectors onto a 

simplified 2D shape space defined by Principal Component 1 (PC1) and Principal Component 2 

(PC2) (Figure 3-2D). While the PC1-PC2 projections aided in visualization, we did not analyze or 

compare the projected shapes or shape vectors since features affected by sexual dimorphism or 

allometry are not necessarily restricted to the first two PCs.   

We first calculated the sexual dimorphism vector by regressing shape on sex using Procrustes 

ANOVA, where females were assigned a value of 0 and males were assigned a value of 1. The 

resulting sexual dimorphism vector was oriented from the mean female scapula shape to the mean 

male scapula shape. The sexual dimorphism vector alone does not provide any information on the 

extent to which the shape-sex relationship is driven by allometry because inherent differences in 

body size between sexes can contribute to apparent shape differences through allometric effects. 

Thus, we needed to quantify the shape variation associated with size. A total allometry vector ï 

calculated by regressing shape on centroid size across the entire sample of males and females ï 

could falsely capture an apparent shape-size relationship that is actually driven by sexual 

dimorphism in shape. Meaning, the shape differences observed between smaller and larger 

scapulae could be due to sex-based differences between female scapulae (which tend to be smaller) 

and male scapulae (which tend to be larger). 

A common technique for disentangling allometry from sexual dimorphism is to correct the sexual 

dimorphism vector according to a pooled within-sex allometry regression (Klingenberg, 2016). 

This method captures the pooled relationship between size and shape across males and females 

while correcting for the inherent difference in body size between sexes. Importantly, the pooled 
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within-sex allometry regression is only valid if the female- and male-specific allometric 

relationships are not significantly different (e.g., if size-related shape changes do not differ 

between sexes). To test this assumption, we computed male- and female-specific allometry vectors 

from separate Procrustes ANOVAs of shape coordinates on centroid size. We performed a pairwise 

comparison with 10000 RRPP permutations to test if male and female scapulae exhibited 

significantly different allometry vectors (i.e., different changes in shape as a function of centroid 

size) (Collyer and Adams, 2018). We calculated the angle between vectors to quantify the 

magnitude of the difference. Our test revealed that male and female allometry vectors differed 

significantly (ɗ = 86.1Á, p = 0.02), violating the assumption required for a pooled within-sex 

allometry regression. 

Therefore, we computed the angle between the sexual dimorphism vector and each sex-specific 

allometry vector as an alternate test to disentangle allometry from sexual dimorphism. If, for 

example, the female allometry vector is aligned with the sexual dimorphism vector (characterized 

by a small angle), it would indicate that as the female scapula gets larger, its shape gets closer to 

the mean male shape, suggesting that allometry is likely contributing to the observed sexual 

dimorphism.  

We designed a vector comparison bootstrap test with 10000 iterations to assess the probability that 

the angle between the two test vectors under comparison (i.e., sexual dimorphism and within-sex 

allometry vector) exceeded the angle resulting from random variation (Figure 3-3). At each 

iteration, each test vector was recomputed from a multivariate regression on a bootstrap sample of 

the original data (with replacement). The iterationôs ñtest angleò was computed between the new 

bootstrap test vectors. We then calculated a ñnull angleò for each test vector, which described the 
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angle between the bootstrap test vector and the original test vector. We computed the bootstrap 

testôs p-value as the proportion of iterations where one or both null angles exceeded the test angle. 

We implemented this test because angles computed between vectors with large dimensionality tend 

to be high. This vector comparison bootstrap test accounts for the vectorsô high-dimensionality and 

captures the goodness of fit of the Procrustes ANOVA regression models, since models with poorer 

fit would produce more variable bootstrap vectors.  

 

Figure 3-3: Vector comparison bootstrap test visualized for hypothetical data. The diamonds represent individual 

shapes and are scaled according to centroid size. The test angle was calculated between bootstrap samples of the two 

vectors being compared (here: sexual dimorphism and female allometry). Each null angle was calculated between the 

same vector recomputed with a bootstrap sample. Iteration #1 depicts an example where neither null angle exceeds 

the test angle. Iteration #2 depicts a case where the sexual dimorphism null angle exceeds the test angle. 

We visualized the morphological changes described by each shape vector by warping the mesh 

closest to the mean (Figure 3-1) along the shape vector with a thin-plate spline. To visualize the 

shape changes associated with the sexual dimorphism vector, we generated warps of the mean 

male and female shapes. We also generated ñexaggerated maleò and ñexaggerated femaleò shapes 

by extending the ends of the sexual dimorphism vector to three times its original length. The mean 
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and exaggerated male and female 3D shapes are available as supplementary material. To visualize 

shape changes associated with the allometry vectors, we generated warps associated with the 

minimum and maximum centroid size observed in the sample.  

We performed a secondary test to determine whether scapula shape differed between males and 

females with the same body height. We identified an overlapping height range where the 5th 

percentile of male heights defined the lower bound and the 95th percentile of female heights defined 

the upper bound. We performed a Procrustes ANOVA of shape on sex for all individuals (male and 

female) with body heights within the overlapping range. 

3.3 Results 

The male and female groups did not differ significantly in age (p = 0.28, t = -1.1), the proportion 

with full-thickness tears (p = 0.76, ɉ2 = 0.096), or the proportion experiencing shoulder symptoms 

(p = 0.56, ɉ2 = 0.29).  

The intra-observer error analysis revealed that the Procrustes distances between repeated landmark 

observations for the randomly selected sample were all less than the Procrustes distances between 

each pair of individuals in the entire sample. This means that the magnitude of shape difference 

across individuals exceeded the magnitude of shape difference from intra-observer error.  

Scapula centroid size was strongly correlated with body height (R2 = 0.72, p < 2.2e-16) (Figure 3-

4). ANCOVA revealed that the slope of centroid size on body height was not significantly different 

between males and females (p = 0.11), but the intercepts were significantly different (p < 1e-10). 

These results indicate that scapula size increases relative to body height at the same rate between 

males and females, but males tend to have larger scapulae than females for the same body height.  
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Figure 3-4: Scapula centroid size regressed against body height for individuals with body height information (n=115). 

(A) The black line indicates the pooled linear regression model. (B) The purple and green lines indicate the sex-

specific linear regression models. 

The sexual dimorphism vector significantly differentiated male and female scapulae (p < 0.001, Z 

= 4.66) but explained only a small amount of the total shape variation (R2 = 0.05) (Figure 3-5). 

The mean male scapula is superoinferiorly taller and mediolaterally narrower than the mean female 

scapula. The male glenoid is also larger, more retroverted, and less superiorly inclined than the 

female glenoid. The acromion and supraspinatus fossa are also antero-posteriorly broader in the 

male scapula than in the female scapula.  

 

Figure 3-5: (A) The sexual dimorphism vector and individual shapes visualized on PC1-PC2 shape space. The sexual 

dimorphism vector is oriented from the mean female shape to the mean male shape. The exaggerated sexual 

dimorphism vector is three times longer than the sexual dimorphism vector. (B) Shape differences visualized between 

the mean female and male shapes (top) and exaggerated female and male shapes (bottom). 
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Female and male allometric relationships were significantly different, as found in the previously 

violated assumption test for pooled regression (Figure 3-6). The female allometry vector was 

significant (p = 0.0013, Z = 2.90) but explained a small amount of total shape variation in the 

female sample (R2 = 0.031). Larger female scapulae tend to be superoinferiorly shorter and 

mediolaterally broader, exhibit smaller glenoids, and possess flatter acromions with reduced 

subacromial space. The male allometric relationship was not significant (p = 0.67, Z = -0.45, R2 = 

0.018).  

 

Figure 3-6: (A) The within-sex allometry vectors visualized on PC1-PC2 shape space. The vectors begin at the shape 

associated with the minimum centroid size in the sample, and end at the shape associated with the maximum centroid 

size. (B) Female allometric relationship visualized on 3D scapula shapes. 

The vector comparison bootstrap test revealed that the sexual dimorphism vector differed 

significantly from the female allometry vector (mean Ñ SD angle from bootstrap tests: 120Á Ñ 8Á, 

p = 0) and the male allometry vector (89Á Ñ 13Á, p = 0.013, Figure 3-7).  
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Figure 3-7: Variation in shape vectors from vector comparison bootstrap test. The shape vectors from the original 

sample are plotted on PC1-PC2 shape space, and shaded regions represent ± 1 standard deviation of the null angles 

(angle between bootstrap vector and original vector) projected onto PC1-PC2 space. (A) Comparison between sexual 

dimorphism and female allometry. (B) Comparison between sexual dimorphism and male allometry. 

The overlapping height range (165.1 cm to 172.5 cm) included twenty-four females and six males 

(Figure 3-8). Sex differences persisted in this subsample, as the sexual dimorphism vector 

significantly differentiated female and male shapes (p = 0.0018, Z = 2.90, R2 = 0.091). 

 

Figure 3-8: (A) Distribution of female and male body height. The dotted lines represent the lower bound (5th percentile 

for males) and the upper bound (95th percentile for females) that defined the range of overlapping height. (B) All 

individuals plotted on PC1-PC2 shape space. The individuals included in the overlapping height range are represented 

by opaque and enlarged points while the remainder are transparent and small. The sexual dimorphism vector computed 

from the overlapping subsample is in orange. 



 

57 

 

3.4 Discussion 

In this study, we used 3D geometric morphometrics to test for sexual dimorphism in scapula shape 

and assessed the extent to which observed sexual dimorphism was explained by allometry (size-

shape relationships). We identified scapula features that significantly differed between sexes. The 

mean male scapula was superioinferiorly taller, possessed a larger and more retroverted glenoid, 

and exhibited a broader acromion and supraspinous fossa relative to the mean female scapula. We 

also found that allometric relationships differed between males and females, and sexual dimorphic 

shape changes did not align with male- or female-specific allometry. Our findings indicate that 

there are sex-based differences in scapula shape that cannot be attributed to size alone. 

Although sex differences in scapula shape were significant, sex explained only 5% of the total 

shape variation (Figure 3-5). While this appears to be a small amount of shape variation, it is 

important to consider that small changes in shape variation may be associated with large functional 

differences. Our previous work identified that a principal component of scapula shape variation 

(PC4) explaining only 6.6% of the variation in overall shape was strongly associated with rotator 

cuff tears, which may imply that small changes in shape can lead to meaningful differences in 

shoulder function (E. C. S. Lee et al., 2020).  

We were surprised to find that males and females exhibited distinct allometric relationships. We 

expected the size-related shape changes to reveal how features change in response to increasing 

loads associated with size. For example, limb bones scale allometrically across ungulate species - 

getting thicker relative to their length - to manage the stress associated with larger body mass 

(McMahon, 1975). The female allometric relationship was significant, with size explaining 3.1% 

of the total shape variation in females. Interestingly, the larger female scapulae had relatively 
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smaller glenoids and smaller muscle attachment sites, which contradicts the changes expected to 

manage the higher joint contact stress and muscle mass expected with increased size.  

Male-specific allometry, however, was non-significant and explained only 1.8% of the shape 

variation. This non-significant finding is consistent with previous work (Maranho et al., 2023) and 

could reflect the complex loading profile imposed on the scapula. Unlike in joints that consistently 

bear body weight, such as the knee, the forces applied to the scapula likely do not scale predictably 

with body size, and morphology may accommodate larger forces in various ways. However, given 

that allometry was significant in females, the lack of relationship could be due to the smaller male 

sample size. Future studies with a larger sample size should investigate the discrepancy in 

allometry observed between females and males. Nevertheless, our result suggests that 

investigations into allometry in human skeletal structures should account for potential differences 

in sex-specific relationships.  

There are several potential sources of non-allometric sexual dimorphism in scapula shape. Sexual 

dimorphism could reflect the role of sexual selection in human evolution (Puts, 2010). Researchers 

have proposed that sexual selection on fighting performance in male-male competition led to male-

biased upper body specializations in apes (Morris et al., 2019a). In humans, males have 

approximately 75% more upper body muscle mass than females (Abe et al., 2003; Fuller et al., 

1992) corresponding to greater upper body strength (Bohannon, 1997), and biomechanical testing 

suggests that males possess greater potential for powerful forward punching (Morris et al., 2019b). 

Sexual selection could explain male-associated shape characteristics such as the superoinferiorly-

broader blade shape that increases the breadth of the attachment sites for rotator cuff muscles 

(supraspinatus, subscapularis, and infraspinatus) and periscapular muscles (rhomboids and 
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serratus anterior). It could also explain why the male scapula is larger than the female scapula for 

the same body height (Figure 3-4). A larger scapula could accommodate muscle attachment sites 

for malesô proportionally larger upper body muscle mass.   

Sexual dimorphism in scapula shape could also arise from morphological integration between the 

scapula and pelvis (Young, 2004). The human pelvis exhibits substantial sexual dimorphism due 

to obstetric demands and allometric effects (Fischer and Mitteroecker, 2017). The shoulder and 

pelvic girdles demonstrate evolutionary covariance in quadrupedal primates (Agosto and 

Auerbach, 2021); thus, changes in shoulder shape could be associated with changes in pelvic girdle 

shape. However, the scapula and pelvis exhibit distinct evolutionary histories and genetic pathways 

(Young et al., 2019), so the potential for within-species sex-based covariance between the two 

structures is unclear.  

Finally, the scapula may undergo plastic morphological changes in response to differences in 

muscle forces imposed by an individualôs activities and environment (Kuhns, 1945; Wolffson, 

1950). Gender norms influence occupation and recreational activity (Akerlof and Kranton, 2000; 

Kane, 1990); thus, differences in activity ï particularly during youth ï could contribute to sexual 

dimorphism in shape. However, given we did not collect or analyze participantsô gender identity 

or physical histories, we cannot assess whether plastic response to activity contributed to the sex-

differences observed in our sample.  

Future research comparing the sex-specific ontogeny of scapula shape could elucidate the 

processes that underly the sexual dimorphism observed in adulthood. Consistent with other 

hominoids, females experience puberty and typically attain sexual maturity at a younger age than 

males. Sexual dimorphism in the size and shape of adult scapulae could arise from distinct rates 
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of scapula growth and sex-differences in ontogenetic allometry (changes in shape throughout 

growth) (Shea, 1986). Alternatively, males and females may exhibit similar rates of scapula growth 

and shape changes, but differences in adult size and shape occur because the male scapula 

continues to grow for a longer duration after female growth ceases (Shea, 1986). Previous studies 

examining ontogenetic changes in absolute linear indices (such as medial border length or scapula 

breadth) suggest that sexual dimorphism in some ï but not all ï dimensions of scapula growth 

occur after female growth ceases (Badr El Dine and Hassan, 2016; Rissech and Black, 2007). 

Morphometric analyses that parse out ontogeny in bone size and 3D bone shape, as performed in 

the human thorax (Garc²a-Mart²nez et al., 2020), may be a better approach for understanding how 

ontogenetic trajectories contribute to differences in adult scapula size and 3D shape observed in 

this study.  

The sex differences in shape identified here could have biomechanical implications for shoulder 

function and injury risk. Specific scapula features are associated with musculoskeletal diseases 

including rotator cuff tears and osteoarthritis (Banas et al., 1995; Bigliani et al., 1986; Hughes et 

al., 2003; Kim et al., 2012; Moor et al., 2013; Nyffeler et al., 2006; Pandey et al., 2016; T®treault 

et al., 2004). Biomechanical studies have shed light on how these ñat-riskò shape features may 

alter shoulder joint mechanics in ways that are relevant for pathology, such as by altering muscle 

moment arms (E. C. S. Lee et al., 2020), rotator cuff tendon load (Gerber et al., 2014), and 

glenohumeral joint reaction force (Viehºfer et al., 2015). There is evidence that the prevalence and 

incidence of self-reported shoulder pain are higher in women than men (Bot et al., 2005; Greving 

et al., 2012; van der Windt et al., 1995), and women are at a higher risk of occupational repetitive 

strain injuries in the shoulder (Ashbury, 1995). While the causes are undoubtedly multi-factorial, 
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it is possible that sexual dimorphism in scapula shape alters biomechanical function in a manner 

that increases risk of shoulder pathology in females.  

It is interesting to note that many characteristics of the female scapula are consistent with injury-

associated shape differences including a narrower supraspinatus fossa (E. C. S. Lee et al., 2020), 

a laterally-projected acromion (Nyffeler et al., 2006), a superior-inclined glenoid (Hughes et al., 

2003), and a combination of the latter two to yield a higher critical shoulder angle (Moor et al., 

2013). For example, the female scapula is superoinferiorly shorter and mediolaterally broader than 

the male scapula. This blade shape results in narrower attachment sites for the supraspinatus, 

infraspinatus, and subscapularis and likely alters the musclesô lines of action and potential for 

stabilizing the humerus head. The female glenoid is also superiorly inclined and anteverted. A 

superiorly inclined glenoid has been theorized to predispose the humeral head to superior 

migration and increase load on the supraspinatus (Hughes et al., 2003), and an anteverted glenoid 

is thought to increase stress on the posterior rotator cuff (T®treault et al., 2004). Future 

computational and physical modelling should examine whether the observed sex differences 

contribute to rotator cuff pathomechanics. 

Given that the variation explained by sex was small, any consideration of patient-specific implants 

should consider an individualôs unique anatomy, given that overall bone shape is not well predicted 

by sex alone. Future work should investigate alternate sources of three-dimensional shape variation 

to understand the factors influencing the scapulaôs highly variable structure.  

Our results could help inform discriminative models for sex determination in forensic analysis. In 

the absence of intact cranial and pelvic skeletal remains (Mays and Cox, 2000), the scapula is 

considered a feasible alternative for classifying an individualôs sex (Er et al., 2020). Consistent 
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with previous studies, we found that the male scapula is disproportionately larger than the female 

scapula, confirming that models based on absolute (unscaled) linear metrics can take advantage of 

both sexual dimorphism in size and shape to improve classification accuracy. In addition, our shape 

analysis on scaled bones revealed metrics that are relatively larger on the male scapula. These 

included the vertebral border height, the distance between the posterior acromion and anterior 

coracoid, supraspinatus fossa breadth, and glenoid width. Therefore, including these unscaled 

metrics, as opposed to measures that are relatively larger in females ï such as the medial-lateral 

breadth of the scapula blade and lateral acromion extension ï could improve sex determination 

accuracy. 

Our study had several limitations. First, our combined dataset was limited to participants from 

North America but scapula shape and patterns of sexual dimorphism appear to be dependent on 

geographical location (Peckmann et al., 2016). Therefore, our results may not be generalizable to 

a global population. Second, our main analysis used scapula centroid size as a proxy for body size. 

Centroid size was strongly correlated with body height in a subsample of our dataset (Figure 3-4), 

but it may be more informative to investigate allometry with respect to body height directly to 

understand the relationship between shape and stature. While centroid size is less biased in 

quantifying size than single linear measures (such as vertebral border height), it is still affected by 

the landmark set and inherently dependent on shape (see the Pinocchio Effect (Klingenberg, 

2021)). For these reasons, we performed a secondary analysis to test for sexual dimorphism in an 

overlapping height range. Although this range included a small sample of males and females, 

sexual dimorphism persisted in scapulae belonging to individuals of similar heights (Figure 3-8). 

Finally, our geometric morphometrics analysis used 29 discrete landmarks. The landmarks were 

semi-automatically identified and subject to user error. To mitigate inter-observer error, a single 
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observer applied all landmarks across all participants for consistency. In addition, the sparse 

landmark set does not capture morphological complexities such as the curvature of the fossae or 

glenoid. Surface-based models or dense 3D semi-landmarks could overcome this limitation 

(Clouthier et al., 2023; Verhaegen et al., 2021). Currently, automatically establishing point-to-point 

landmark correspondences across the scapula is notoriously difficult due to its extreme curvature 

and thin blade; however, rapidly developing methods (Cates et al., 2017; Porto et al., 2021) and/or 

the careful inclusion of sliding semilandmarks (Maranho et al., 2023) may enable this approach in 

future analyses. 

In conclusion, we used geometric morphometric to analyze sexual dimorphism in scapula shape 

while accounting for allometric effects. We observed sex-based differences that are not attributable 

to differences in size between males and females. Our findings shed light on the potential role of 

sexual selection in shaping male shoulder morphology, present new hypotheses for biomechanical 

differences in shoulder function between sexes, and offer insights for improving sex determination 

accuracy in forensic analyses. 

3.5 Data Accessibility  

The data that support the findings of this study are openly available on the Queenôs University 

Dataverse Collection at https://doi.org/10.5683/SP3/PHVS3D. The dataset includes anonymized 

subject demographic information, raw 3D landmark coordinates, and R scripts and functions 

required to reproduce the analyses, results, figures, and meshes presented in this study.  The 

mean and exaggerated male and female 3D shapes are also provided in the dataset. 

  

https://doi.org/10.5683/SP3/PHVS3D


 

64 

 

Chapter 4 

The stabilizing potential of the supraspinatus is inhibited in tear-associated 

scapula shapes but can be modulated by kinematic adjustments. 

4.1 Introduction 

Full-thickness tears (FTTs) of the rotator cuff affect 20-23% of the population and most frequently 

involve the supraspinatus tendon (Minagawa et al., 2013; Tempelhof et al., 1999; Yamamoto et al., 

2010). While the pathways to injury are complex, chronic tendon overload is likely an important 

contributor to degenerative tears (Lawrence et al., 2024; Seitz et al., 2011). As a rotator cuff 

muscle, a primary role of the supraspinatus is to actively stabilize the glenohumeral joint against 

muscles that generate destabilizing shear forces on the humeral head (Lee et al., 2000; Lippitt et 

al., 1993). Human scapula shape is highly diverse (Dwight, 1887; Graves, 1921) and specific 

scapula shapes are associated with supraspinatus FTTs (Banas et al., 1995; Bigliani et al., 1986; 

Hughes et al., 2003; Moor et al., 2013; Nyffeler et al., 2006; T®treault et al., 2004). Biomechanical 

models have indicated mechanisms through which FTT-associated features increase the 

supraspinatus load required to perform its stabilizing function. For example, a larger critical 

shoulder angle and a more superiorly inclined glenoid increase the destabilizing action of the 

deltoid, thus increasing the load in the supraspinatus required to maintain glenohumeral stability 

during abduction (Gerber et al., 2014; Moor et al., 2016; Viehºfer et al., 2015). While previous 

work has focused on shape-mediated changes to the destabilizing force of the deltoid, no work has 

investigated how scapula shape alters the line-of-action and stabilizing potential of the 

supraspinatus itself. Three-dimensional (3D) shape features associated with FTTs include variation 

in the shape of the supraspinous fossa, indicating potential changes to the muscleôs line-of-action 
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(E. C. S. Lee et al., 2020). If FTT-associated scapula shapes inhibit the supraspinatusôs stabilizing 

potential, individuals with those shape features may experience higher tendon loads to perform the 

same shoulder function as those without FTT-associated features. This information may contribute 

to our understanding of the etiological mechanisms of supraspinatus tears.   

Previous studies identifying FTT-associated shapes are limited in their ability to assess how 

variation in shape alters the supraspinatusôs stabilizing potential. While discrete metrics like the 

critical shoulder angle effectively distinguish individuals with FTTs from asymptomatic controls 

(Moor et al., 2014), they do not capture 3D changes to rotator cuff attachment sites. Rather, 3D 

statistical shape models enable morphable musculoskeletal models that account for changes across 

the whole bone (Clouthier et al., 2019). Previous 3D shape analyses have used unsupervised 

dimension reduction (i.e., Principal Component Analysis (PCA)) to identify modes of scapula 

shape variation without a priori assumptions on group differences (E. C. S. Lee et al., 2020). While 

PCA can identify group differences in shape, these differences are often distributed across many 

shape modes. Supervised techniques, such as Partial Least Squares, make assumptions on group 

structure that can help formalize and identify shape differences between clinically relevant groups 

(e.g., tear status). Partial Least Squares can therefore reveal modes of variation more relevant to 

tendon pathology (Clouthier et al., 2023) and can be used to generate theoretical 3D scapula shapes 

that isolate FTT-associated features. The influence of FTT-associated shape changes on shoulder 

mechanics can then be investigated with a musculoskeletal model.   

While musculoskeletal models have been used to examine shoulder mechanics, existing models 

are not well-suited for capturing 3D shape-related changes to the broad, fan-like orientation of the 

supraspinatus fibres. Previous models represent the supraspinatus as a single fibre (E. C. S. Lee et 
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al., 2020) and/or use idealized wrapping surfaces that do not capture changes to bony geometry 

(Garner and Pandy, 2001; Saul et al., 2015). Finite-element models and multi-fibre models that do 

capture the breadth of the supraspinatus are not readily morphable across scapula shapes 

(Hoffmann et al., 2017; P®an et al., 2019; P®an and Goksel, 2020; Webb et al., 2014). Multi-fibre, 

morphable models are best-suited for assessing how the supraspinatusô broad line-of-action and 

stabilizing potential are altered by 3D shape changes.  

The effect of scapula shape on muscle function has been previously explored under the assumption 

that rotational kinematics are identical across shapes (E. C. S. Lee et al., 2020; Viehºfer et al., 

2015). However, shoulder girdle kinematics are highly variable in vivo (Kolz et al., 2021), and 

many individuals have at-risk shapes and healthy tendons (E. C. S. Lee et al., 2020). Although this 

protection from pathology is undoubtedly multifactorial, individuals with at-risk shapes may 

modulate muscle function by adapting their kinematics according to their unique anatomy. 

Approaches that account for kinematic variability can explore whether shape-driven changes in 

muscle function can be mediated by kinematic adjustments.  

In this study, we combine a scapula shape model, kinematics-driven simulations of the 

glenohumeral joint, and a finite element model of the supraspinatus to investigate the interactions 

among shape, kinematics, and the stabilizing potential of the supraspinatus. The objectives of our 

study were to (1) identify FTT-associated 3D scapula shapes using supervised dimension 

reduction, (2) examine how FTT-shapes alter the stabilizing potential of the supraspinatus given 

the same kinematics, and (3) examine the extent to which kinematic perturbations could modulate 

differences in stabilizing potential. 
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4.2 Methods 

Overview 

Our approach combined statistical shape modeling, kinematic simulation, and a morphable 

musculoskeletal model to investigate shape-driven changes to the stabilizing potential of the 

supraspinatus (Figure 4-1). We first developed a Partial Least Squares Discriminant Analysis 

(PLSDA) model to generate control- and FTT-associated scapula shapes. Using a proximity-driven 

glenohumeral model (E. C. S. Lee et al., 2020), we then simulated a base (i.e. standardized) 

abduction kinematic path for both the control- and FTT-associated shapes. We also simulated 

perturbed abduction kinematics for the FTT-associated shape, which were informed by each 

shapeôs relative kinematic neutral pose (Lee et al., 2023a). Finally, we modelled the supraspinatus 

as a set of fibre-reinforced finite element sheets on a template model and mapped this onto the 

control- and FTT-associated shapes and their simulated kinematic paths. Supraspinatus 

stabilization potential was quantified by the stability ratio of each muscle fibre.  
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Figure 4-1: Flowchart of methodological approach. 

 

Identifying FTT-associated scapula shapes 

We developed a landmark-based statistical shape model from 115 scapula meshes segmented from 

computed tomography scans (age = 57 Ñ 6 years, 40 males and 75 females). This sample combined 

three datasets collected at the University of Utah (Kolz et al., 2021; Kolz CW, 2020) and Henry 

Ford Health (Bey et al., 2009; Bishop et al., 2009; Lawrence et al., 2024; E. C. S. Lee et al., 2020), 

and consists of a subset of those described in Chapter 3, including only individuals over 45 years 

of age. The sample included 24 individuals with symptomatic FTTs of the supraspinatus 

(confirmed by MRI or ultrasound) and 91 asymptomatic controls. Since we previously found that 

males and females possessed significantly different scapula shapes (Chapter 3) (Lee et al., 2024a), 
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we performed a two-proportions Z-test to ensure that the proportion of sex did not differ between 

groups (FTT: 71% female, control: 64% female, ɢ2 = 0.17, p = 0.68). 

To capture the 3D shape of each scapula, we identified 29 homologous landmarks capturing the 

geometry of articular sites and muscle attachment areas (E. C. S. Lee et al., 2020; Lee et al., 2024a). 

A single observer semi-automatically digitized all landmarks in Stratovan Checkpoint (Stratovan 

Corporation, Sacramento, USA). A previous intra-observer error analysis for this process 

confirmed that the magnitude of shape differences across individuals exceeded the magnitude from 

intra-observer error (Chapter 3). We performed Procrustes superimposition to scale, rotate, and 

align all landmarks to a common size and orientation, yielding 3D Procrustes shape coordinates 

that describe only variation in shape. Procrustes superimposition was performed with the R 

package, geomorph (Adams et al., 2023; Baken et al., 2021). 

To identify and assess shape modes that differentiate individuals with symptomatic FTTs from 

asymptomatic controls, we used PLSDA. While Principal Component Analysis is an unsupervised 

technique that yields shape modes that explain successively smaller amounts of variation in shape, 

Partial Least Squares (PLS) is a supervised technique that identifies modes that explain 

successively smaller amounts of co-variation between a predictor block, X, and a response block, 

Y (Zelditch et al., 2012). Here, the predictor block, X, consisted of the 3D Procrustes shape 

coordinates. The response block, Y, consisted of group labels where symptomatic FTTs were 

assigned a response score of y = 1 and controls were assigned a score of y = 0. PLSDA is a form 

of PLS regression that identifies an m-dimensional discriminant axis along m shape modes that 

best differentiates groups. In other words, PLSDA allows us to specifically explore variability in 

scapula shape that is associated with supraspinatus pathology status.     
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Since PLSDA is prone to overfitting (Ruiz-Perez et al., 2020), we performed cross-validation to 

carefully select the optimal number of retained modes, m, and assess model performance. We first 

generated an initial PLSDA model that retained M modes explaining 70% of the total variation in 

shape. We then recomputed M PLSDA models, varying the number of retained modes from 1 to 

M. We performed internal leave-one-out cross-validation where, in each model, we systematically 

excluded individuals from the model and computed a predicted response score (y) from their 3D 

shape coordinates (Clouthier et al., 2023). If the predicted response score was y > 0.5, they were 

classified as a symptomatic FTT. If the predicted response score was y < 0.5, they were classified 

as a control. We then assessed each modelôs performance by comparing the predicted labels to the 

true labels. Since the group sizes were unbalanced, we summarized model performance with 

balanced accuracy, F1 score, and geometric mean (G-mean). Balanced accuracy is the arithmetic 

mean of sensitivity (true predicted FTTs among all FTTs) and specificity (true predicted controls 

among all controls). F1 score and G-mean are, respectively, the harmonic and geometric means of 

precision (true predicted FTTs among all predicted positives) and recall (true predicted FTTs 

among all FTTs; equal to sensitivity). We considered the optimal number of retained modes, m, to 

be those retained in the PSLDA model that yielded the highest balanced accuracy.  

To determine if our PLSDA model performed better than a PLSDA model generated from groups 

with no underlying difference (null model), we followed the methodology of Clouthier et al. 

(2023). We generated 20 samples with randomly assigned labels, retaining the same group 

proportions as in the true sample. We computed a PLSDA model for each model following the 

same process described above (including identifying the optimal number of modes). We compared 

the performance of the true sampleôs PLSDA model to that of the random samplesô PLSDA models, 

yielding a Z-score and p-value for balanced accuracy, F1 score, and G-mean. We considered the 
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true model to perform better than the random models if p < 0.01 across all performance metrics. 

We used MATLAB 2023b (Mathworks, Natick, USA) to generate and assess all PLSDA models.  

We then used thin plate spline warping to generate control- and FTT-associated scapula shapes for 

visualization and further biomechanical modelling. With thin plate spline, a template mesh is 

warped such that its landmark coordinates match the landmark coordinates of the target mesh and 

the surface between landmarks is interpolated to minimize bending energy (Bookstein, 1989). 

Therefore, the surface between landmarks of the resulting warped mesh retains similar 

characteristics and curvature of the template mesh. We first identified a template mesh by selecting 

the scapula of the individual with the lowest Procrustes distance from the mean mesh (i.e., the 

lowest square root of the sum squared distances between corresponding landmarks). We then 

generated a mean mesh by warping the template mesh to match the mean Procrustes coordinates. 

Finally, we warped the mean mesh to generate a control-associated shape (the shape associated 

with a response score of y = 0), and an FTT-associated shape (the shape associated with a score of 

y = 1). These shapes are also equivalent to the mean shapes of all scapulae in the control group 

and FTT group, respectively, projected onto the m retained modes of variation. The control- and 

FTT-associated Procrustes shape coordinates were computed in MATLAB, and the thin plate 

spline warps were generated in R with geomorph (Adams et al., 2023) 

To quantitatively compare our FTT-associated scapula shape features to those reported in the 

literature, we calculated the following discrete metrics on the mean control shape and mean FTT 

shape using custom MATLAB scripts (Lawrence, 2023): critical shoulder angle (Moor et al., 

2013), glenoid inclination, glenoid version, glenoid height, glenoid width, acromion coverage 

(Beeler et al., 2018), and lateral acromion ratio which measures the extent of lateral acromion 
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overhang (Figure 3). The computation for each metric is described in Appendix B (Table B-1: 

Descriptions of discrete metrics.). 

Kinematic simulation 

We generated kinematics-driven musculoskeletal simulations for each scapula shape using our 

previously developed proximity-driven glenohumeral model (E. C. S. Lee et al., 2020; Lee et al., 

2023a). To isolate the effect of shape, we first simulated identical, base kinematic paths that 

approximated the glenohumeral motion observed during scapular plane abduction in a full-can 

(ñthumb-upò) position. Informed by average glenohumeral kinematics measured with biplanar 

videoradiography, we simulated 10Á to 100Á of glenohumeral abduction in an elevation plane 5Á 

anterior to the scapular plane with 50Á of external rotation (Kolz et al., 2021; Ludewig et al., 2009). 

At 5Á increments in abduction, we used the proximity-driven model to optimize joint translations 

at the given rotational pose (E. C. S. Lee et al., 2020). We paired each scapula shape with the same 

template humerus belonging to the individual with the scapula shape closest to the mean. We 

defined scapula and humerus coordinate systems such that the x-axis was oriented laterally, the y-

axis was oriented superiorly, and the z-axis was oriented posteriorly, consistent with Lee et al. 

(2020). We used the International Society of Biomechanics (ISB)-recommended coordinate system 

for the humerus (Wu et al., 2005). For the scapula, we adapted the ISB recommendations such that 

the superior-inferior axis was aligned with the medial border, the anterior-posterior axis was 

normal to the scapular blade, and the medial-lateral axis was defined as their cross-product. We 

generated 3D rotational poses by defining rotations in a Y-Z-Y Euler sequence: elevation plane, 

abduction, and axial rotation.  
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We generated perturbed kinematics paths for the FTT-associated shape to examine the potential 

effect of kinematic adaptations. We perturbed the base path by 5Á and 10Á in elevation plane and 

axial rotation independently and in combination. To determine the direction of perturbation, we 

compared the FTT shapeôs kinematic neutral pose to the control shapeôs neutral pose. We estimated 

each shapeôs kinematic neutral as the centroid of its 3D glenohumeral range-of-motion simulated 

with the proximity-based model (Lee et al., 2023a).  

Supraspinatus model 

To capture geometric changes in the supraspinatus line-of-action throughout motion and across 

shapes, we modelled the supraspinatus for each shape in the open-source modelling package, 

Artisynth (Lloyd et al., 2012). On the sampleôs mean mesh, we first digitized points defining the 

perimeter of the supraspinatus origin and insertion sites on the scapula and humerus, respectively. 

As the thin plate spline maintains point correspondence across warped meshes, we automatically 

mapped the origin points onto the control- and tear-associated scapulae, again using the template 

humerus for both models. This process removes any variability due to repeated manual point 

digitization.   

For each shape, we modelled the muscle as two finite-element sheets using the LinearMaterial 

class in Artisynth. We used deep and superficial sheets to capture the entire perimeter of the broad 

supraspinatus origin, effectively forming a tube representing the muscleôs exterior (Figure 4-

2A,B). We reinforced each sheet with longitudinal fibres running from origin to insertion using 

Artisynthôs LinearAxialMuscle class. The deep sheet was wider and reinforced with 30 fibres 

equally spaced along the perimeter, while the superficial sheet was reinforced with 20 fibres. All 

fibres were defined by 100 nodes from origin to insertion.  
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The fibres and finite-element sheets were constrained to wrap around the bony surface of the 

scapula and humerus. Since our simulations were kinematically-driven, the purpose of the fibre-

reinforced sheets was to capture the breadth of the supraspinatus and prevent the fibres from 

wrapping independently from one another. Therefore, we did not need to implement physiological 

material properties that yield accurate estimates of stress or strain. Instead, in an iterative process, 

we manually determined material properties (e.g. stiffness, damping, Poissonôs ratio) that enabled 

realistic geometric wrapping: we ensured the sheets provided adequate stiffness to keep the fibres 

close together (i.e., did not spread apart while wrapping around the convex surfaces like the 

humeral head; see Figure B-1), that all elements in the sheet elongated or shortened at similar rates 

(rather than a few elements accounting for most of the muscleôs elongation), and that all fibres and 

sheets remained in tension throughout the entire range-of-motion. We used the same material 

properties for all scapula shapes and kinematic paths.  

Quantifying stabilizing potential 

We quantified stabilizing potential using stability ratios, an intuitive metric for describing how the 

tensile force in a muscle would act to move the humerus relative to the glenoid (Ackland and 

Pandy, 2009; Mulla et al., 2020). We computed stability ratios for all fibres to capture the breadth 

of the supraspinatusôs action in a given rotational pose. We first identified each fibreôs effective 

origin and insertion point as the fibre nodes that first contact the scapula or humerus, respectively 

(Pandy, 1999). Each fibreôs line-of-action (its force-direction acting on the humerus) was the unit 

vector oriented from the effective insertion to the effective origin (Figure 4-2C). We then resolved 

each line-of-action into a glenoid-based coordinate system defined by the principal axes fit to the 

points along the perimeter of the glenoid surface (Lawrence et al., 2022). The glenoidôs medial-

lateral axis was the principal axis directed compressively into the glenoid, the anterior-posterior 
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axis was the principal axis directed anterior-posteriorly along the glenoid, and the superior-inferior 

axis was the principal axis directed superior-inferiorly along the glenoid. We then computed each 

fibreôs superior-inferior (SI) and anterior-posterior (AP) stability ratios, which describe the shear 

component of the line-of-action (Ὢ ȟ in SI or Ὢ ȟ  in AP) divided by the compressive 

component of the line-of-action (Ὢ ): 

ὛὍ ὛὸὥὦὭὰὭὸώ ὙὥὸὭέ
Ὢ ȟ

Ὢ
  

ὃὖ ὛὸὥὦὭὰὭὸώ ὙὥὸὭέ
Ὢ ȟ

Ὢ
  

where Ὢ ȟ is positive superiorly and negative inferiorly, and Ὢ ȟ  is positive anteriorly 

and negative posteriorly. For each stability ratio, a higher magnitude indicates a greater tendency 

to cause shear translation of the humeral head. Across both sheets, we grouped the fibres into 

anterior and posterior regions to represent their distinct anatomical compartments (Figure 4-2D) 

(Kim et al., 2007; Roh et al., 2000).  

 

Figure 4-2: Artisynth model of supraspinatus and glenohumeral joint. (A) Deep (left, cyan) and superficial (right, 

blue) sheets that together capture the entire perimeter of supraspinatus origin site on scapula. (B) Full model where 

fibre-reinforced sheets wrap around bony surfaces. (C) The fibresô lines-of-action visualized by white lines connecting 

each fibreôs effective origin (black spheres on scapula) to effective insertion (black spheres on humerus). The line-of-

action is the unit vector oriented along the white lines from origin to insertion. The finite-element sheets are plotted 

in green. (D) Supraspinatus anterior (light) and posterior (dark) subregions.   
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4.3 Results 

PLSDA model and FTT-associated scapula shapes 

The PLSDA model retaining seven shape modes achieved the highest balanced accuracy for 

classifying scapulae belonging to individuals with symptomatic FTTs from asymptomatic controls 

(Figure 4-3). The first seven modes cumulatively explained 48% of the total shape variation. The 

final PLSDA modelôs balanced accuracy was 83%, the F1 score was 72%, and the geometric mean 

was 83%. The PLSDA model generated from the true sample performed significantly better than 

the models generated from the randomly labelled samples for all performance metrics (Z > 3.3, p 

< 0.001). 

 

Figure 4-3: PLSDA model performance. (A) Individual scapula shapes projected onto the first three modes of the 

PLSDA model. The arrow is oriented from the mean control shape (y=0) to the mean FTT shape (y=1). (B) 

Performance metrics as a function of modes retained in the PLSDA model. As fourteen modes were required to explain 

70% of the total shape variation, we generate PLSDA models retaining one to fourteen modes. The model with the 

highest balanced accuracy indicated the optimal number of modes. (C) Comparison of performance of PLSDA models 

generated from twenty samples with random labels to the PLSDA model generated from the true sample labels. 

FTT-associated shape exhibited significant differences in 3D morphological features relative to the 

control-associated shape (Figure 4-4A). The FTT shape possessed a narrower supraspinous fossa 

and teres major origin site. The acromion of the FTT shape was anteroposteriorly narrower and 

projected slightly more laterally, and the glenoid of the FTT shape was anteverted and more 

superiorly inclined. The coracoid of the FTT shape was rotated anteriorly and inferiorly. The FTT 
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shapeôs scapular spine was more cranially (superiorly) oriented than the control shapeôs scapular 

spine. The discrete metrics calculated for each shape further supported these qualitative differences 

observed on the thin plate spline warps (Figure 4-4, Table 4-1). Notably, glenoid version differed 

most substantially between shapes, with the FTT-associated shape being 6.1Á anteverted relative 

to the control-associated shape. The FTT shape also had a larger critical shoulder angle (+3.2Á), 

more glenoid inclination (+2.0Á), a shorter (-1.1 mm) and narrower (-0.9 mm) glenoid, less 

acromion coverage (-2.8Á), and a greater lateral acromion ratio (+3.1Á) indicating relatively more 

acromial overhang.  

 

Figure 4-4: (A) FTT-associated and control-associated shapes generated from thin plate spline warps with shape 

differences exaggerated. The visualized control shape corresponds to y = -1 and the visualized FTT shape corresponds 

to y = 2, meaning the magnitude of shape difference here is three times larger than the magnitude between the mean 

FTT shape and mean control shape. (B-G) Discrete metrics visualized on the mean FTT shape. Metrics that are greater 

on the FTT shape are in orange, while metrics that are greater on the control shape are in teal: (B) Critical shoulder 

angle (Moor et al., 2013). (C) Glenoid inclination. (D) Glenoid version. (E) Glenoid height and width. (F) Acromion 

coverage (Beeler et al., 2018). (G) Lateral acromion ratio = lA/l S × 100%. 
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Table 4-1: Discrete metrics calculated on the mean control shape and the mean FTT shape. The exact values are 

dependent on individual scapula (template) mesh used to generate warps for the mean control and mean FTT shapes, 

but the direction of shape changes between the control and FTT shapes would be consistent for any chosen mesh.   

Feature Control  FTT 

Critical shoulder angle (°) 31.5 34.7 

Glenoid inclination (°) 10.8 12.8 

Glenoid version (°) 2.7 8.8 

Glenoid height (mm) 31.3  30.2 

Glenoid width (mm) 23.7  22.8 

Acromion coverage (°) 67.4 64.6 

Lateral acromion ratio (%) 31.1 34.2 

 

Supraspinatus stabilizing potential for base kinematic path 

For both scapula shapes, the supraspinatusôs mean SI stability ratio decreased as abduction level 

increased, meaning the fibresô lines-of-action on the humerus were oriented, on average, more 

inferiorly as abduction increased (Figure 4-5A). The fibresô stability ratios also became more 

variable at higher abduction levels, indicating greater superior-inferior breadth in the fibresô lines-

of-action. The mean AP stability ratios were more consistent throughout the range-of-motion, 

indicating an anterior line of action. In general, the anterior fibres were oriented more anteriorly 

and superiorly relative to the posterior fibres (Figure 4-5B).  

At all levels of abduction, the FTT shape had higher AP stability ratios than the control shape 

(Figure 4-5). Across the range of motion, the FTT shapeôs mean AP stability ratio was 0.04 to 0.08 

higher (more anterior). This indicates that the FTT shapeôs supraspinatus line-of-action was 

oriented more anteriorly relative to the control shape. The mean SI stability ratio was consistent 

across shapes and did not differ between shapes by more than 0.01 throughout the range-of-motion.     
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The FTT shape generally had a lower range in stability ratios across supraspinatus fibres compared 

to the control shape, indicating less variation in the FTT shapeôs supraspinatus line-of-action. 

(Figure 4-5). The range in AP stability ratios differed most at high abduction levels, where the FTT 

shapeôs range was 14% lower than the control shapeôs range. The range in SI stability ratios 

differed most at low abduction levels, where the FTT shapeôs range was 15% lower than the control 

shapeôs range.  

 

Figure 4-5: Supraspinatus stability ratios for control- and FTT-associated shapes with base abduction kinematics. (A) 

SI and AP stability ratios across abduction level. The dark line is the mean and the shaded region spans the range of 

supraspinatus fibres. (B) SI vs. AP stability at increments spanning glenohumeral abduction. Each point represents a 

fibre where the light and dark points are fibres from the anterior and posterior subregions, respectively. A purely 

compressive line-of-action would be at the origin. For context, the dotted grey line depicts the experimentally 

measured glenohumeral limits of stability, where a net force acting outside of the limits of stability would cause the 

humerus to dislocate from the glenoid (Lippitt and Matsen, 1993). Note that these limits of stability represent a sample 

average, but they could vary across individuals according to glenoid and labral morphology. 
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Supraspinatus stabilizing potential for perturbed kinematic paths 

3D range-of-motion simulations estimated the kinematic neutral pose of the FTT-associated 

scapula to be more anterior (+2.5Á in elevation plane) and more internally rotated (+2.1Á in axial 

rotation) relative to the control-associated scapula. Therefore, we simulated perturbed kinematic 

paths that were more anterior (+5Á, 10Á), more internally rotated (+5Á, 10Á), or a combination of 

both (+5Á, 10Á in each) on the FTT shape.  

Independently, perturbing the elevation plane anteriorly and adding internal rotation shifted the 

FTT shapeôs mean stability ratios inferiorly and posteriorly (Figure 4-6). However, the stability 

ratios were generally more sensitive to perturbations in internal rotation. Relative to the 5Á 

perturbations, the 10Á perturbations more effectively shifted the magnitude of the FTT stability 

ratios closer to the control-shape stability ratios with the base kinematics (Figure 4-6). However, 

none of the independent perturbations achieved a magnitude and pattern of the mean stability ratios 

throughout abduction that resembled those of the control shape. 

The 10Á combined perturbation (+10Á anterior elevation plane, +10Á internal rotation) best 

achieved FTT shape stability ratios that replicated the control shapeôs stability ratios (Figure 4-6). 

Specifically, the mean AP stability ratio of the FTT shape with the 10Á combined perturbation 

closely resembled the mean AP stability ratio of the control shape across the entire range of 

glenohumeral abduction (Figure 4-6). However, the range in AP stability ratios remained 

substantially narrower in the FTT shape compared to control shape - particularly at low abduction 

levels where there was a 36% reduction in range (Figure 4-6, Figure 4-7). Therefore, although the 

combined perturbation achieved the desired shift in the mean AP stability ratios, the breadth of the 

fibresô lines-of-action was still narrower in the FTT shape compared to the control shape (Figure 
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4-7; bottom row). The combined perturbation also shifted the SI stability ratios inferiorly relative 

to the control shape, but this shift was less than 0.03 throughout the range of motion (Figure 4-6). 

 

Figure 4-6: SI and AP stability ratios vs. abduction level for the perturbed kinematic paths simulated on the FTT-

associated shape. The dark line is the mean and the shaded region spans the range of supraspinatus fibres. For 

reference, the stability ratios for the base kinematic paths (for both control and FTT shapes) are plotted in grey. The 

combined perturbations (in pink) most effectively shifted the FTT stability ratios to resemble those of the control 

shape.  
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Figure 4-7: SI vs. AP stability ratios for the perturbed kinematic paths simulated on the FTT shape. Each point 

represents one fibre. Only the stability ratios from the 10° perturbations are plotted. For reference, the stability ratios 

for the control shape with the base kinematic path are included as grey diamonds. The dotted grey line depicts 

glenohumeral limits of stability (Lippitt and Matsen, 1993). 
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4.4 Discussion 

In this study, we combined a 3D scapula shape model, kinematic simulations of the glenohumeral 

joint, and a morphable finite-element model to investigate how tear-associated scapula 

morphology alters the stabilizing potential of the supraspinatus. Relative to asymptomatic controls, 

individuals with symptomatic FTTs possessed a suite of geometric differences including narrower 

supraspinous fossae and anteverted glenoids. We found that, for the same planar abduction path, 

FTT-associated scapula shapes shifted the supraspinatus stability ratios anteriorly compared to the 

control-associated shape. When the FTT shapeôs abduction path was perturbed anterior in elevation 

plane and internally rotated, its stability ratios closely resembled those of the control-associated 

shape; however, the FTT shapeôs narrower breadth of the supraspinatus line-of-action persisted. 

The magnitude of perturbation required to modulate stability ratios exceeded the magnitude of 

shape changes between the control-associated and FTT-associated shapes, indicating the 3D shape 

differences altered the supraspinatusô function in a complex manner. 

Our 3D PLSDA model confirmed previous FTT-associated features and revealed new injury-

relevant features. Consistent with previous studies, the FTT shape possessed a higher critical 

shoulder angle (Cherchi et al., 2016; Moor et al., 2013) and a more superiorly inclined glenoid 

(Hughes et al., 2003; E. C. S. Lee et al., 2020) ï two features that increase the destabilizing action 

of the deltoid and increase the load required of the rotator cuff during abduction (Gerber et al., 

2014; Moor et al., 2016; Oswald et al., 2024; Viehºfer et al., 2015). This mechanism was further 

supported by the FTT shapeôs higher lateral acromion ratio, which indicated a more laterally 

projected acromion. However, our 3D landmark-based approach also revealed changes to the 

glenoid and muscle attachment sites that could influence the lines-of-action and stabilizing 

potential of the rotator cuff muscles themselves. For instance, the supraspinous fossa and teres 
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major attachment sites were narrower in the FTT shape. Our model showed that the narrower 

supraspinous fossa reduced the breadth of the supraspinatus muscle; thus, a similar effect may 

occur at the teres major. The FTT shape also had a shorter and narrower glenoid, which could 

reduce the glenohumeral limits of stability - the range within which the net force on the humerus 

is considered stable (Lippitt and Matsen, 1993).  

The most striking shape difference between the FTT and control groups was in glenoid version, as 

the FTT shape was substantially more anteverted (Table 4-1). This finding differs from previous 

work indicating no difference (Kandemir et al., 2006) or more retroversion in rotator cuff tear 

patients (Ķncesoy et al., 2021; Maalouly et al., 2020; Tokgoz et al., 2007). This discrepancy may 

be explained by the difference in version calculated from 2D axial slices vs. the 3D approach used 

here (Budge et al., 2011). Our finding may also reflect a difference in the tear initiation site across 

the FTT patients in each study. T®trault et al. found that glenoid anteversion is correlated with the 

posterior cuff tears involving the infraspinatus and/or supraspinatus, while glenoid retroversion is 

correlated with anterior cuff tears involving the subscapularis and/or supraspinatus (T®treault et 

al., 2004). While the anatomical origin of the FTTs of patients in this study is unknown, it is 

possible that the mean glenoid anteversion found here reflects a tendency towards posterior cuff 

tear initiation in our sample.  

A major finding of our study is that for the same abduction path, the FTT-shapeôs supraspinatus 

fibres acted more anteriorly and less compressively compared to the control shape (indicated by 

higher AP stability ratios). While the magnitude of the mean supraspinatus stability ratios was 

generally low (< 0.15) for both shapes - confirming the supraspinatusô tendency to compress the 

humeral head into the glenoid ï this anterior shift may have implications for the muscleôs 
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stabilizing potential in FTT-associated shapes. It is important to consider the stabilizing role of the 

supraspinatus when interpreting these implications. During scapular plane abduction, the deltoid 

imparts a destabilizing superior shear force on the humerus that decreases as the arm is elevated 

(Ackland and Pandy, 2009; Mulla et al., 2019). The concavity-compression mechanism posits that 

rotator cuff muscles co-contract to resist the large shear forces cause by prime movers like the 

deltoid (Lippitt et al., 1993). In this case, the supraspinatusôs ideal SI and AP stability ratios would 

be zero, indicating a purely compressive line-of-action. However, Sangwan et al. reported limited 

evidence of co-contraction across the rotator cuff. They proposed an alternate mechanism where 

the muscles act in isolation or as sub-units to resist shear translations in a direction-specific manner 

(Sangwan et al., 2015). If the supraspinatus were to directly resist the deltoidôs superior shear force, 

it would ideally act inferiorly (negative SI ratio) and be balanced anteriorly-posteriorly (AP 

stability ratio close to zero). Whether the stabilizing mechanism is compressive, direction-specific, 

or both, the FTT shapeôs stability ratios are unbalanced antero-posteriorly and likely problematic 

for either mechanism. The FTT shapeôs line-of-action is almost entirely anterior across its fibres, 

with only the most posterior fibres having the potential to provide a posterior stabilizing force 

(Figure 4-5). This may place a higher demand on the posterior fibres for providing a balanced 

stabilizing force and/or limit the supraspinatusô potential to stabilize the humerus against anterior 

shear forces. This interpretation is consistent with the higher prevalence of posterior cuff tears in 

individuals with anteverted glenoids and the hypothesis that an anteverted glenoid places a higher 

strain on fibres of the posterior cuff. (T®treault et al., 2004). It may also contribute to the correlation 

between glenoid anteversion and anterior shoulder dislocation (Hohmann and Tetsworth, 2015).  

Kinematically perturbing the abduction path partially modulated the shape-related changes in 

supraspinatus stabilizing potential. Perturbations that accommodated the differences in the shapesô 
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kinematic neutral poses shifted the FTT shapeôs stability ratios posteriorly such that the mean 

stability ratios overlapped those of the control shape (Figure 4-6). This finding indicates that 

individuals may adapt their glenohumeral kinematics according to their unique anatomy to 

modulate shape-related differences in muscle function. Given that an individualôs environment and 

daily tasks likely demand specific arm postures and motions, it may not be practical or reasonable 

to expect individuals to adapt their overall humerothoracic motion. However, the human shoulder 

girdle is highly mobile and kinematic degrees of freedom across multiple articulations provide us 

with the flexibility of a variety of joint configurations to execute a single arm posture (Larson, 

2009; Ludewig et al., 2009).  Therefore, individuals could more likely achieve their shape-specific 

glenohumeral patterns and execute the same humerothoracic motion by adjusting their scapular 

posture and kinematics. For instance, individuals can achieve a more anterior and internally rotated 

glenohumeral pose by adding scapular external rotation at low abduction levels, and a combination 

of scapular external rotation and posterior tilt at high abduction levels. This has implications for 

the diagnosis and treatment of movement impairments. Insufficient posterior tilt and excessive 

scapular internal rotation are considered pathological movement patterns that contribute to 

shoulder pain (Ludewig et al., 2022). Our findings suggest that individuals susceptible to 

supraspinatus tears may benefit from interventions to promote posterior tilt and external rotation. 

However, our results also suggest that optimal movement patterns may vary with bony anatomy. 

Thus, strictly classifying movement outside a narrow range of expected movement as ñabnormalò 

or ñpathologicalò may not capture the variation in healthy motion across individuals (Caldwell et 

al., 2007; Ludewig et al., 2022).  

Interestingly, the magnitude of perturbations required to modulate shape-related differences (10Á) 

greatly exceeded the magnitude of difference in kinematic neutral poses (2.1ϲ ï 2.5Á) and the 
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difference in glenoid version (6.1Á). This indicates that the kinematic perturbations are not simply 

correcting for an offset introduced by factors such as coordinate system definition, but rather 

complex changes in muscle geometry that occur due to the 3D shape differences. This speculation 

is further supported by the fact that, even when the mean stability ratios were overlapping, the 

range in the FTT shapeôs stability ratios was much lower than in the control shape (Figure 4-6, 

Figure 4-7). Therefore, while perturbations could potentially correct for changes to muscle 

function resulting from glenoid anteversion in the FTT shape, they could not overcome the effect 

of the narrower supraspinous fossa on reducing the breadth of the supraspinatusôs line-of-action. 

This narrower breadth may inhibit the supraspinatusôs ability to modulate its resultant line-of-

action in response to varying destabilizing forces.  

This study complements previous work that found tear-associated scapula morphology alters the 

mechanical advantage of the supraspinatus (E. C. S. Lee et al., 2020). While we focused here on 

the supraspinatusôs role in stabilizing the humeral head, it also contributes to shoulder abduction 

moment (Reed et al., 2013). Together, these studies found that the supraspinatusôs abduction 

moment arm and stabilizing potential are inhibited in FTT-associated scapula shapes at low levels 

of abduction (E. C. S. Lee et al., 2020). Since most activities of daily living involve abduction at 

low levels and the deltoidôs destabilizing shear force is highest in this range (Mulla et al., 2020), 

these findings highlight multiple ways in which FTT-associated morphology may elevate strain in 

the supraspinatus tendon required for arm-raising.  

Our morphable, finite-element approach allowed us to estimate stability ratios across the breadth 

of the supraspinatus. The magnitude of the mean supraspinatus stability ratios was consistent with 

previously reported cadaveric (Ackland and Pandy, 2009; Lee et al., 2000) and computational 
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studies (Lee et al., 2000; Mulla et al., 2020). While previous approaches divided stability ratios by 

the centres of distinct subregions (Ackland and Pandy, 2009) or perturbed attachment sites with 

probabilistic modelling (Mulla et al., 2019), our approach reported stability ratios across the 

breadth of the sheet-modelled supraspinatus spanning the entire 3D attachment site, similar to 

(Webb et al., 2014). We found the posterior fibres exhibited more compressive lines-of-action 

(lower stability ratios) while the anterior fibres exhibited more anterior lines-of-action (higher AP 

stability ratios), and this breadth in stability ratios differed substantially between control- and FTT-

associated shapes.   

Our study had several limitations. First, our model was limited to the supraspinatus, but all rotator 

cuff muscles contribute to stability and the FTT shape involved differences several rotator cuff 

attachment sites. While we predict the glenoid anteversion would cause an anterior shift in all 

muscle lines-of-action, further modelling will quantitively examine whether this is the case. 

Second, our sample is unbalanced, with relatively fewer individuals with FTTs than controls. 

While we assessed our PLSDA model through internal cross-validation, external validation on new 

individuals could assess whether our model is generalizable outside of the present sample. Third, 

we chose to simulate planar abduction, but alterations to the supraspinatusôs stabilizing potential 

in other motions, such as flexion or horizontal ab-adduction, could also contribute to tendon 

overload. Fourth, our Artisynth model forced the supraspinatus to remain in tension throughout 

the entire range-of-motion. This may not be the case ï particularly at high abduction levels where 

supraspinatus activity decreases (Escamilla et al., 2009). Finally, we mapped our model to 

theoretical scapula shapes representing the mean shapes of the FTT and control groups. While this 

approach allowed us to deterministically test the effect of injury-relevant shape modes, person-

specific models (Oswald et al., 2024) may offer additional insight into how supraspinatus 
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stabilizing potential is affected by unique combinations of shape features that are not captured 

along a single shape axis. Our landmark-based shape model also prevented us from capturing 

morphological details such as injury-related differences in curvature in the glenoid fossa or 

supraspinous fossa. Shape models based on correspondence across dense landmarks or mesh 

vertices could overcome this limitation (Cates et al., 2017; Sharif-Ahmadian et al., 2023). 

However, these automated approaches are challenged by the scapulaôs thin blade and convex 

curvature, and further validation is required to implement them.  

In conclusion, this study presents an approach for mapping 3D shape-related changes to rotator 

cuff function and exploring the influence of kinematic adjustments. We found that an anteverted 

glenoid, among other shape changes, shifts the supraspinatus line-of-action anteriorly ï potentially 

inducing elevated strain in the posterior fibres ï and that this shift could be partially modulated 

with kinematic perturbations that exceeded the magnitude of observed shape differences. 

Importantly, we present a framework that enables the analysis of supraspinatus lines-of-action at 

any 3D rotational pose across scapula shapes. Our approach could be expanded to include 

additional rotator cuff muscles and investigate how stabilizing potential is altered in other injury-

relevant motions.  
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Chapter 5 

Scapular kinematics differ between concentric abduction and adduction in 

healthy adults 

5.1 Introduction 

Our current understanding of healthy scapula motion is largely based on studying the shoulder 

when it is generating an abduction torque to raise the arm against gravity. During arm raising, the 

deltoid imposes a destabilizing shear force on the humeral head (Ackland and Pandy, 2009) and 

the supraspinatus is susceptible to impingement under the acromion and against the glenoid (Jobe, 

1995; Lawrence et al., 2017). Therefore, healthy scapula motion is thought to facilitate 

glenohumeral joint stability by orienting the lines-of-action of the rotator cuff muscles to act more 

compressively on the glenoid (Ben Kibler, 1998), maintain optimal length-tension of the deltoid 

(Lucas, 1973), elevate the acromion to increase subacromial proximities (Lawrence et al., 2019; 

Michener et al., 2003), and enhance the shoulderôs overall range of motion (Poppen and Walker, 

1976).  

The motivation to study scapular mechanics in the context of shoulder abduction is well-justified 

because shoulder pain often presents during arm raising (Kessel and Watson, 1977), and 

individuals that frequently engage in overhead activities in sport or occupation are prone to injury 

(Braun et al., 2009; Dischler et al., 2017; Lawrence et al., 2024). Abnormal motion of the scapula 

during arm raising ï clinically diagnosed as scapular dyskinesis ï is often targeted in the 

physiotherapy of shoulder pain and dysfunction (Kibler and McMullen, 2003; Ludewig et al., 

2022; Ludewig and Reynolds, 2009; Seitz et al., 2011). Treatment strategies often aim to correct 

an individualôs scapular motion towards a movement pattern that is considered normal, where the 
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scapula upwardly rotates, externally rotates, and posteriorly tilts with increasing arm elevation 

(Ludewig et al., 2009; McClure et al., 2001; Seitz et al., 2012). However, the relationship between 

scapular dyskinesis and shoulder pain is inconsistent (Plummer et al., 2017). For example, both 

insufficient upward rotation (Ludewig and Cook, 2000) and excessive upward rotation (McClure 

et al., 2006) are associated with shoulder impingement syndrome. These inconsistencies may be 

based on an incomplete understanding of healthy scapula motion and its role in shoulder 

mechanics.  

Previous studies of scapula motion have focused on arm-raising, but the shoulder can perform a 

diverse array of tasks over its entire 3D range-of-motion. Human evolutionary theory suggests that 

our shoulders evolved under selective pressures demanding mechanical loads distinct from arm 

raising, such as those required for high-speed throwing (Roach et al., 2013) and vertical climbing 

(Kraft et al., 2014), where mechanisms underlying healthy scapula kinematics may differ.  

In particular, very little attention has been given to how scapula motion contributes to concentric 

arm lowering. During activities such as wheelchair transfers and rock climbing, the shoulder must 

generate an adduction torque that resists the weight of the body. Musculoskeletal modeling 

suggests that the human shoulderôs capacity for arm abduction is similar to other apes, but our 

capacity for concentric arm adduction is comparatively lower (van Beesel et al., 2022, 2021). This 

compromised ability and the high rate of shoulder injuries among rock climbers indicate that 

activities involving concentric arm adduction may expose the shoulder to high mechanical 

demands (Folkl, 2013; Nelson et al., 2017). 

Investigating scapular kinematics during concentrically loaded arm-lowering can provide an 

alternate perspective to elucidate the mechanical demands that underly healthy scapula motion. 
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Contrary to the deltoidôs action during arm raising, the shoulder adductors (i.e., the latissimus 

dorsi, pectoralis major, and teres major) act as the prime movers during arm lowering (Sperandei 

et al., 2009) and impose inferior shear forces on the humeral head (Ackland and Pandy, 2009).  

Therefore, while both concentric arm raising and concentric arm lowering exhibit similar overall 

shoulder poses and ranges-of-motion, the scapula must respond to opposite loading profiles during 

each task.  

In this study, we combined optical motion capture and biplanar videoradiography with a 

controllable cable machine to measure three-dimensional (3D) humerothoracic, glenohumeral, and 

scapulothoracic kinematics during a weighted pull-down task (concentric shoulder adduction) and 

a weighted press-up task (concentric shoulder abduction) in young, healthy adults. We predicted 

that the distinct loading profiles (adduction vs. abduction) would result in differences in 

glenohumeral and scapulothoracic kinematics between the two tasks.  

5.2 Methods 

After obtaining IRB approval from the Queenôs Ethics Review Board, we recruited 10 volunteers 

(5 males, 5 females, age = 24 Ñ 2 years, BMI = 22.8 Ñ 2.4 kg/m2).  Volunteers were required to 

meet the following criteria to participate in the study: right-handed, 20-30 years of age, BMI < 30 

kg/m2, no disorder or injury that compromises upper-body movement ability, not pregnant, not 

exposed to large amounts of radiation on a regular basis, no gross shoulder abnormalities, and no 

history of shoulder injury, pain, or treatment (including trauma, corticosteroid injections, 

subluxation or dislocation, adhesive capsulitis, fractures to the humerus, scapula, or clavicle, and 

osteoarthritis). Volunteers were also screened to ensure they could comfortably lift arms bilaterally 

to an overhead position. Participants provided written, informed consent. 



 

93 

 

The participants performed two dynamic, loaded tasks designed to achieve similar humerothoracic 

patterns but opposing loading profiles: a press-up (involving concentric shoulder abduction) and a 

pull-down (involving concentric shoulder adduction) (Figure 5-1). For both tasks, the participants 

held a carbon fibre rod with the cable from a 1080 Quantum controllable cable machine secured 

to its centre (1080 Motion, Vªster¬s, Sweden). We standardized the participantsô grip width to be 

equal to the distance between the spine and distal end of the fist when their right arm is outstretched 

(Signorile et al., 2002). For the press-up, the 1080 Quantum cable was directed via a pulley located 

on the floor between the participantôs legs. For the pull-down, the cable was directed to a pulley 

mounted to an overhead carriage system. Both pulley locations were adjustable to ensure the line-

of-action was medial-laterally centred for each participant. The tension was set to 7.5 kg for the 

press-up and 15 kg for the pull-down. We chose these weights after qualitatively gauging required 

effort level during pilot work. These weights were designed to be heavy, where the weight was 

challenging but achievable for all pilot participants. We used the 1080 Quantumôs ñNo Fly Weightò 

setting, which mitigates changes in tension due to inertial effects. We guided participants to 

complete each task over 1.5 seconds with a custom MATLAB animation.  

Participants were first provided instructions and feedback on executing the tasks without weight 

to prevent fatigue. We instructed them to maintain similar humerothoracic paths for each task, as 

if one task looks like the reverse of the other. Participants were instructed to keep their elbows 

anterior to the plane of the body and concentrate on moving their elbows along a vertical path. 

This cue helped avoid unwanted shoulder extension at the bottom of the pull-down motion. We 

also instructed participants to avoid shrugging their shoulders to achieve a higher abduction level 

for both tasks. The participants performed a 5-minute guided shoulder warm-up prior to engaging 

in the weighted tasks. We randomized the order of tasks for each participant. After a practice 
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period, participants performed the weighted task over 2-5 repetitions to the rhythm of the 

MATLAB animation, and we recorded the participantôs motion when they indicated they were 

prepared. To prevent fatigue, participants were provided at least 5 minutes of rest time between 

tasks. 

 
Figure 5-1: Experimental setup and dynamic tasks. (A) Start and end poses of the press-up (abduction) task. (B) Start 

and end poses of the pull-down (adduction) task. 

We measured kinematics of the right scapula and humerus with X-ray Reconstruction of Moving 

Morphology (XROMM) to non-invasively acquire direct measurement of bone in vivo (Brainerd 

et al., 2010). Briefly, XROMM combines dynamic x-ray images from biplanar videoradiography 

and 3D skeletal geometry from computed tomography (CT) scans to reconstruct 3D bone 

movement. This technique is essential for accurately measuring shoulder kinematics since the 

scapula glides under the skin. We captured dynamic x-ray images of the scapula and humerus with 

a custom high-speed biplanar videoradiography system (Imaging Systems and Services, Hamburg, 

USA). The system consists of two x-ray generators that aim collimated x-ray beams at image 

intensifiers, which then convert x-ray photons to visible light. The image intensifiers were oriented 

parallel to the floor with a 120Á angle between their surfaces. X-rays were pulsed at 60 Hz with a 

1250ɛs exposure time and tube voltage and current ranging from 60-70 kVp and 125-200mA to 
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accommodate varying body habitus across participants. X-ray images were captured at 60 Hz with 

two FASTCAM Mini XW high-speed cameras (Photron, Tokyo, Japan). The cameras were 

calibrated and x-ray images were undistorted in XMALab (Providence, USA) (Knºrlein et al., 

2016). 

We reconstructed 3D bone geometry of the right scapula and humerus from CT scans acquired on 

a GE Medical Systems Lightspeed scanner (GE Healthcare, Chicago, USA). We used a low-dose 

CT protocol (tube x-ray voltage: 120 kVp, tube current: 100mA, slice thickness: 0.625 mm, slicer 

interval: 0.625 mm, pitch factor: 0.969:1, revolution time: 0.6 seconds, reconstructed with bone 

convolution kernel). The scapula and humerus were captured in a cone down reconstruction with 

a cropped field of view to maximize in-plane resolution. The in-plane resolution varied from 0.43 

mm to 0.59 mm depending on the size of the participantôs shoulder. The scapula and humerus were 

then semi-automatically segmented in Mimics 26.0 (Materialise NV, Leuven, Belgium) and 

smoothed in Geomagic Wrap (3D Systems, Rock Hill, South Carolina).  

We semi-automatically registered the 3D bone geometries to their recorded in vivo poses with 

model-based tracking in SlicerAutoscoperM (Kitware, Clifton Park, USA). This process involves 

rotating and translating digitally reconstructed radiographs (DRRs) to match the calibrated x-ray 

images at each dynamic pose. After manually finding an initial pose, a particle swarm optimization 

finds the pose that registers the intensity values from the DRR to the x-ray images in both views. 

To mitigate the effects of image noise on the output kinematics, we filtered the bone transforms in 

MATLAB with a low-pass filter at a cutoff frequency of 6 Hz. For all trials, we qualitatively 

assessed the filtered transforms in SlicerAutoscoperM to ensure the filter did not introduce a 

visible offset between the DRR and x-ray images. Lawrence et al. recently reported rotational 
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errors <0.6Á for the scapula and <1.2Á for the humerus using low-dose CT scan protocols for 

model-based tracking. We followed a similar validation protocol with one cadaver shoulder to 

assess whether our model-based tracking achieved similar errors (see Appendix C). Briefly, we 

compared scapula and humerus kinematics acquired from model-based tracking to reference 

ñgold-standardò kinematics from radiostereometric analysis. For scapular plane abduction, we 

found that the root mean squared (RMS) errors in total segmental rotational were 0.3Á for the 

scapula and 0.7Á for the humerus, corresponding to RMS errors <0.6Á across glenohumeral joint 

angles.   

We measured thorax motion at 60 Hz with 5 anatomical markers tracked by eight Oqus optical 

motion capture cameras (Qualisys, Gºteborg, Sweden). The biplanar videoradiography and optical 

motion capture systems were phase-locked, time-synced, and spatially registered so thorax, 

scapula, and humerus kinematics could be examined in a common reference frame.  

We defined anatomical coordinate systems of the thorax, scapula, and humerus such that each 

boneôs X-axis was oriented anteriorly, the Y-axis was oriented superiorly, and the Z-axis was 

oriented laterally. We defined coordinate systems according to the International Society of 

Biomechanics (ISB) recommendations (Wu et al., 2005), except for the scapula where we fit the 

superior axis to the medial border and defined the anterior axis to be perpendicular to the scapular 

plane, consistent with previous work (Lee et al., 2023a).   

We computed humerothoracic (HT), glenohumeral (GH), and scapulothoracic (ST) joint angles 

according to ISB recommendations (Wu et al., 2005). For HT and GH motion, we performed Y-

Xô-Yôô Euler decompositions yielding plane of elevation, abduction, and internal rotation angles. 

Since this decomposition sequence is prone to gimbal lock when the arm is at the side, we inspected 
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the data to ensure there were no discontinuities at lower abduction levels nearing the singular 

position (Phadke et al., 2011).  For ST motion, a Y-Xô-Zôô Cardan sequence defined scapular 

internal rotation, upward rotation, and posterior tilt. Where appropriate, we flipped the signs of 

angles to report positive values (e.g., positive external rotation instead of negative internal 

rotation). We also used paired t-tests to compare the time taken for the participants to complete 

each task.  

To compare kinematics across trials, we reported all joint angles as a function of HT abduction. 

We identified a range of HT abduction that was achieved by all participants for both tasks, and 

normalized all joint angles over this range. To test for within-participant differences in kinematics 

between the press-up and pull-down, we performed paired t-tests with one-dimensional statistical 

parametric mapping (SPM). With SPM, the statistical inference accounts for the smoothness of 

physiological motion data, where adjacent points on a curve are inherently related to each other 

(Pataky, 2010). For the paired t-tests, a critical threshold t-statistic for each joint angle was 

determined according to a level of significance of Ŭ = 0.05.  SPM then identifies suprathreshold 

clusters where the t-statistic exceeds this threshold (i.e., where the joint angles between tasks are 

significantly different). We used non-parametric paired t-tests to account for non-normal residuals 

(assessed with DôAgostino-Pearson K2 tests) and the small sample size (Nichols and Holmes, 

2002).  

5.3 Results 

The mean time to complete the press-up task was 1.49 s (Ñ 0.30 s) and the mean time to complete 

the pull-down task was 1.75 s (Ñ 0.24 s). On average, the participants completed the pull-down 

task 0.26 seconds slower than the press-up task (t = 2.37, p = 0.04).  
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All participants achieved a range in humerothoracic abduction that included the range between 

45Á-120Á (Figure C-4), so we normalized all kinematics over this range (Figure 5-2). 

Humerothoracic (HT), glenohumeral (GH), and scapulothoracic (ST) kinematics varied across 

participants for the same task (Figure 5-2). There was particularly high inter-individual variability 

(quantified by a range exceeding 25Á, when averaged across the motion) in HT external rotation, 

GH plane of elevation, and ST internal rotation for the press-up task. For the pull-down task, GH 

external rotation, GH plane of elevation, and ST internal rotation exhibited high inter-individual 

variability.  

 

Figure 5-2: Participant-specific shoulder kinematics for the press-up (solid lines) and pull-down (dotted lines) as a 

function of humerothoracic abduction angle. Each participant (n=10) is plotted in a different colour. The icons 

displayed to the left of each plot depict the range of the vertical axes, where dark blue indicates the moving segment 

and grey indicates the reference segment. The thorax is represented as an ellipsoid. Top row:  Humerothoracic (HT) 

joint angles describing the rotations of the humerus relative to thorax. Middle Row: Glenohumeral (GH) joint angles 

describing the rotations of the humerus relative to scapula. Bottom Row: Scapulothoracic (ST) joint angles describing 

the rotations of the scapula relative to the thorax. 
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For within-participant differences in HT kinematics, there was a trend towards higher plane of 

elevation angles in the pull-down task, however SPM did not detect any suprathreshold clusters of 

significance (Figure 5-3). For HT external rotation, SPM identified a suprathreshold cluster from 

87Á -120Á abduction where participants were approximately 9Á more externally rotated in the pull-

down than in the press-up (Figure 5-3). 

 

Figure 5-3: Comparison of humerothoracic (HT) joint angles between the press-up and pull-down tasks, as a function 

of HT abduction. Top row: HT joint angles coloured by task, where dark lines represent the mean and shaded region 

represents one standard deviation. Bottom row: Comparison of joint angles with paired t-tests and statistical 

parametric mapping. The dotted blue line represents the critical threshold t-statistic for a 5% level of significance. A 

positive t-statistic indicates the joint angle for the pull-down exceeded the joint angle for the press-up. The shaded 

blue regions represent suprathreshold clusters where the pull-down joint angle differs significantly from the press-up 

joint angle over the indicated range-of-motion. The labelled p-value indicates the probability that random curves of 

identical smoothness would exceed the critical threshold.   

Participants did not significantly differ in GH plane of elevation between tasks; however, GH plane 

of elevation was more variable across participants in the pull-down task (SD averaged across 

motion = 15Á) than the press-up task (SD = 9Á) (Figure 5-4). GH abduction was significantly lower 

in the pull-down task than in the press-up task from 45Á-106Á HT abduction, where there was 

approximately 8Á less GH abduction across the suprathreshold cluster (Figure 5-4). GH external 
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rotation only differed between tasks at 108Á-120Á HT abduction, where the pull-down task was 

characterized by 8Á more external rotation than the press-up task.  

 

Figure 5-4: Comparison of glenohumeral (GH) joint angles between the press-up and pull-down tasks, as a function 

of humerothoracic abduction. Top row: GH joint angles coloured by task, where dark lines represent the mean and 

shaded region represents one standard deviation. Bottom row: Comparison of joint angles with paired t-tests and 

statistical parametric mapping. The dotted blue line represents the critical threshold t-statistic for a 5% level of 

significance. A positive t-statistic indicates the joint angle for the pull-down exceeded the joint angle for the press-up. 

The shaded blue regions represent suprathreshold clusters where the pull-down joint angle differs significantly from 

the press-up joint angle over the indicated range-of-motion. The labelled p-value indicates the probability that random 

curves of identical smoothness would exceed the critical threshold.   

The scapula was more internally rotated and upwardly rotated in the pull-down task than the press-

up task (Figure 5-5). Although there were only two small suprathreshold clusters detecting 

significant differences in ST internal rotation (between 52Á-65Á and 78Á-81Á HT abduction), the 

SPM t-statistic tended towards significance across the whole range-of-motion. The scapula was 

approximately 4Á more internally rotated in the pull-down task. Participants had significantly more 

ST upward rotation in the pull-down from 45Á-111Á HT abduction, where the scapula was 

approximately 5Á more upwardly rotated. The magnitude of this task-specific response varied 

across individuals (Figure 5-6). There were no significant differences in ST anterior tilt between 

tasks.  



 

101 

 

 

Figure 5-5: Comparison of scapulothoracic (ST) joint angles between the press-up and pull-down tasks, as a function 

of humerothoracic abduction. Top row: ST joint angles coloured by task, where dark lines represent the mean and 

shaded region represents one standard deviation. Bottom row: Comparison of joint angles with paired t-tests and 

statistical parametric mapping. The dotted blue line represents the critical threshold t-statistic for a 5% level of 

significance. A positive t-statistic indicates the joint angle for the pull-down exceeded the joint angle for the press-up. 

The shaded blue regions represent suprathreshold clusters where the pull-down joint angle differs significantly from 

the press-up joint angle over the indicated range-of-motion. The labelled p-value indicates the probability that random 

curves of identical smoothness would exceed the critical threshold.   

 

Figure 5-6: Visualization of differences in scapula pose between the press-up task (purple) and pull-down task (green) 

at 90° of humerothoracic abduction. Top row: Participants with the lowest (0.7°), middle (7.0°), and highest (17.9°) 

difference in upward rotation at 90° abduction. Bottom row: Participants with the lowest (0.4°), middle (5.2°), and 

highest (12.1°) difference in internal rotation at 90° abduction. Note that the participants in the top and bottom row 

may differ. 
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5.4 Discussion 

In this study, we combined biplanar videoradiography and optical motion capture with a 

controllable cable machine to compare humerothoracic (HT), glenohumeral (GH), and 

scapulothoracic (ST) kinematics during a pull-down task (involving concentric shoulder 

adduction) and a press-up task (involving concentric shoulder abduction) in young, healthy adults. 

A main finding of our study is that the scapula was more upwardly rotated during concentric 

adduction than during concentric abduction across almost the entire range of HT abduction (Figure 

5-5). The greater scapula upward rotation was complemented by less GH abduction. This finding 

indicates that scapular upward rotation is not simply a geometric function of overall HT elevation, 

but instead appears to accommodate the load experienced by the shoulder. This is consistent with 

previous findings that scapular upward rotation differs between passive and active abduction 

(McQuade and Smidt, 1998), varies with increasing abduction load (Forte et al., 2009; Kon et al., 

2008; McQuade and Smidt, 1998), and differs between concentric and eccentric abduction 

(Borstad and Ludewig, 2002; Braman et al., 2009). 

The greater scapular upward rotation observed during adduction (and conversely, less upward 

rotation during abduction) may support a load-specific mechanism where healthy scapula motion 

facilitates joint stability by orienting the glenoid normal to be more aligned with the prime mover 

line-of-action (Figure 5-7). While we did not measure muscle activity, previous electromyography 

studies suggest that our concentric adduction pull-down task likely engaged the latissimus dorsi, 

teres major, and pectoralis major (Signorile et al., 2002; Sperandei et al., 2009). The latissimus 

dorsi, teres major, and inferior portion of the pectoralis major tend to generate inferior shear forces 

on the humerus relative to the glenoid (Ackland and Pandy, 2009; Mulla et al., 2020). Increased 

scapular upward rotation orients the glenoid more superiorly, which presumably decreases the 
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active musclesô destabilizing action by shifting their lines-of-action more compressively and less 

inferiorly relative to the glenoid (Figure 5-7). Conversely, our concentric abduction press-up task 

likely engaged the deltoid, which tends to generate a superior shear force on the humeral head 

(Ackland and Pandy, 2009; Mulla et al., 2020). Comparatively less upward rotation orients the 

glenoid more inferiorly, presumably decreasing the deltoidôs destabilizing action. However, 

electromyography coupled with musculoskeletal modeling are required to rigorously test this 

hypothesis.  

 

Figure 5-7: Theoretical diagram visualizing how task-specific scapula kinematics may orient the prime mover lines-

of-action to act more compressively. (A) In concentric abduction, comparatively less upward rotation (purple scapula) 

orients the glenoid normal more inferiorly (purple vector). The theoretical deltoid/abductor line-of-action (black) 

therefore acts more compressively and less superiorly relative to the glenoid. (B) In concentric adduction, 

comparatively more upward rotation (green scapula) orients the glenoid normal more superiorly (green vector). The 

theoretical adductor line-of-action (black), therefore acts more compressively and less inferiorly relative to the 

glenoid. 

A caveat of our kinematic comparison is that the two tasks did not yield identical HT kinematics 

(Figure 5-3). Individuals tended towards more anterior HT plane of elevation and more HT external 

rotation in the pull-down compared to the press-up. Therefore, some of the observed differences 

in scapular kinematics may be due to the geometric coupling of the GH and ST joints required to 

achieve different HT poses. In particular, the more anterior HT plane of elevation may explain the 

greater extent of ST internal rotation observed in the pull-down task. This explanation is supported 
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by Ludewig et al. (2009) who found that shifting the HT plane of elevation anteriorly also increased 

ST internal rotation. We also found that the participants who differed most in ST internal rotation 

also differed most in HT plane of elevation between the pull-down and press-up, further supporting 

this explanation (Figure 5-6). Importantly, the task-specific differences in HT plane of elevation 

likely do not explain the differences in ST upward rotation, as ST upward rotation does not appear 

to be sensitive to plane of elevation (Ludewig et al., 2009). We may have also expected the greater 

HT external rotation at high abduction levels to lead to less ST anterior tilt during the pull-down 

task, but there was no difference in anterior tilt. Further, while more ST upward rotation in the 

pull-down could indicate the ST articulationôs contribution to greater HT external rotation (Aliaj 

et al., 2022), HT external rotation was only greater at higher abduction levels and likely does not 

explain the ST upward rotation below 100Á abduction. Therefore, it appears that the difference in 

HT external rotation is attributable to more GH external rotation at high abduction levels in the 

pull-down (Figure 5-4).  

We observed substantial inter-individual variability in scapular kinematics within a task, and in 

how individuals responded to the different tasks. For example, within the abduction (press-up) 

task, the ranges in ST internal rotation and ST anterior tilt across participants were approximately 

30Á and 20Á, respectively. Some of this inter-individual variability may be due to our thorax 

coordinate system defined by skin-mounted markers. The thorax pose, which served as the 

reference for scapular kinematics, may have been affected by the differences in soft tissue and 

clothing (i.e., sports bra or no sport bra) across participants. However, since any offset in the thorax 

coordinate system from soft tissue would be consistent within a subject, it is unable to explain the 

extent to which individuals varied in their response to the different tasks (Figure 5-6). Previous 

computational work indicates that the kinematics enabling glenohumeral stabilizing potential may 
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differ based on scapula shape (Chapter 4), and scapulothoracic kinematics during planar shoulder 

abduction vary with age and muscle characteristics in healthy individuals (Borstad and Ludewig, 

2005; Kolz et al., 2021). Future work may shed light on the participant-specific factors that 

influence an individualôs unique scapular kinematics during abduction and adduction, such as bone 

shape, muscle morphology, and occupational and athletic histories.  

Our measured shoulder kinematics are relatively consistent with other biplanar videoradiography 

studies of shoulder abduction. The magnitudes of ST internal rotation, upward rotation, and 

anterior tilt measured for our press-up task were consistent with those reported for scapular plane 

abduction (Kolz et al., 2021; Ludewig et al., 2009), while the magnitude of GH external rotation 

and GH plane of elevation were more consistent with frontal-plane abduction than scapular plane 

abduction (Ludewig et al., 2009). However, we found that the way in which ST and GH kinematics 

varied across HT abduction was distinct from previous measures of planar abduction. This was 

expected, since our press-up and pull-down kinematics represent functional tasks with motion 

distributed across the shoulder and elbow, where shoulder poses do not replicate those achieved 

during straight-arm planar abduction.  

Our study provides novel insight into the scapulothoracic and glenohumeral kinematics 

characterizing concentric adduction and helps to provide a more well-rounded understanding of 

healthy scapular kinematics. Current baseline values and hypotheses for healthy scapula motion 

are based on observations of scapula motion during concentric and eccentric shoulder abduction. 

While previous work has investigated how scapula motion varies with abduction movement speed 

(Prinold et al., 2013; Sugamoto et al., 2002), load (Kon et al., 2008; McQuade and Smidt, 1998), 

plane of arm elevation (Ludewig et al., 2009), and fatigue (Tsai et al., 2003), our study contributes 



 

106 

 

highly-accurate measurements of scapular kinematics during a concentric adduction task with a 

distinct loading profile. Our findings can help inform musculoskeletal models that simulate 

scapulothoracic kinematics (Dickerson et al., 2007; Seth et al., 2016), particularly when they are 

used to model activities involving concentric shoulder adduction such as vertical climbing and arm 

suspension (MacLean and Dickerson, 2020; van Beesel et al., 2022).  

Our study had several limitations. First, our observations of load-specific scapular kinematics in 

young, healthy adults may not be generalizable to a healthy older population (Kolz et al., 2021). 

We chose to study young adults because they are at low risk for asymptomatic rotator cuff tears 

(Minagawa et al., 2013). However, healthy older adults screened for tears with imaging (i.e. MRI 

or ultrasound) may serve as a better baseline for healthy shoulder kinematics since rotator cuff tear 

prevalence increased substantially over 50 years of age (Minagawa et al., 2013). Second, the 

participants may have consciously changed their scapular kinematics based on our instructional 

cues. Particularly during shoulder adduction, we observed extreme shoulder shrugging at the onset 

of motion during pilot work. We therefore chose to tell participants to avoid shrugging their 

shoulders to achieve higher abduction levels during the onset of the pull-down and end of the 

press-up, but this cue may have caused participants to deviate from their natural movement. This 

effect may have been partially alleviated when we allowed participants to get into a natural rhythm 

of the motion prior to recording. Third, we did not measure kinematics of the clavicle; therefore, 

we cannot determine the contributions of the acromioclavicular and sternoclavicular joints to 

overall scapulothoracic motion. This limited our ability to infer the muscular and ligamentous 

forces driving the observed scapular kinematics. Fourth, we tracked the thorax with optical motion 

capture, which introduces error from soft tissue artifact. An alternative protocol involves tracking 

a rib with biplanar videoradiography; however, this method has its own challenges related to 
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finding a radiographic technique that achieves good visualization of the ribs, humerus, and scapula 

(Lawrence et al., 2021). Finally, our small sample size limited the statistical power of our study.  

In conclusion, our study provides highly accurate measurement of shoulder kinematics during a 

function pull-down and pull-up. We observed more scapula upward rotation during the pull-down 

task, suggesting that healthy scapular kinematics reflect the loading profile imposed on the 

shoulder. Future work involving electromyography analysis and musculoskeletal modeling can 

shed further light on the mechanical demands that characterize healthy scapular kinematics.  
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Chapter 6 

Discussion 

6.1 Summary of Contributions 

The shape of the bones in the shoulder varies widely across primate species, reflecting diverse 

behaviours ranging from quadrupedal locomotion to below-branch arm swinging. Within humans, 

this diversity in shape persists on a smaller yet impactful scale, where morphological variation 

appears to contribute to the propensity of soft tissue injury. While these observations have led to 

assumptions of how morphology maps to function, the biomechanical pathways through which 

specific shape features affect shoulder mechanics remain largely untested in both evolutionary and 

clinical contexts. In this thesis, I aimed to address these gaps by characterizing the relationship 

between morphology and function in the shoulder.  

I first explored this shape-function relationship on an evolutionary scale by developing a 

quantitative method to map morphology to range-of-motion across primates (Chapter 2). I 

developed a novel proximity-based model of the glenohumeral joint and applied it in a broad 

comparisons framework to capture large-scale differences in function across a wide range of 

primate taxa. I found that all non-human apes possessed shape features that enabled high abduction 

levels but not necessarily high mobility, while the human shoulder possessed high mobility centred 

at lower abduction levels. I also observed high intraspecific variability in glenohumeral range-of-

motion within humans, reflecting our highly variable shoulder morphology.  

I then examined two potential factors underlying morphological variability in modern human 

scapulae: biological sex and body size (Chapter 3). I found that males and females exhibited 

significantly different scapula shapes, and this sexual dimorphism could not be attributed to 
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inherent differences in body size. These findings highlighted the potential role of sexual selection 

in human evolution. This work also had clinical implications, as the mean female shape appeared 

qualitatively similar to injury-associated scapula shapes. The biomechanical consequences of these 

injury-associated shape features, however, remain largely untested.  

Next, I investigated the effect of injury-associated scapula shapes on the stabilizing potential of 

the supraspinatus (Chapter 4). We found that relative to asymptomatic controls, individuals with 

supraspinatus tears possessed 3D scapula features that inhibited the stabilizing potential of the 

supraspinatus. However, kinematic perturbations partially modulated the shape-driven differences 

in function, indicating that healthy individuals may adapt their shoulder kinematics according to 

their unique anatomy. Prior to interpreting the consequences of individual variation in kinematics, 

however, we require a better fundamental understanding of the mechanics underlying healthy 

scapula kinematics.  

In my final study (Chapter 5), I coupled biplanar videoradiography with a controllable cable 

machine to compare the scapular kinematics of healthy adults between two dynamic tasks 

involving similar shoulder postures but opposite loading profiles: concentric adduction and 

concentric abduction. I found that the scapula was more upwardly rotated in adduction and less 

upwardly rotated in abduction, which theoretically reduces the destabilizing forces of the prime 

mover muscles active during each task. Therefore, the scapula may enable glenohumeral stability 

by moving in a load-specific manner.  

In addition to the scientific contributions of my work, this thesis has important technical 

contributions that I have made (or intend to make) publicly accessible to other researchers. In 

Chapter 2, I developed a proximity-based model and invented new range-of-motion metrics that 



 

110 

 

can be applied to study range-of-motion in other joints and/or in species from other phylogenetic 

lineages. The data and code required to use the model are accessible on a public repository (Lee et 

al., 2023b). In Chapter 3, I used new statistical approaches for comparing size- and sex-based 

variation in shape. The landmark data and scripts required to replicate these approaches are 

accessible on a public repository (Lee et al., 2024b). In Chapter 4, I developed a morphable model 

of the glenohumeral joint and supraspinatus. Upon publication of Chapter 4, I will publish the 

model and the code required to replicate its construction so biomechanists studying the shoulder 

and other joints can use and/or adapt our methods to explore their own research questions. In 

Chapter 5, I collected highly accurate kinematics of the scapula and humerus during loaded pull-

down and press-up tasks with biplanar videoradiography. Upon publication of Chapter 5, I will 

publish the bone shape data and kinematic data for each task.  

6.2 Significance  

Understanding present-day shape variation in an evolutionary context 

This work highlights how investigating form-function relationships in an evolutionary context can 

help us understand the sources and functional implications of modern-day shape variation. In 

Chapter 2, I found that the humanôs glenohumeral joint is uniquely mobile and adapted for low 

abduction levels relative to other great apes. This finding suggests that humans may have evolved 

under selective pressures to perform tasks requiring high mobility at low abduction levels, such as 

knapping, tool use, and throwing (Roach et al., 2013). It also supports the notion that, relative to 

other apes, the human shoulder is not well adapted for overhead activity, and that this is reflected 

in the high prevalence of modern-day shoulder pain (Lewis et al., 2001). The humansô uniquely 

high glenohumeral mobility may also have clinical implications. While human glenohumeral 
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morphology enables greater bony mobility, it may place a higher demand on soft tissue to maintain 

joint stability and increase the risk of repetitive strain injury in the rotator cuff tendons. 

Additionally, I found that the supraspinous fossa was smaller in humans than in other apes, a 

feature that was previously proposed to contribute to overuse injury in the supraspinous tendon 

(Lewis et al., 2001). Interestingly, I found that a narrow supraspinous fossa was predictive of 

supraspinatus tears in modern humans and reduced the breadth of the supraspinatusô line-of-action 

during abduction (Chapter 4), showing how functionally relevant interspecific shape differences 

can also impact function on an intraspecific level. Overall, these findings exemplify how framing 

our shoulder anatomy in its evolutionary context can provide insight into how our anatomy 

contributes to function and dysfunction in our modern environment.  

Conversely, studying our modern-day shape variation can also shed light on our evolutionary past. 

In Chapter 3, I found that sexual dimorphism in scapula shape was not attributable to differences 

in size. This finding, coupled with the relatively greater upper body mass in males (Abe et al., 

2003; Fuller et al., 1992), highlights the potential role of sexual selection in the evolution of the 

human shoulder. Future work investigating how sex-specific scapula shapes alter shoulder 

mechanics may contribute to our understanding of the activities that led to this upper body 

specialization in males, and help determine whether sex differences contribute to mechanisms that 

increase the risk of rotator cuff tears.  

Implications for clinical practice  

The findings from this thesis can eventually inform the development of innovative treatments, such 

as patient-specific surgical strategies. Incorporating bone shape into a patientôs treatment plan is 

plausible given that CT scans are often acquired in preoperative planning for surgeries such as total 
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shoulder arthroplasty (Burrus et al., 2022). In Chapter 3, we found that an anteverted glenoid 

shifted the supraspinatusô line-of-action anteriorly, which may place a higher demand on the 

posterior fibres to maintain glenohumeral stability. If a patient undergoing tendon reattachment for 

supraspinatus tears possesses an anteverted glenoid, they may benefit from reattaching the tendon 

to a location that shifts the supraspinatus line-of-action posteriorly relative to its pre-tear 

configuration. These findings could also be considered in the orientation of glenoid implants for 

anatomical shoulder arthroplasty, as the amount of glenoid version could alter the patientôs future 

susceptibility to rotator cuff tears. However, extensive validation would be required to understand 

the potential implications of these strategies before considering their implementation. 

In addition to informing participant-specific treatment, this work sheds light on the general 

etiology of rotator cuff tears and can inform broad approaches for preventing and treating injury. 

This is important because acquiring 3D bone shape may not be practical in all clinical settings 

where shoulder pain is treated (e.g., physiotherapy or rural healthcare). At-risk scapula shapes may 

amplify the underlying mechanisms of rotator cuff tears that affect all individuals.  Thus, analyzing 

the shape-driven changes in function can help uncover the mechanisms that could be beneficial to 

target in any patient. For example, subacromial impingement has historically been targeted in the 

treatment of rotator cuff tears. However, the extent to which subacromial impingement contributes 

to pathology is unclear (Lawrence et al., 2020), and the outcomes of surgeries designed to reduce 

the risk of impingement are inconsistent (Chin et al., 2007; Ketola et al., 2013). This thesis 

complements previous studies indicating that tear-associated geometry increases the demand in 

the rotator cuff tendons to provide glenohumeral stability (Oswald et al., 2024; Viehºfer et al., 

2015). Further, Chapter 5 shows that in healthy shoulders, the scapula may be moving in a load-

specific manner to promote glenohumeral stability. Future work along this avenue can help inform 
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rehabilitation strategies, such as movement pattern retraining, that aim to reduce the load in the 

rotator cuff needed to maintain joint stability.  

6.3 Future Work 

Investigating shape and function through participant-specific and deterministic models 

In this thesis, I explored shape-function relationships through both participant-specific and 

deterministic models. In Chapter 2, I simulated glenohumeral range-of-motion directly on the 

individualsô real bones to determine the range-of-motion enabled by an individualôs unique 

arrangement of shape features. In Chapter 4, I generated theoretical shapes to isolate 

biomechanical effect of the scapula shape features most relevant to injury. Since each of these 

approaches has advantages and limitations, an ideal approach would incorporate both. Chapter 3 

highlights that despite significant group differences in shape, a personôs individual morphology 

varies substantially from their model-predicted morphology. Do differences in function caused by 

the tear-associated shape axis persist in individuals across groups (as expected by the deterministic 

model), or does their unique anatomy ñwash outò the group effect? Future work can address this 

question by simultaneously examining how isolated changes in shape affect function (to best 

understand shape-driven mechanisms) and testing whether these differences in function persist at 

an individual level. Future work in this domain could also incorporate joint-level statistical shape 

models (as in Chapter 1) to examine the effects of tear-relevant features in the humerus and 

clavicle. 

When investigating shape and function at the participant-specific level, it would also be insightful 

to understand shape in the context of other factors that dictate an individualôs susceptibility to 

rotator cuff tears. We previously found that there are many individuals with tear-associated shapes 
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and healthy tendons, and others with torn tendons but shapes consistent with healthy controls (E. 

C. S. Lee et al., 2020). In Chapter 4, we found that kinematic adjustments could be one strategy 

that protects individuals with at-risk anatomy from developing cuff tears; however, many other 

personal factors could interact with shape to amplify or attenuate the risk of tendon tears. For 

instance, Lawrence et al. found that individuals with a high acromial index (indicating more lateral 

overhang) were highly likely to develop rotator cuff tears, but individuals without a low acromial 

index were still likely to develop tears if they had high occupational shoulder exposure (Lawrence 

et al., 2024). While deterministic models can help us understand how shape theoretically alters 

biomechanics, investigations that consider shape as one factor in an individualôs holistic 

experience can help inform effective patient-specific strategies.  

Shape and in vivo shoulder kinematics  

Computational modelling revealed that kinematic perturbations can partially modulate shape-

driven change in supraspinatus function (Chapter 4), and dynamic x-ray imaging showed that 

healthy individuals appear to adapt their scapula motion to the direction of loading (Chapter 5). A 

logical next step is to investigate whether healthy individuals move in a way that is specific to their 

unique anatomy to enable healthy shoulder function. The morphable model in Chapter 4 can be 

expanded to include the remaining rotator cuff muscles and prime abductor and adductor muscles. 

Then, the model can be applied in a participant-specific approach ï using each participantôs 

measured kinematics and bone shapes ï to test whether individuals enable glenohumeral stability 

by adopting kinematics unique to their specific morphology. For example, do individuals with 

anteverted glenoids exhibit relatively greater scapular external rotation to orient the rotator cuff 

muscles more compressively? Future experimental work could also incorporate electromyography 
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to identify the active muscles during high-demand tasks like the press-up and pull-down, and 

inverse dynamics to quantify the moment at the glenohumeral joint.  This information can provide 

better understanding of the extent to which the rotator cuff muscles stabilize the joint through co-

contraction or direction-specific activity, which would help provide important context to the shape-

driven differences in rotator cuff lines-of-action.  

Shape and other aspects of shoulder function  

Here, I examined how shape alters shoulder function by its effect on range-of-motion (Chapter 2) 

and on muscle geometry (Chapter 4). Investigating these relationships was a logical first step, since 

shape directly influences osteological range-of-motion and muscle lines-of-action. However, 

future research incorporating additional measures of function such as strength, power, and 

dexterity can examine how shoulder bone shape alters broader aspects of shoulder function. For 

example, I observed variation in the size of the muscle attachment sites across species in Chapter 

2 and within humans in Chapter 3 (varying by sex) and Chapter 4 (varying by injury state). This 

variation in fossa size could alter the physiological cross-sectional area of the attached muscles 

and partially dictate their strength and power capacity. Investigating the shape-driven changes to 

muscle strength and power would complement previous work on the shape-driven changes to 

muscle geometry (Chapter 4; Lee et al., 2020; Viehºfer et al., 2015) to understand how bone shape 

alters overall joint strength and power. However, the relationship between fossa size and muscle 

size is not necessarily predictable in primate scapulae (Larson, 2015). Therefore, future research 

that carefully considers the effect of bone shape within the context of other factors that influence 

muscle size can elucidate how bone shape variation contributes to variation in muscle function.   
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In this work, I observed shape variation in the articular surfaces of the glenohumeral joint that 

could have implications for joint stability. I found that the average female scapula and the tear-

associated scapula possess shorter and narrower glenoids and previous research found that the 

female glenoid possessed shallower (less concave) curvature (Zdilla and Guzm§n-L·pez, 2023). 

Intuitively, a smaller and less curved glenoid would reduce the stable arc within which the net 

force on the humerus would be considered ñbalancedò on the glenoid (Figure 1-5), therefore 

decreasing the jointôs ability to withstand shear translational forces. Future research implementing 

physical or computational simulations can elucidate whether morphological changes to the glenoid 

yield these theoretical changes in joint stability.  

Shape as a cause or consequence of functional variation 

A question that frequently arose throughout this work pertains to the temporal relationship between 

shape and function: Is shape variation a cause or consequence of functional variation? In the 

context of rotator cuff tears (Chapter 4), we assumed that an individualôs scapula shape altered 

their pre-tear biomechanics and contributed to their injury. In contrast to the local, degenerative 

bone changes that occur with osteoarthritis such as joint surface flattening or osteophytes (Martel-

Pelletier et al., 2016), we identified tear-associated features spanning the entire 3D bone structure. 

It is therefore unlikely that supraspinatus tears presenting late in adulthood would cause such 

global changes to the bone structure. However, it is possible that an individualôs pre-tear scapula 

shape is influenced by their soft tissue properties or muscle activation patterns that they develop 

in childhood and over their lifetime. In other words, we may be seeing tear-associated shapes as a 

consequence of an alternative mechanism that increases injury risk. For example, is glenoid 

version a side effect of anterior-posterior muscle imbalance that changes the bone shape over 
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years? There is evidence that boneôs shape is plastic and can adapt to its loading environment. 

Throwing athletes have remarkably less humeral torsion in their dominant arm than in their non-

dominant arm (Whiteley et al., 2009), a study in rats found that removing rotator cuff muscles at 

birth altered attachment site geometry (Wolffson, 1950), and orangutans raised in captivity have 

significantly different morphology from those who developed in the wild (Sarmiento, 1985). This 

potential plasticity is also relevant in understanding form-function relationships in an evolutionary 

context ï for example, in reconstructing the behaviour of fossil taxa. Does a fossil specimenôs 

shoulder anatomy reflect their locomotor behaviours throughout their lifetime, or is it strongly pre-

determined by their genetics? Future work can investigate the temporal nature of the shape-

function relationship by examining how scapular morphology relates to muscle activation patterns, 

soft tissue properties like muscle length and laxity, and occupational and athletic histories across 

individuals with healthy and pathological shoulders.  

6.4 Conclusion 

In this thesis, I sought to map the relationship between morphology and function in the shoulder 

through both evolutionary and clinical lenses. I used a combination of computational modelling 

and experimental imaging to characterize how bony morphology maps to glenohumeral range-of-

motion, to explore how morphology varies across the modern population, to examine how 

morphology interacts with kinematics to modulate glenohumeral stability, and to measure how 

healthy individuals adapt their scapula kinematics to accommodate different loading profiles. 

Overall, this work contributes to our fundamental understanding of shoulder mechanics and 

highlights the need and potential for future research to further characterize the mechanical function 

of the highly complex shoulder.    
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Appendix A 

Supplementary Material for Chapter 2 

The following materials are supplementary to Chapter 2: A comparative approach for 

characterizing the relationship among morphology, range-of-motion and locomotor behaviour in 

the primate shoulder. These materials are also published and available online as a collection with 

the Royal Society (Lee et al., 2023c).  

A.1 Description of Additional Materials 

The following additional materials are available online: 

¶ Movie S1: Range-of-motion simulation for Australopithecus sediba at 85Á of external 

rotation. The green dots represent feasible poses, visualized on the joint sphere by latitude 

(abduction angle) and longitude (plane of elevation angle). This video can be accessed at 

10.6084/m9.figshare.24147870.v1 (Lee et al., 2023d). 

¶ Dataset. Data and scripts to recreate plots in manuscript are published on the Queenôs 

University Dataverse (https://doi.org/10.5683/SP3/S89LWQ). A description of the data and 

scripts is provided in the folder. In summary, we provide the list of feasible 3D poses and 

morphometric data are provided for each subject, as well as MATLAB and R code to run 

the proximity-driven model, calculate ROM metrics, and plot the data presented in the 

manuscript 
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A.2 Subject and Mesh Information 

A.2.1 Subject Information 

The non-human primate scapula and humerus meshes were primarily acquired from open access 

sources. For specimens acquired from the Kyoto University Primate Research Instituteôs (KUPRI) 

Digital Morphology Museum, data were downloaded as DICOM images of CT scans (Table A-1). 

The scans were then segmented in Mimics (Materialise, Leuven, Belgium). All other primate 

meshes were accessed or shared as STL files. The Subject ID column corresponds to the subjectôs 

name in the supplementary dataset. 
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Table A-1: Scapula and humerus mesh information for specimens included in this study. All participants from each 

human sample are summarized in a single row. 

Species Locomotor 

classification 

Subject ID 

(in data) 

Sex (if 

known) 

Source Original 

File type 

Slice thickness / 

slice interval / 

resolution (mm) 

Ateles sp. Brachiator Ateles M KUPRI CT 

(DICOM) 

0.5 / 0.3 / 0.3 

Cebus sp. Arboreal 

Quadruped 

Cebus M KUPRI CT  1 / 0.5 / 0.672 

Mandrillus 

sphinx 

Terrestrial 

Quadruped 

Mandrill - Nathan M. Young STL N/A 

Macaca fuscata Terrestrial  

Quadrupedal 

Macaca - KUPRI CT  1 / 0.5 / 0.398 

Pygathrix sp. Suspensory Langur - Nathan M. Young STL   N/A 

Autralopithecus 

sediba 

- Sediba - (Churchill et al., 

2013) 

STL N/A 

Gorilla gorilla Knuckle-

walker 

Gorilla M KUPRI CT 

DICOM 

2 / 0.5 / 0.714 

Gorilla gorilla Knuckle-

walker 

Gorilla2 M KUPRI CT 

DICOM 

2 / 1.6 / 0.716 

Homo sapiens 

(n=20) 

Biped O_001 to 

U_010  

10 M, 

10 F 

(Kolz CW, 2020) STL N/A 

Homo sapiens 

(n=2) 

Biped RCC25, 

RCR17  

2 F 

 

(E. C. S. Lee et al., 

2020) 

STL N/A 

Hylobates lar Brachiator Gibbon - KUPRI CT 

DICOM 

2.0 / 0.5 / 0.684 

Hylobates lar Brachiator Gibbon2 M KUPRI CT 

DICOM 

1 / 0.5 / 0.382 

(scapula) 

1 / 0.8 / 0.625 

(humerus) 

Pan troglodytes Knuckle-

walker 

Chimp - KUPRI CT 

DICOM 

0.5 / 0.2 / 0.2 

Pan troglodytes 

verus 

Knuckle-

walker 

Chimp2 F KUPRI CT 

DICOM 

1 / 1 / 0.361 

Pan troglodytes 

verus 

Knuckle-

walker 

Chimp3 F KUPRI CT 

DICOM 

1 / 0.5  / 0.675 

Pongo pygmaeus Suspensory Pongo F KUPRI CT 

DICOM 

1 / 0.5  / 0.624 

Symphalangus 

syndactylus 

Brachiator Siamang M KUPRI CT 

DICOM 

1 / 1 /  0.625 

Nycticebus sp. Slow-climber Nycticebus - KUPRI CT 

DICOM 

0.5 / 0.3 / 0.309 

Peroditicus potto Slow-climber Potto - KUPRI CT 

DICOM 

0.5 / 0.5 / 0.351 

Canis familiaris Quadrupedal Dog - MorphoSource Mesh  N/A 

 

Christopher Walker provided access to the dog scapula and humerus. The files were downloaded 

from www.MorphoSource.org, Duke University (Media IDs: 000025767 and 000025741). 
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We acquired the human bone meshes from two sources. Meshes for two individuals (RCR17 and 

RCC25) were taken from a larger study including 51 scapulae (E. C. S. Lee et al., 2020). We 

selected RCR17 and RCC25 because they represented the highest and lowest cranial angle (i.e., 

inclination of glenoid relative to medial border), respectively. The remaining 20 human shoulder 

meshes (named O_001 to O_020 for participants over 45 years old and U_001 and U_020 for 

participants under 35 years old) were acquired from an open-access data base (Kolz CW, 2020). 

A.2.2 Mesh Smoothing 

Since the joint spacing measurement would be sensitive to noise or jagged edges at the articular 

surfaces, we needed to apply adequate smoothing such that the joint spacing measurement was not 

affected by noise (i.e. unrealistic jagged edges). Further, since the joint spacing is calculated as the 

mean distance between glenoid vertices and humeral head surface, we needed to ensure that the 

articular surfaces (especially the glenoid) had uniformly spaced vertices.  

Our smoothing protocol involved hole-filling, removing jagged edges, and smoothing/remeshing 

methods such that all scapula and humerii consisted of approximately the same number of 

triangles, and that triangles were uniformly size. We assessed whether the smoothing was adequate 

or excessive by visually comparing the original and smoothed meshes in Geomagic Wrap. We paid 

close attention to ensure that the general shape of the mesh was not affected, particularly in areas 

of high curvature (e.g., the rim of the glenoid, the coracoid, the bicipital groove, the acromion). 

Notably, with rare exceptions where the smoothing process was adjusted to prevent excessive 

smoothing, the same steps were applied to all meshes. 
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A.3 Coordinate System Definitions 

The scapula and humerus anatomical coordinate systems (ACS) were computed from manually 

identified regions and landmarks. Given the large variation in humerus and scapula morphology 

across species, we defined the ACSôs such that they would be consistent across species.  

The humerus ACS was defined according to the proximal humerus (Figure A-1). While the ISB 

recommendation is to define a medial-lateral axis from medial and lateral epicondyles (Wu et al., 

2005), the computed tomography scans for most subjects did not include the distal humerus. To be 

consistent across all subjects, the humerus ACS was built from the proximal shaft and humeral 

head as they were present in all scans. We defined the humerus ACS as follows: 

¶ Origin: The centre of a sphere fit to the articular surface of the humeral head (HC). 

¶ YH: The line oriented from the centroid of an inferior cross-section of the humeral shaft 

(IS) to the centroid of a superior cross-section of the humeral shaft (SS).  

¶ XH: A line perpendicular to YH and a line oriented from HC to the most convex aspect of 

the lesser tubercle located close to the bicipital groove (LT), oriented laterally. 

¶ ZH: A line perpendicular to XH and YH, oriented posteriorly.  

We defined the scapula ACS such that the superior-inferior axis was aligned with the medial border 

(Figure A-1), since the medial border lies parallel to the vertebral column in humans (Sobush et 

al., 1996) and spider monkeys (Jenkins et al., 1978). Alternative coordinate systems that assume a 

medial-lateral axis along the scapular spine (Wu et al., 2005) do not capture the orientation of the 

glenoid and scapular spine relative to the vertebral column. We defined the scapula ACS as 

follows: 

¶ Origin: The superior-medial point on the glenoid (SG). 
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¶ YS: The line-of-best-fit to points evenly spaced along the medial border. The medial border 

points (MB) were manually selected and spanned from the inferior angle to superior angle 

(MB). If necessary, the line-of-best fit was corrected to be oriented superiorly.  

¶ ZS: A line perpendicular to YS and a line oriented from the inferior angle (IA) to the 

superior-medial point on the glenoid (SG), directed posteriorly. 

¶ XS: A line perpendicular to YS and ZS, oriented laterally.  

 

Figure A-1: (A) Humerus and scapula anatomical coordinate systems, visualized for a chimpanzee joint. (B) 

Landmarks and regions used to build the humerus ACS. HC: centre of a sphere fit to the humeral head. LT: the most 

convex aspect of the lesser tubercle located close to the bicipital groove. SS: The centroid of a superior cross section 

of the humeral shaft. IS: The centroid of an inferior cross section of the humeral shaft. (C) Landmarks used to build 

the scapular ACS. SG: the most superior-medial point on the glenoid. IA: the inferior angle. MB: points along the 

medial border. 
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A.4 Joint Proximity Estimation  

We used a representative sample to establish a scaling law where joint proximity is proportional 

to humeral head radius. This sample consisted of 15 primates (spanning all species and including 

only those with anatomical CT scans), 1 data point representing the human mean from a previous 

study (E. C. S. Lee et al., 2020), and 1 Sebaôs short-tailed bat (Carollia perspicillata) provided by 

Sharon Swartz (Brown University). The bat was included to establish a more generalizable scaling 

law that spanned non-primate, non-quadrupedal mammals.  

In this study, we used target joint proximity values as predicted from the scaling law based on all 

17 subjects. Recognizing that the bat may alter the estimates used for this primate analysis, we 

performed an additional primate-only linear regression model that excluded the bat (Figure A-2). 

The bat-inclusive and primate-only regression models had a small effect on the fitted joint 

proximity values, indicating that either model would yield similar results.  

 

Figure A-2: Comparison of linear regression models for joint proximity vs. humeral head radius. The black line 

indicates the regression including the bat (n=17), whereas the blue line indicates the regression on primates only 

(n=16).  

  



 

144 

 

A.5 Sensitivity Analyses  

We conducted sensitivity analyses to determine how ROM metrics were affected by target joint 

proximity, ROM proximity threshold, and alpha shape radius.  

A.5.1 Target Joint Proximity 

Since the model optimizes joint translations based on a prescribed target joint proximity, 

adjustments to this target joint proximity have the potential to alter the joint translations, and, in 

turn, the number of poses that are considered viable. We therefore conducted a sensitivity analysis 

to test the modelôs response to changes in the target joint proximity. 

Rather than varying the joint proximity by an arbitrary amount (e.g. +/- 5%), we instead sampled 

joint proximity values derived from three different scaling laws that could reasonably be chosen 

to estimate joint proximity (see A.4 Joint Proximity Estimation). 

1. HumRad: Estimated from radius of a sphere fit to the articular surface of the humeral head.  

2. SimonMass: Estimated from log-log scaling relationship between body mass and cartilage 

thickness (Simon, 1970). We assumed joint proximity to be double the estimated cartilage 

thickness. 

3. SimonArea: Estimated from log-log scaling relationship between area of articular cartilage 

under compression and cartilage thickness (Simon, 1970). Here, we approximated the area 

under compression as the area of the glenoid surface. We assumed joint proximity to be 

double the estimated cartilage thickness. 

Joint proximity estimates were computed for four subjects with body mass information: Gorilla, 

Chimp2, Orangutan, and Macaca (Figure A-3). We also included A. sediba by estimating body 

mass from an average of six body size estimates (33.0 kg) (Holliday et al., 2018).  
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Figure A-3: Three joint proximity estimates, as predicted from (A) humeral head radius, (B) body mass, and (C) area 

of cartilage under compression. Stars indicate the estimate for each subject, as predicted from the linear regression 

model.  

The three scaling laws yielded very different estimates of joint proximity (Table A-2). For example, 

the joint proximity estimate for Orangutan based on area under compression (SimonArea), was 

over 1.5 times the estimate used in the study (HumRad). However, each scaling law altered the 

joint proximity in the same direction for each species. The estimates from body mass and area 

under compression were relatively lower and higher than the estimates from humeral head radius, 

respectively. Contrary to the great apes, the Japanese macaque (Macaca) had a SimonMass estimate 

that deviated more from HumRad than its SimonArea estimate. 

 Table A-2: Joint proximity estimates for species included in the sensitivity analysis. 

Subject ID 

Estimate of Joint proximity [mm] and Percent Difference from ñHumRadò 

estimate 

HumRad  SimonMass SimonArea 

Gorilla 5.00 4.77 (-4.6%) 7.68 (+53.6%) 

Chimp2 3.37 2.84 (-15.7%) 4.63 (+37.4%) 

Orangutan 3.41 3.13 (-8.2%) 5.38 (+57.8%) 

Macaca 1.34 0.94 (-29.9%) 1.42 (+6.0%) 

Sediba 2.56 3.20 (+25%) 2.28 (-10.9%) 
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We computed ROM metrics (mobility, circumduction envelope, and functional centre) from all 

joint proximity estimates (Figure A-4). For all species, joint proximity estimated from body mass 

increased mobility and circumduction envelope, whereas joint proximity estimated from area 

under compression decreased mobility and circumduction envelope. Functional centre was less 

sensitive to joint proximity than mobility or circumduction envelope. Importantly, the relationships 

between species for each ROM metric were consistent, regardless of the scaling law used to 

estimate joint proximity. For example, the joint proximity estimated from area under compression 

(SimonArea) substantially increased mobility estimates, as could be expected from the large 

increase in estimated joint proximity (Table A-2). However, relative mobilities across species were 

maintained (e.g., Sediba > Orangutan > Gorilla > Chimp2 > Macaca).  

 

Figure A-4: ROM metrics for the five individuals included in the sensitivity analysis, as computed for joint proximity 

values estimated from three different scaling laws. For (A) mobility and (B) circumduction envelope, the grey bars 

indicate the values used in the study (equivalent to green stars, joint proximity estimated from humeral head radius) 

and the error bars display the maximum and minimum across the three estimates. For (C) functional centre, grey 

ellipses denote the 95% confidence interval based on the three estimates.  
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In this study, we interpret ROM metrics in a comparative framework, using relative mobilities and 

functional centres rather than exact values, to draw conclusions related to function. Based on this 

sensitivity analysis, we conclude that as long as a consistent scaling law is used to estimate joint 

proximity across individuals, the relative differences in ROM metrics can be associated with 

variation in skeletal morphology.  

We note that the macaqueôs ROM metrics were affected differently than those of the great apes, 

but in a manner consistent with its unique differences in joint proximity estimates (Table A-2). As 

a terrestrial quadruped, it is likely that its cartilage thickness does not obey the same scaling 

relationship as that of the great apes. Also, it possesses a non-spherical humeral head relative to 

great apes, which likely alters the efficacy of estimating cartilage thickness from humeral head 

radius. While its mobility and functional centre are still low compared to that of the apes, we 

recognize the error due cartilage thickness may be greater in terrestrial quadrupeds than it is in 

more arboreal species that exhibit relatively spherical humeral heads. 

A.5.2 ROM Proximity Threshold 

After all possible rotational positions are simulated, positions are deemed viable or unviable based 

on two criteria: 1) The bones do not interpenetrate at any point and 2) the average distance between 

the points on the glenoid and the humeral head does not exceed a 5% deviation from the target 

joint proximity. We termed this 5% deviation the proximity threshold. Unlike the joint proximity 

estimates, there were no previous guidelines for an appropriate threshold. We therefore tested how 

threshold values of 2%, 5%, and 8% altered the ROM metrics for the same five subjects examined 

in S5-1. We computed ROM from simulations where the target joint proximity was estimated from 

humeral head radius (see S5-1). 
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Mobility, circumduction envelope, and functional centre were largely unaffected by proximity 

threshold (Figure A-5). Our simulation optimizes the translation of the humerus such that the 

average distance between the glenoid and humeral head is as close as possible to the target joint 

proximity, while imposing a constraint that the scapula and humerus cannot interpenetrate. We 

found that in most cases, the simulation either succeeds in achieving the target joint proximity (not 

exceeding 1% deviation from the target proximity) or completely fails to find an acceptable pose 

(placing the humerus well outside of the vicinity of the glenoid and greatly exceeding 100% 

deviation in target proximity). Therefore, the number of viable positions was not substantially 

altered when the proximity threshold was varied from 2% to 8%.  

 

Figure A-5: ROM metrics for the five individuals included in the sensitivity analysis, as computed from three 

proximity threshold values. For (A) mobility and (B) circumduction envelope, the grey bars indicate the values used 

in the study (green stars, proximity threshold set to 5%) and the error bars display the maximum and minimum across 

the three thresholds. For (C) functional centre, grey ellipses denote the 95% confidence interval based on the three 

threshold values. 

A.5.3 Alpha Shape Radius 

Given a 3D set of points, the MATLAB function alphaShape generates a polygon that envelops 

those points, as if applying a ñshrink wrapò around the point cloud. The mobility metric used in 
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this study is the volume of the polygon that envelops the ROM poses in sine-corrected angle-angle-

angle space.  

The input parameter alpha radius determines how tightly the polygon wraps around the points. By 

default, the alpha radius is set to the smallest alpha radius that encloses all the points, deemed the 

critical radius. Previous studies reporting 3D ROM have used this critical radius to ensure that the 

calculated volume (i.e. mobility) of the polygon does not exclude any ROM poses (Manafzadeh 

and Gatesy, 2020). Relative to previous studies, the glenohumeral joints of primates are highly 

mobile, leading to 3D point clouds that sometimes include points at extreme positions (e.g. poses 

where the long-axis of the humerus is oriented medially) (Figure A-6). When the critical radius is 

used to include these isolated points, the polygon has ñphalangesò that inflate the estimated 

volume. We therefore sought to find a more appropriate alpha radius that would prevent the inflated 

volumes that are observed particularly in arboreal species.  

 

Figure A-6: An example of a ROM point cloud (from Gibbon2) containing outlier ROM poses. 
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For seven subjects spanning a wide range of mobilities, we systematically decreased the alpha 

radius from a value exceeding the critical radius to 2. We computed the volume (mobility) and 

number of points excluded from the polygon at each alpha radius (Figure A-7, Figure A-8). For all 

seven subjects, the volume decreased gradually below the critical radius then exhibited a sharp 

decrease when the alpha radius fell below a value of approximately 3 or 4. For subjects with 

ñphalangedò volumes at the critical radius, the gradual decrease in volume spanned a larger 

magnitude than for subjects with volumes not skewed by extreme points (e.g. Gibbon2ôs volume 

had a steeper descent than Nycticebusôs volume). We found that at an alpha radius of 5 generated 

polygons that preceded the sharp decrease in volume, but avoided the gradual - but substantial - 

inflation in volume that occurred when the polygon was forced to include extreme points.   

 

Figure A-7: Volume (top) and number of points outside of the alpha shape (bottom) as alpha radius is systematically 

decreased for Gibbon2. The alpha shapes corresponding to each radius are visualized along the horizonal axis. 
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Figure A-8: Volume (top) and number of points outside of the alpha shape (bottom) as alpha radius is systematically 

decreased for Nycticebus (slow loris). The alpha shapes corresponding to each radius are visualized along the 

horizonal axis. 
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A.6 Subject-specific ROM projections  

To succinctly compare ROM across individuals in this study, we reported only three ROM metrics. 

Further qualitative comparisons can be made when visualizing the 2D projections of ROM 

positions across locomotor and phylogenetic groups (Figure A-9 ï Figure A-10). In particular, the 

shape of the 2D projection of A. sediba is wide at 90ę abduction (e.g. the equator), spanning a large 

range of plane of elevation angles (e.g. longitude lines) and tapers as abduction level increases 

(Figure A-11). This shape closely resembles the 2D projections of humans, which also exhibit a 

wide ROM at the equator that tapers with abduction, but is distinct from the 2D projections of 

chimpanzees, whose ROM does not taper, but shifts anterior at increasing abduction levels. These 

qualitative comparisons further support a shift in A. sediba towards human-like glenohumeral 

function.  
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Figure A-9: Individual ROM projections for brachiators and suspensory species. Red 'X' indicates location of 

functional centre. 
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Figure A-10: Individual ROM projections for knuckle walkers and bipeds. Only the humans with minimum, median, 

and maximum mobilities are visualized. Red 'X' indicates location of functional centre.  
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Figure A-11: Individual ROM projections for A. sediba, slow climbers, and quadrupeds. Red 'X' indicates location of 

functional centre. 

 

 

 














































































