D) Project Description - The biomechanics of anteroinferior shoulder instability - A 3D dynamic
analysis

1. Summary

Anteroinferior shoulder instability, often resulting from traumatic dislocation, primarily affects young and active
individuals. Recurrent instability remains a challenge, with limited understanding of the interplay between
scapulothoracic and glenohumeral kinematics, as well as the role of rotator cuff muscle strength and activation in
shoulders which remain unstable despite clinical clearance for return to play. The objective of this study is to advance
biomechanical understanding of the impact of muscle strengthening on anterior instability following physical therapy.
Utilizing the novel dynamic biplanar radiographic imaging (DBRI) system at Sitem-Insel, this project will allow, for an
accurate and high resolution analysis of shoulder joint kinematics and their relation to neuromuscular control. The
proposed approach involves using DBRI, electromyography, and musculoskeletal modeling to investigate the
contribution of muscle volume and neuromuscular activation in stabilizing the glenohumeral joint during abduction
and external rotation motion (ABER). Analyzing dynamic muscular stability in relation to glenohumeral and
scapulothoracic kinematics during ABER motion may enhance anteroinferior instability treatment and rehabilitation
strategies. The study will involve the analysis of 20 patients with untreated primary anteroinferior shoulder
instability, pre and post muscle strengthening therapy. DBRI data will be registered to 3D CT data for 3D dynamic
analysis. From the DBRI data, glenohumeral and scapulothoracic kinematics will be analysed and used to drive
patient specific musculoskeletal models. Synchronously measured EMG and computed muscle and joint forces will be
evaluated in relation to joint stability and shoulder kinematics. Results of this study will be used to optimise the
diagnosis and treatment of anteroinferior shoulder instability and help to validate the use of patient specific
musculoskeletal modelling for treatment planning and outcome prediction. The study's high-accuracy biomechanical
data will further be used to drive force-driven kinematic computational models for patient-specific dynamic analysis
of shoulder instability to allow comprehensive clinical diagnosis without the need for radiating imaging in the future.

2. Introduction & current state of research

The shoulder joint offers more freedom of motion than any joint in the body, but it is also the most frequently
dislocated [1][2]. Shoulder instability, characterised by shoulder dislocation, shoulder pain and stiffness, bone
deformity and loss of function, is a debilitating condition that most commonly affects a young active population
[3][2]. Traumatic anterior-inferior glenohumeral dislocation constitutes over 95% of all dislocations [4], impacting 2%
of the general population over a lifetime [5]. Short term recurring instability also presents a significant issue with
more than two thirds of affected young athletes experiencing recurrent events within a year [6].

Physical therapy of primary instability is a first line therapy that aims to improve stability and reduce symptoms by
increasing the muscular contribution to glenohumeral stability through muscle strengthening [7] [8]. Because of the
limited ossesus constraint and capsular laxity of the shoulder joint, which is often worsened due to trauma to the
capsule, glenoid rim, and humeral head during traumatic dislocation, the shoulder relies greatly on neuromuscular
function for stabilization [9][1]. Electromyographic (EMG) study of healthy subjects has shown that activation of the
rotator cuff muscles is particularly important for stabilizing the shoulder joint, especially during forced translation of
the humeral head within he glenoid fossa [10]. The apprehension position, characterized by 90 degrees of shoulder
abduction and external rotation (ABER), is a vulnerable position for the shoulder, in which anterior glenohumeral
dislocation often occurs. Placing the arm in the apprehension position is a diagnostic test for shoulder instability, as it
commonly reproduces symptoms [11] and elicits fear of dislocation. Ernstbrunner et al. conducted a study using
static open CT measurements, revealing the significance of scapulothoracic kinematics in addition to glenohumeral
joint motion in this position [12]. Patients with anterior instability mobilized their scapula less than control patients,
suggesting altered neuromuscular control. Despite this knowledge, the relationship between scapulothoracic and
glenohumeral kinematics, muscular activation, and their role in recurring anterior shoulder instability remains
unclear. Recurrence rates of 50% to 75% after return to play from non-surgical treatment of primary anterior
dislocations [13] emphasize the need for further biomechanical exploration and understanding of the impact of
muscle strengthening on anterior instability. However, dynamic shoulder imaging limitations have hindered precise
study of shoulder kinematics and simultaneous muscular control in the past.



Novel dynamic biplanar radiographic imaging (DBRI) systems, such as the system installed at the Dynamic Imaging
Center at Sitem-Insel, acquire high accuracy 3D dynamic “video” images during motion, which enables study of
glenohumeral kinematics with high spatial accuracy and temporal resolution. The systems acquire radiographic
images in two planes which are registered to bone models reconstructed from segmented CT images to obtain the 6
degrees of freedom (DoF) pose of each bone during motion. Relative to implanted tantalum beads, Bey et al.
determined the accuracy of DBRI at calculating the dynamic pose of the scapular and humerus in any one direction to
be 0.130 mm and 0.095 mm (0.25 degrees and 0.47 degrees) respectively [14]. General methods for measuring 6D
in-vivo shoulder kinematics using state of the art DBRI systems have been recently reported [15], and preliminary
studies of glenohumeral kinematics of rotator cuff tear (RCT) patients during abduction have been conducted [16].
However only a handful of systems have been installed worldwide and no studies of glenohumeral translations in
anteroinferior instability patients or shoulder kinematics during the ABER sequence in general have yet been
reported. This study proposes a novel exploration of glenohumeral biomechanics of anterior instability patients
using high accuracy state of the art DBRI, synchronised EMG and customized patient-specific musculoskeletal
modelling (AnyBody Technology A/S, Aalborg, Denmark) before and after muscle strengthening therapy. The study
aims to improve understanding of the role of neuromuscular activation in stabilisation of the glenohumeral joint
during ABER motion into the apprehension position in specific relation to glenohumeral translation and scapular
rotation.

3. Innovation and translation potential

Results of this study have strong potential for clinical translation. This project represents the first biomechanical
study of shoulder instability using state of the art DBRI. Studying the role of dynamic muscular stability in relation to
glenohumeral and scapulothoracic kinematics during ABER motion could help to improve the treatment of
anteroinferior instability and help to optimise rehabilitation strategies to reduce time to return to activity and rates
of recurrence.
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Figure 1. Software application for the diagnosis of shoulder instability (left) and the developed musculoskeletal model
allowing evaluation of glenohumeral translations for future comprehensive patient specific diagnosis

Precise assessment of recurrence risk following non-surgical treatment requires evaluation of shoulder kinematics
and dynamic stability including muscle activation. However, there is currently no defined method for conducting this
assessment in a clinical setting. In a related project, we are developing the first web-based software application for
the automated diagnosis of shoulder instability (Figure 1, left). The software will enable automated 3D evaluation of
bone loss from CT or MR images, a 3D dynamic analysis of risk of lesion engagement and simulation of the patients’
muscle forces and instability ratio defined as the ratio of shear to compression force [17]. The high accuracy
synchronised biomechanical data (glenohumeral and scapulothoracic kinematics, EMG and computed muscle forces
during ABER motion) resulting from this proposed study will help to validate these automated calculations of
shoulder stability. The study will also be used to validate the potential use of biomechanical models customised to
the patients’ anatomy and driven by DBRI kinematic data, for use in clinical diagnosis and treatment planning. The
acquired DBRI data and analysis results will also be used for the development and validation of force driven
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kinematic computational models (Figure 1, right) [18] that will facilitate efficient patient specific dynamic analysis of
shoulder instability without the need for 3D dynamic imaging in the future.

4. Project Plan
Study Objectives

The primary objective of this project is to study biomechanics of the unstable shoulder with high accuracy and
resolution during ABER motion. We aim to study the relationship between muscular activation, scapular rotation and
glenohumeral kinematics in anteroinferior instability patients 1) following primary dislocation and 2) following non-
surgical muscle strengthening therapy. We hypothesize that an increase in muscle volume from physical therapy,
particularly of the rotator cuff muscles will correlate with reduced glenohumeral translations and reduced
apprehension during ABER.

Methods

Patient population

With ethical approval, 20 consecutive patients over the age of 16, presenting with untreated traumatic anteroinferior
shoulder instability with positive apprehension test will be prospectively enrolled in this study. Patients who have
undergone previous surgical treatment on the affected shoulder or who have hyperlaxity, rotator cuff tear, or
unhealthy contralateral shoulder will be excluded from the study. As part of the standard clinical workup, patients
will undergo CT of both shoulders and MRI (including 2-pt Dixon MRI with full scapula view) imaging of the affected
shoulders. Additionally, an MRI of the healthy shoulder will be acquired. Patients will undergo DBRI with study of
both shoulders before and after completing a course of standard physical therapy (12 weeks). A post therapy MRI of
the affected shoulder will be acquired to assess muscle volume changes. The patients’ Instability Severity Index
Score, and Apprehension Test results pre- and post- therapy will also be recorded.

Dynamic Biplanar Radiographic Imaging

The Dynamic Imaging Center at Sitem-Insel Bern (Imaging Systems and Services Inc., Painesville, USA) (Figure 2)
allows synchronized 6 DoF DIC-DBRI X-ray imaging in two planes (frame rate 150Hz, 1ms pulse width radiation), skin
marker-based motion capture (extended Heidelberg marker protocol[19]) and EMG measurements of the biceps
brachii, anterior, middle, and posterior parts of the deltoid, clavicular part of the pectoralis major, latissimus dorsi,
and upper trapezius muscles using surface electrodes and the deeper rotator cuff muscles supraspinatus,
infraspinatus, and subscapularis, using fine-wire intramuscular electrodes. Patients will execute a prescribed 7 second
motion sequence for each side: 1) 0° to 90° coronal plane abduction (1s). 2) 0° to 90° elbow flexion. (1s) 3) Two
successive repetitions of progressive humeral external
rotation, 0° to maximum range of motion (ROM) (1s), then
return to neutral rotation (1s). 4) Return to initial position,
extending the elbow, and return to 0° abduction (1s)
(estimated radiation dose at 50 Hz of < 4 mSv bilaterally
based on dosage reported by Kane et al [16])). A metronome
will be employed to help patients keep time. 6 DoF
kinematics of each bone (including the scapula, humerus) will
be generated using a commercially available 2D-3D
markerless bone tracking software (DSX software suite, C-
Motion Inc., USA) (Figure 3)previously verified to have a
dynamic tracking accuracy of <0.4 mm; <0.25° and <0.5° for
the scapula and humerus, respectively.[14] The resulting

! kinematics will be compared over the whole ROM between
Figure 2. The dynamic biplanar radiographic imaging | the healthy contralateral- and the injured- side using
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glenohumeral distance, defined for each of the centroids of the triangles of the surface meshes of the glenoid surface
and humeral head based on the method described by Anderst et al. [20] (applied to the shoulder); as well as the
path of the contact point of the humeral head in the glenoid, similar to the method described by Miller et al.[21] will
be computed. Glenohumeral translations will be calculated relative to the glenoid coordinate system based on a
best-fit plane to the glenoid rim, as described by de Wilde et al. [22]. Additionally, we will employ a metric previously
utilized by Ladermann et al. to quantify the instability termed “subluxation” [23], (the ratio between the translation
of the humeral head center and the radius of the glenoid, subluxation defined as >50%) [24] (Table 1).
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Figure 3. Workflow for creating Dynamic 3D bone images (from Kane et al. [16] ): (A) Participants perform shoulder
motion as instructed (B) synchronized biplane radiographs are collected. (C) Computed tomography scans of the affected
shoulder are collected and (D) used to create 3D bone models with anatomical coordinate systems. (E) 3D glenohumeral
positions are determined using a validated computed tomography model-based tracking process. (F) 6DoF kinematics are
calculated.

Table 1. Outcome parameters of the dynamic biplanar radiographic image data analyses

Outcome parameter Description

Kinematic data Position of scapula and humerus related to global body position, contact/minimum distance and
surface distance map between scapula and humerus.

Instability Relative horizontal, vertical, and mediolateral translations in mm from the neutral pose origin,

Quantification subluxation, minimum distance between glenoid rim and humerus.

Muscle Activation EMG potential of the of the infraspinatus, biceps brachii, anterior, middle, and posterior parts
of the deltoid, clavicular part of the pectoralis major, latissimus dorsi, and upper trapezius
muscles

Muscle force computation

The AnyBody shoulder model, employed in previous research on the impact of rotator cuff tears (RCTs) and
prosthetic shoulder implants [25][26][27] , integrates a kinematic model associating scapula, thorax and humerus,
which constrains the inferior angle and medial boarder of the scapula to glide along an ellipsoid approximating the
rib cage, whilst the scapulohumeral rhythm is defined as the ratio of glenohumeral elevation to scapulothoracic
elevation [28] . Alternatively, the position of the bones can be defined from motion capture data, potentially
inadequately representing the dynamic complexity inherent in instability scenarios. By driving patient-specific
musculoskeletal models with precise kinematic data obtained through DBRI, we aim to comprehensively examine the
glenohumeral biomechanics of anterior instability patients. Using our previously developed and validated
segmentation network [29], the supraspinatus, infraspinatus, teres minor and subscapularis will be automatically
segmented, and the deltoid, latissimus dorsi, and pectoralis major [24] will be manually segmented from all the MRI
images by a clinical expert. The volume of each segmented muscle will be extracted. For each patient,
musculoskeletal models from the pre- and post- therapy of the pathological and pre-therapy of the contralateral
healthy shoulder will be generated from the segmented scapula and humerus from CT. The musculoskeletal models
will be further scaled by the patient’s height and weight and by the segmented muscle volumes of each shoulder. The
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models will be actuated by the humeral and scapular kinematics generated from DBRI imaging. The model outputs of
glenohumeral joint force, force magnitude and moment arms of the aforementioned muscles and instability ratio, as
well as the pre- and post- therapy muscle volumes and difference in muscle volume will be compared (Table 2).

Table 2. Outcome parameters of the biomechanical modelling

Outcome parameter Description

Joint and Muscle Forces Glenohumeral joint reaction forces, forces of the shoulder muscles.
Instability Quantification Instability ratio

Muscle volume Pre and post therapy muscle volume, percentage change.

Statistical Analysis

Differences in muscle volume, average maximum measured and calculated muscle forces, glenohumeral and
scapulothoracic kinematics, instability ratio and clinical shoulder stability for the pre and post treated instable
shoulder and the healthy contralateral shoulder will be analysed using paired t-tests. Additionally, to evaluate the
effects of muscle volume, muscle activation and scapulothoracic kinematics on glenohumeral translations and
instability ratio, single variable and multivariable regression analysis will be performed. The effect of these
continuous variables on the clinical stability of the joint will be evaluated using logistic regression.

Timeline

The project will commence on 01.07.2024. Ethical approval will be sought prior to project commencement. In the
first year of the project patients will be recruited (Milestone 1) and undergo MRI and DBRI studies by the end of
Month 14 (milestone 2). Post therapy follow up studies are expected to be completed by the end of 2025 (18
Months) (Milestone 3). DBRI data analysis will be completed by the end of month 20 (Milestone 4) and statistical
analysis and publication will be finalised by the end of Month 24 (Milestone 5).

Expected results

- Increased anteroinferior translation of the humeral head within the glenoid fossa and increased shoulder muscle
activation in the affected shoulder during ABER compared to the healthy contralateral shoulder

- Reduced anteroinferior translation and improved apprehension test during ABER of the affected shoulder due to an
increase in muscle volume after physical therapy

- Altered scapular kinematics and shoulder muscle activation in the affected shoulder compared to the healthy
contralateral shoulder during ABER.

- Reduced differences in scapular kinematics of the affected shoulder compared to the healthy shoulder with
increased muscle volume due to physical therapy

5. what contribution does the sitem-insel platform make to the project?

The preoperative and postoperative dynamic radiological investigations will be performed at the Dynamic Imaging
Center (DIC) which is situated at sitem-insel. For this research
project there will be close collaboration with Empa scientist and
DIC’s Co-Director Prof. Ameet Aiyangar.

Accurately and reliably assessing motion of the humeral head on
the glenoid surface is a challenge. Static imaging techniques such
as conventional X-rays, or even CT and MR imaging cannot
quantify the motion path of the humeral head on the glenoid

Fig. 4 Contact path of humeral head on glenoid surface during
scaption movement shown by white line. (A) Larger contact path
and divergence from mean joint center (black spot), reveals greater
Before Physical After Physical Therapy joint instability after symptomatic infraspinatus tear, (B) Reduced

Therapy contact path and divergence from joint center reveals improved
joint stability after physical therapy.[21]




during a functional shoulder movement. The Sitem-Insel platform will provide dynamic datasets with sub-millimeter
accuracy based on acquisition of x-ray video-based imaging data during live motion. With this novel technique, bone
motion can be directly captured without errors commonly associated with other dynamic data acquisition
techniques such as surface marker-based motion capture methods. For this purpose, the DIC will be responsible for
recording the dynamic images, and post-processing of the recorded raw, image-based datasets.

Based on these data, 3D segmental kinematics including rotation and translational components for the
glenohumeral joint will be obtained. In particular, the translation data —i.e. the contact path of the humeral head on
the glenoid surface, obtained from continuous motion, can reveal unique insights with respect to risk of subluxation
or dislocation (e.g. Figure 4.) The DIC will also provide consultation on analysis and technical interpretation of the
acquired datasets. The kinematic data will then be further analyzed and interpreted together with the team of Dr. M.
Schar and Dr. K. Gerber to provide clinically relevant metrics for anterior shoulder instability.

6. Contribution to the University of Bern's Strategy 2030

Through the employment of state of the art medical imaging techniques, this proposed project supports strategic
objective 2 of sub-strategy 4.2 of the University of Bern’s strategy for 2023 to “establish itself as a Swiss center for
state of the art medicine”. By advancing the biomechanical knowledge of shoulder stability, the project will position
the university of Bern as a leader in the field and thus contribute to the pursuit of “outstanding achievements across
all medical research disciplines”. As an interdisciplinary project interfacing the fields of engineering and medicine,
the proposed study will additionally contribute to sub-strategy 4.1 of the University to be a “Comprehensive
University” that supports “high quality interdisciplinary and transdisciplinary research”.

7. literature

[1] H. E. J. Veeger and F. C. T. van der Helm, “Shoulder function: The perfect compromise between mobility and
stability,” J. Biomech., vol. 40, no. 10, pp. 2119-2129, Jan. 2007, doi: 10.1016/j.jbiomech.2006.10.016.

[2] A. Shah et al., “Incidence of shoulder dislocations in the UK, 1995-2015: a population-based cohort study,”
BMJ Open, vol. 7, no. 11, p. e016112, Nov. 2017, doi: 10.1136/bmjopen-2017-016112.

[3] R. H. Brophy and R. G. Marx, “The Treatment of Traumatic Anterior Instability of the Shoulder: Nonoperative
and Surgical Treatment,” Arthrosc. J. Arthrosc. Relat. Surg., vol. 25, no. 3, pp. 298-304, Mar. 2009, doi:
10.1016/j.arthro.2008.12.007.

[4] F. Khiami, A. Gérometta, and P. Loriaut, “Management of recent first-time anterior shoulder dislocations,”
Orthop. Traumatol. Surg. Res., vol. 101, no. 1, pp. S51-S57, Feb. 2015, doi: 10.1016/j.0tsr.2014.06.027.

[5] A. Kirkley, S. Griffin, H. McLintock, and L. Ng, “The Development and Evaluation of a Disease-Specific Quality
of Life Measurement Tool for Shoulder Instability,” Am. J. Sports Med., vol. 26, no. 6, pp. 764—772, Nov. 1998,
doi: 10.1177/03635465980260060501.

[6] J. F. Dickens et al., “Return to Play and Recurrent Instability After In-Season Anterior Shoulder Instability,”
Am. J. Sports Med., vol. 42, no. 12, pp. 2842-2850, Dec. 2014, doi: 10.1177/0363546514553181.

[7] K. E. Wilk and L. C. Macrina, “Nonoperative and Postoperative Rehabilitation for Glenohumeral Instability,”
Clin. Sports Med., vol. 32, no. 4, pp. 865-914, Oct. 2013, doi: 10.1016/j.csm.2013.07.017.
[8] A. M. Cools, D. Borms, B. Castelein, F. Vanderstukken, and F. R. Johansson, “Evidence-based rehabilitation of

athletes with glenohumeral instability,” Knee Surgery, Sport. Traumatol. Arthrosc., vol. 24, no. 2, pp. 382—-389,
Feb. 2016, doi: 10.1007/s00167-015-3940-x.

[9] K. E. Wilk, C. A. Arrigo, and J. R. Andrews, “Current Concepts: The Stabilizing Structures of the Glenohumeral
loint,” J. Orthop. Sport. Phys. Ther., vol. 25, no. 6, pp. 364—379, Jun. 1997, doi: 10.2519/jospt.1997.25.6.364.

[10] C.P. Nicolozakes, M. S. Coats-Thomas, D. Ludvig, A. L. Seitz, and E. J. Perreault, “Translations of the Humeral
Head Elicit Reflexes in Rotator Cuff Muscles That Are Larger Than Those in the Primary Shoulder Movers,”
Front. Integr. Neurosci., vol. 15, Feb. 2022, doi: 10.3389/fnint.2021.796472.

[11] A. ). Farber, R. Castillo, M. Clough, M. Bahk, and E. G. McFarland, “Clinical Assessment of Three Common
Tests for Traumatic Anterior Shoulder Instability,” J. Bone Jt. Surg., vol. 88, no. 7, pp. 1467-1474, Jul. 2006,
doi: 10.2106/JBJS.E.00594.

[12] L. Ernstbrunner, F. W. Francis-Pester, A. Fox, K. Wieser, and D. C. Ackland, “Patients with recurrent anterior
6



[13]

(14]

(15]

[16]

(17]

(18]

(19]

[20]

[21]

(22]

(23]

(24]

[25]

(26]

(27]

(28]

[29]

shoulder instability exhibit altered glenohumeral and scapulothoracic joint kinematics during upper limb
movement: A prospective comparative study,” Clin. Biomech., vol. 100, p. 105775, Dec. 2022, doi:
10.1016/j.clinbiomech.2022.105775.

W.-S. Do, J.-H. Kim, J.-R. Lim, T.-H. Yoon, S.-H. Shin, and Y.-M. Chun, “High failure rate after conservative
treatment for recurrent shoulder dislocation without subjective apprehension on physical examination,” Knee
Surgery, Sport. Traumatol. Arthrosc., vol. 31, no. 1, pp. 178-184, Jan. 2023, doi: 10.1007/s00167-022-07028-
w.

M. J. Bey, R. Zauel, S. K. Brock, and S. Tashman, “Validation of a New Model-Based Tracking Technique for
Measuring Three-Dimensional, In Vivo Glenohumeral Joint Kinematics,” J. Biomech. Eng., vol. 128, no. 4, pp.
604—609, Aug. 2006, doi: 10.1115/1.2206199.

R. L. Lawrence, R. Zauel, and M. J. Bey, “Measuring 3D In-vivo Shoulder Kinematics using Biplanar
Videoradiography,” J. Vis. Exp., no. 169, Mar. 2021, doi: 10.3791/62210.

G. E. Kane et al., “Improved Outcomes Following Arthroscopic Superior Capsular Reconstruction May Not Be
Associated With Changes in Shoulder Kinematics: An In Vivo Study,” Arthrosc. J. Arthrosc. Relat. Surg., vol. 38,
no. 2, pp. 267-275, Feb. 2022, doi: 10.1016/j.arthro.2021.06.018.

A. M. Halder, S. G. Kuhl, M. E. Zobitz, D. Larson, and K. N. An, “Effects of the Glenoid Labrum and
Glenohumeral Abduction on Stability of the Shoulder Joint Through Concavity-Compression,” J. Bone Jt.
Surgery-American Vol., vol. 83, no. 7, pp. 1062—1069, Jul. 2001, doi: 10.2106/00004623-200107000-00013.

J. Menze et al., “Towards a Musculoskeletal Shoulder Model depicting Glenohumeral Translations considering
Bony Morphology,” 2023.

O. Rettig, L. Fradet, P. Kasten, P. Raiss, and S. |. Wolf, “A new kinematic model of the upper extremity based
on functional joint parameter determination for shoulder and elbow,” Gait Posture, vol. 30, no. 4, pp. 469—
476, Nov. 2009, doi: 10.1016/j.gaitpost.2009.07.111.

W. J. Anderst and S. Tashman, “A method to estimate in vivo dynamic articular surface interaction,” J.
Biomech., vol. 36, no. 9, pp. 1291-1299, Sep. 2003, doi: 10.1016/50021-9290(03)00157-X.

R. M. Miller et al., “Effects of exercise therapy for the treatment of symptomatic full-thickness supraspinatus
tears on in vivo glenohumeral kinematics,” J. Shoulder Elb. Surg., vol. 25, no. 4, pp. 641-649, Apr. 2016, doi:
10.1016/j.jse.2015.08.048.

L. F. De Wilde, B. M. Berghs, E. Audenaert, G. Sys, G. O. Van Maele, and E. Barbaix, “About the variability of
the shape of the glenoid cavity,” Surg. Radiol. Anat., vol. 26, no. 1, pp. 54-59, Feb. 2004, doi:
10.1007/s00276-003-0167-1.

A. Ladermann et al., “Does surgery for instability of the shoulder truly stabilize the glenohumeral joint?,”
Medicine (Baltimore)., vol. 95, no. 31, p. e4369, Aug. 2016, doi: 10.1097/MD.0000000000004369.

J. E. Labriola, T. Q. Lee, R. E. Debski, and P. J. McMahon, “Stability and instability of the glenohumeral joint:
The role of shoulder muscles,” J. Shoulder Elb. Surg., vol. 14, no. 1, pp. S32-538, Jan. 2005, doi:
10.1016/j.jse.2004.09.014.

T. Holscher, T. Weber, I. Lazarev, C. Englert, and S. Dendorfer, “Influence of rotator cuff tears on
glenohumeral stability during abduction tasks,” J. Orthop. Res., vol. 34, no. 9, pp. 1628-1635, Sep. 2016, doi:
10.1002/jor.23161.

P. O. Lemieux, N. Hagemeister, P. Tétreault, and N. Nufio, “Influence of the medial offset of the proximal
humerus on the glenohumeral destabilising forces during arm elevation: a numerical sensitivity study,”
Comput. Methods Biomech. Biomed. Engin., vol. 16, no. 1, pp. 103-111, Jan. 2013, doi:
10.1080/10255842.2011.607813.

L. Sins, P. Tétreault, N. Hagemeister, and N. Nufio, “Adaptation of the AnyBody™ Musculoskeletal Shoulder
Model to the Nonconforming Total Shoulder Arthroplasty Context,” J. Biomech. Eng., vol. 137, no. 10, Oct.
2015, doi: 10.1115/1.4031330.

F. C. T. van der Helm, “Analysis of the kinematic and dynamic behavior of the shoulder mechanism,” J.
Biomech., vol. 27, no. 5, pp. 527-550, May 1994, doi: 10.1016/0021-9290(94)90064-7.

H. Hess et al., “Deep-Learning-Based Segmentation of the Shoulder from MRI with Inference Accuracy
Prediction,” Diagnostics, vol. 13, no. 10, p. 1668, May 2023, doi: 10.3390/diagnostics13101668.



