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Resumo

O procedimento de Latarjet é o procedimento cirúrgico mais utilizado para tratar pacientes com in-

stabilidade anterior do ombro na presença de grandes defeitos ósseos na glenóide. Apesar da posição

do enxerto ósseo afetar significativamente a eficácia deste procedimento, a faixa de posições aceite

para o seu posicionamento apropriado ainda é alvo de discussão. Desta forma, o principal objetivo do

estudo é avaliar o posicionamento ótimo do enxerto ósseo durante o procedimento de Latarjet, fazendo

um balanço entre a restauração da estabilidade da articulação e o risco de osteoartrite. Para realizar

isto, quatro modelos de elementos finitos da articulação do ombro após o procedimento de Latarjet

foram desenvolvidos ao variar a posiçáo do enxerto na direção medial-lateral. Para cada posição do

enxerto, quatro posições do ombro foram modeladas. Uma força compressiva e uma translação anterior

foram aplicadas simultaneamente à cabeça humeral para permitir a análise do rácio de estabilidade e

da distribuição de pressões de contacto da articulação glenohumeral. A posição ideal to enxerto foi

determinada como sendo entre 1,81 mm na direção medial e 0,44 mm na direção lateral relativamente

à superfı́cie articular da glenóide numa vista axial. Enxertos colocados medialmente à superfı́cie ar-

ticular não contribuem para restaurar a estabilidade da articulação, enquanto que enxertos colocados

lateralmente aumentam a pressão de contact acima da tensão de cedência da cartilagem.

Palavras-chave: Procedimento de Latarjet; Enxerto do coracóide; Modelo de elementos

finitos; Instabilidade do ombro.

vii



viii



Abstract

The Latarjet procedure is the most popular surgical procedure used to treat anterior shoulder in-

stability in the presence of large glenoid bone defects. Although the position of the bone graft largely

affects the efficacy of this procedure, the accepted range for its proper positioning is still discussed.

Thus, the main goal of this study is to assess the optimal positioning of the bone graft during the Latarjet

procedure, by balancing both the restoration of joint stability and osteoarthritis risk. To accomplish this,

four finite element models of the shoulder joint after the Latarjet procedure were developed by varying

graft position in the medial-lateral direction. For each graft position, four arm positions were modeled. A

compressive force and anterior translation were simultaneously applied to the humeral head for analysis

of the glenohumeral joint stability ratio and contact pressure distribution. The optimal graft position was

found to be between 1.81 mm medial and 0.44 mm lateral to the articular glenoid surface in an axial

view. Grafts placed medial to the articular surface do not contribute to the restoration of joint stability,

while grafts placed laterally increase contact pressures beyond the failure stress of cartilage.

Keywords: Latarjet Procedure; Coracoid graft; Finite Element model; Shoulder Instability.
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Chapter 1

Introduction

1.1 Motivation and Objectives

The glenohumeral joint is one of the joints that makes up the shoulder articular complex, possessing

the largest range of motion of all the joints in the human body. Its high mobility is associated with the

incongruity of the articular faces, which leads to a sacrifice in joint stability. Due to its intrinsic instability,

the glenohumeral joint has the biggest potential for dislocation compared to other joints of the body

[1] and can develop various pathologies. Reported incidence of traumatic anterior instability ranges

between 11 and 24 cases per 100 000 people [2], with significantly higher rates in the young and active

population. Patients between the ages of 15 and 20 years have show recurrence rates of shoulder

instability up to 87% [3].

Over 90% of shoulder dislocations occur in the anterior direction [4] and are associated with injuries

to the capsulolabral complex and osseous defects. The treatment of anterior shoulder instability remains

controversial and, although conservative treatment is still widely used, surgical repair has been succes-

sively more recommended for young patients, since it offers lower recurrence rates, better shoulder

mobility and quicker return to activity time [5].

Avulsion of the anteroinferior labrum from the glenoid is the most common injury following traumatic

shoulder dislocation [4], so the surgical stabilization procedure generally involves the repair of the de-

tached labrum to the glenoid rim using suture anchors [6]. When large glenoid bone defects are present,

however, soft tissue stabilization is not sufficient to restore joint stability [7, 8]. If this situation occurs, a

bone grafting procedure for glenoid reconstruction is required. The most common bone grafting tech-

nique is the Latarjet procedure, in which the coracoid process is resected and transfered along with the

conjoint tendon to the anteroinferior glenoid rim [9].

The original technique has suffered many alterations over the years, like the intra-articular placement

of the graft, the improvement of fixation methods and the positioning and orientation of the graft on the

glenoid margin. The Latarjet procedure shows very low recurrence rates compared to only capsulolabrar

repair techniques [10], however, it is associated with higher complication rates due to the challenging

nature of the surgical procedure.
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A big long term concern for patients treated with the Latarjet procedure is the development of post-

operative osteoarthritis. This complication has shown reported incidence values of up to 58% [11, 12].

Besides the factors of age and number of preoperative dislocations, appearance of osteoarthritis is fre-

quently associated with incorrect positioning of the graft, specifically in a lateral position causing its

overhang from the glenoid. However, placing the bone graft medially to the glenoid surface results in

higher recurrent rates of instability [13], making some authors believe that the effect of bone augmen-

tation only contributes to joint stability when it reconstructs the glenoid arc and depth [14]. Given these

observations, the recommended placement of the bone graft during the Latarjet procedure is flush to

the glenoid rim, that is, with its lateral surface adjacent to the articular surface of the glenoid, preferably

following its curvature.

Placing the bone graft to exactly follow the articular arc of the glenoid can be very challenging.

Clinical studies that have measured the variability of graft positioning during the Latarjet procedure ac-

cept different intervals in the medial-lateral direction in which the graft is considered properly positioned

(”flush” to glenoid surface) [15, 16, 17]. While some authors believe that the graft can be up to 5 mm

medial to the glenoid, others believe that such a high leeway will not guarantee the reconstruction of the

glenoid arc and therefore have a diminished effect in restoration of joint stability. Research on optimal

graft positioning has been extensive, yet, to the author’s knowledge, no study has combined the influ-

ence of varying graft medial-lateral placement on both joint stability and glenohumeral articular contact

pressure.

Considering that contradicting opinions about the tolerance accepted for the position of the bone graft

relative to the glenoid surface exist, the objective of this work was to investigate the best position for bone

graft placement during the Latarjet procedure, regarding shoulder stability and contact mechanics, using

three-dimensional finite element (FE) models.

1.2 Thesis Outline

This document is subdivided into six chapters, including this first chapter, which contains an intro-

duction to the problem addressed in this work and its main objectives.

Chapter 2 presents a literature review on anterior shoulder instability and the Latarjet procedure, ex-

plaining the various concepts used throughout this thesis; introducing the key structures responsible for

joint mobility and stability, their failure and respective treatment; and detailing on the Latarjet procedure,

by summarizing its current recommendations and complications.

Chapter 3 describes the methodology followed for the development and validation of the FE models of

the glenohumeral joint, including the articular cartilages and labrum, and posterior simulation of glenoid

bone defects and the Latarjet procedure. Methods for evaluation of the results are also explained.

Chapter 4 displays the results obtained from the FE analyses performed. First, the validation of the

healthy glenohumeral joint model is described in terms of stability. Second, the results of the different

graft positions are quantitatively assessed.

Chapter 5 discusses the results, through the analysis of the influence of graft positioning on shoulder

2



stability and articular contact pressure. A comparison with previously published data and the limitations

of the current work are also provided in this chapter.

Chapter 6 includes the final conclusions of this study, along with suggestions for future work.
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Chapter 2

Background

This chapter presents an overview of anterior shoulder instability and the Latarjet procedure. To do

this, it first describes key concepts about shoulder anatomy and stability. The state of the art regarding

the recommended position for the bone graft during the Latarjet procedure is also provided.

2.1 Shoulder Functional Anatomy

The human shoulder is a joint complex, composed of four joints and characterized by its large range

of motion (ROM). This, however, does not come without its disadvantages as the stability of the joint

complex is much more intricate and fragile compared to other joints of the human body. To compensate

for its unstable bony geometry, the shoulder relies heavily on muscle and ligaments which act as dynamic

and passive stabilizers [18]. In this section, the anatomic and physiological characteristics that contribute

to the correct functioning of the shoulder are described, with greater focus on the stabilizing structures

related to anterior shoulder instability.

2.1.1 Bones

The three bones of the shoulder complex most significant for its mobility are: the humerus, the

scapula and the clavicle. The latter two form the components of the shoulder girdle [19].

The clavicle, presented in Figure 2.1, is an S-shaped bone positioned horizontally above the first

rib [19]. It is the only bony connection between the trunk and shoulder girdle by articulating with the

sternum medially, which forms the sternoclavicular joint, and with the acromion of the scapula laterally,

which forms the acromioclavicular joint. The shaft and lateral end of the clavicle serve as a site for

several muscular and ligament attachments [18].

The scapula, also know as shoulder blade, is a flat, triangular bone, as illustrated in Figure 2.2.

Its thin and wide configuration provides a large surface for muscle attachments which contribute to its

mobility and stabilization [21]. The spine of the scapula, a ridge that crosses its posterior surface, divides

the bone into two concave areas: the supraspinous fossae, which serves as an attachment for the
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Figure 2.1: Superior surface of the clavicle detailing its muscular attachments. Adapted from [20].

supraspinatus muscle; and the infraspinous fossa, which serves as an attachment for the infraspinatus

muscle. The anterior surface of the scapula has a broad concavity called the subscapular fossa, onto

which the subscapularis muscle attaches [22]. The lateral end of the spine extends into a flattened and

expanded process called acromion, which articulates with the clavicle. Inferior to the acromion and on

the lateral apex of the triangle, sits the glenoid cavity, a shallow concave surface that articulates with

the humeral head to form the glenohumeral joint. The coracoid process is a thick curved process that

projects forward and slightly laterally from the anterior side of the scapula. The coracoid process serves

as an attachment for muscles, its tip being the origin of the coracobrachialis muscle and the short head of

the biceps brachii, through their junction at the conjoint tendon, as well as the insertion of the pectoralis

minor muscle [18].

Figure 2.2: Representation of the scapula. Adapted from [22].

The humerus is the longest and largest bone in the upper limb. Its proximal end consists in a head,

surgical and anatomical necks, bicipital or interturbecular groove, and greater and lesser tuberosities,

as represented in Figure 2.3. The humeral head is a half spheroid which articulates with the glenoid

cavity of the scapula [18], forming the glenohumeral joint. Located at the junction between the head

and neck and the shaft of the humerus, the greater and lesser tuberosities stand on opposite sites of

the bicipital groove and serve as site for insertion of the rotator cuff tendons [18]. The distal end of the

humerus articulates with both the radius and ulna at the elbow joint. On its lateral and medial side are

two prominent features called the epicondyles, which serve as sites for muscular attachment [19].
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Figure 2.3: Anterior and posterior view of the proximal humerus. Adapted from [23].

2.1.2 Joints

The shoulder complex is characterized by its mobility, which is the highest of all the joints in the

human body, with a ROM that covers almost 65% of a sphere. This large mobility stems from of the

combined motion of its joints, specifically the sternoclavicular (SC), the acromioclavicular (AC), the

scapulothoracic (ST) and the glenohumeral (GH) joints [24].

The SC joint, shown in Figure 2.4, is a small synovial joint located at the base of the neck and consists

in the articulation between the clavicle, the manubrium of the sternum and the first costal cartilage. It acts

as the only connection between the upper limb and axial skeleton. It is divided into two compartments

by a fibrocartaliginous articular disk, which is attached to three ligaments, conveying great strength to

this joint [18]. Besides strength, the SC joint also shows significant mobility, allowing clavicular elevation

of 11◦ –15◦ , retraction of 15◦ –29◦ during arm elevation and axial rotation of up to 40◦ [24].

Figure 2.4: Representation of the sternoclavicular joint. Adapted from [20].

The AC joint is a synovial joint resulting from the articulation between the lateral end of the clavicle

and a small facet on the acromion of the scapula. Its stability is assured by the superior and inferior

acromioclavicular ligaments that reinforce the weak joint capsule [25]. The AC joint allows rotation of the

scapula on the acromial end of the clavicle, increasing its range of rotation. This movement is associated

with the motions of the physiological scapulothoracic joint [22].

The ST joint refers to the articulation of the scapula with the thorax. Although commonly refered to

as a joint, it is not a true anatomic joint. It is occupied by neurovascular, muscular, and bursal structures
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that allow the movement of the scapula on the thorax and enhance GH stability [18]. The most important

motion of the scapula is the upward rotation, which permits an increase on the range of elevation of the

arm, beyond the 120◦ offered by the GH joint [18].

The GH joint, normally referred to as the shoulder joint, is a ball-in-socket synovial joint which artic-

ulates the humeral head and the glenoid fossa of the scapula. This joint possesses the largest ROM of

any diarthrodial joint in the body allowing flexion/extension, abduction/adduction, internal/external, rota-

tion and circumduction. This large mobility is due to the mismatching size of the articular surfaces as

the humeral head is approximately 3 times larger than the glenoid’s surface area [26]. Even though the

GH joint shows great physiological motion, the displacement of the humeral head remains quite small in

the healthy individual [27, 28]. This stability of the humeral head is accomplished through the interplay

of ligamentous structures and surrounding shoulder musculature [29]. Even with the effect of multiple

stabilizers, the GH joint remains fragile, being one of the most dislocated joints in the body [1]. The

articulation of the humeral head with the scapula is represented in Figure 2.5.

Figure 2.5: Posterior view of the articulation between the humerus and the scapula. Adapted from [22].

2.1.3 Passive Stabilisers

Passive stabilization of the shoulder is assured by the capsulolabral ligamentous complex, producing

a concavity compression effect that is magnified by the active muscle forces. Concavity compression

refers to the stability gained by the compression of the humeral head into the concave glenoid cavity [30],

so the deeper the cavity, the more stable the joint. Concavity compression in the GH joint is possible

due to the conformity of the articular surfaces. Although the bony radius of curvature of the scapula is

flatter than that of the humeral head, the glenoid cartilage has variable thickness, making both surfaces

approximate the shape of a sphere [26]. The capsulolabral ligamentous complex is comprised of the

glenoid labrum, GH joint capsule and the ligaments connected to it.

The glenoid labrum is a dense fibrocartilaginous structure attached to the margin of the glenoid cav-

ity as illustrated in Figure 2.6. It is triangular in cross-section and therefore extends the conforming

articular surfaces and deepens the glenoid cavity [18]. Howell and Galinat [31] showed that the labrum

contributes to 50% of the depth of the glenoid fossa, and thus to joint stability through concavity com-

pression (Figure 2.7). Both cadaveric and computational studies have shown that loss in the integrity of

the labrum reduces the effectiveness of compression stabilization up to 20% [30, 32, 33].
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Figure 2.6: Lateral view of the scapula with representation of the glenoid labrum (refered to as glenoid
lig.) [34].

Figure 2.7: Contribution of the labrum to the effective depth of the glenoid concavity [30].

The GH joint capsule is an articular capsule that completely covers the GH joint. Its surface area is

approximately twice that of the humeral head, making it a loose structure that allows a large range of

motion [18]. During extreme positions of the range of motion, the fibers of the capsule tighten to center

the humeral head and limit its displacement. The capsule is reinforced with capsular ligaments which

contribute greatly to stability, and, much like the joint capsule, become more important at the limits of

motion [29].

The anterior GH capsule connects to three distinct ligaments: the superior GH ligament, the middle

GH ligament and the inferior GH ligament [29]. The superior GH ligament functions to restrain inferior

translation of the humerus with the arm in neutral position [35]. The middle GH ligament, which is the

most variable of the three, resists anterior and posterior translations at mid range of shoulder rotation

[35]. The inferior GH ligament is the thickest and most consistent of the GH ligaments [18] and can

be divided into three sections:the anterior band, the axillary pouch, and the posterior band. It plays a

significant role in restricting anterior and inferior translation at positions beyond 45◦ abduction and in

external rotation [35].

Another ligament important in static stabilization of the shoulder is the coracohumeral ligament. It

originates from the coracoid and inserts into the greater and lesser tuberosities, constraining the humeral

head’s position within the glenoid during arm abduction. Along with the superior GH ligament, the
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coracohumeral ligaments also resist posterior translation of humeral head in foward flexion, adduction

and internal rotation [18]. Both the GH capsular ligaments and coracohumeral ligament are represented

in Figure 2.8.

Figure 2.8: Anterior view of the stabilizing ligaments of the GH joint [20].

2.1.4 Dynamic Stabilisers

Dynamic stabilization of upper limb motion is obtained by the cooperative mechanism of various

shoulder muscles and mostly focuses on two different points: GH stability and scapulothoracic stability

[36]. Figure 2.9 depicts the muscles responsible for stabilizing of the shoulder complex. Most of these

muscles play the role of providing support and mobility to the joint.

Figure 2.9: Muscles of the shoulder girdle. a) Anterior view of deep muscles, after removal of Pectoralis
Major. b) Posterior view of superficial (left) and deep (right) muscles of the shoulder. Adapted from [24].

The primary active stabilizers of the GH joint are the rotator cuff muscles, the deltoid and the long

head of the biceps brachii [29]. The rotator cuff is an important group of muscles consisting of the sub-

scapularis, supraspinatus, infraspinatus and teres minor. These are near perpendicular to the glenoid

plane, which is defined by the most prominent points of the glenoid rim with its normal pointing out-

wards from the glenoid concavity. The primary stabilizing effect of the rotator cuff is, therefore, to apply

compressive forces that contribute to concavity compression [37]. The direction of the force produced

by contraction of each rotator cuff muscle and the resulting net force are represented in Figure 2.10.

Besides the compressive effect, the rotator cuff muscles also counteract destabilizing shear forces and
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direct the resultant force vector into the glenoid [24]. In terms of motion, the supraspinatus assists

the deltoid to allow arm elevation, the infraspinatus and teres minor act as external rotators and the

subscapularis functions in internal rotation [18].

Figure 2.10: The stabilizing action of the rotator cuff. The combined action of rotator cuff produces a
force that compresses the humeral head into the glenoid cavity [37].

The long head of the biceps has also been shown to have significant effect in GH stability by reducing

anterior translation and resisting external rotation during certain movements [18].

The scapulothoracic musculature serves to stabilize and allow motion of the scapula. These include

the trapezius, rhomboids, levator scapulae, serratus anterior, pectoralis minor and deltoid, which are

represented in Figure 2.9. Among these, the most important are the trapezius and the serratus anterior.

The trapezius is the largest and most superficial muscle, divided into three functional parts: descending

(superior), ascending (inferior), and middle. The middle part helps the scapula as a retractor, while the

descending and ascending parts function, respectively, as an elevator and depressor [22]. The serratus

anterior causes scapular protraction and upward rotation and maintains the medial angle against the

chest wall [18]. The levator scapulae works closely with the serratus anterior elevating the superior

angle, resulting in upward and medial rotation of the scapula [18].

The rhomboids, consisting of the major and minor muscles, participate in retraction and elevation of

the scapula, while the pectoralis minor causes its protraction and inferior rotation. The deltoid, besides

contributing to GH stability, is also a scapulothoracic muscle, assisting in forward elevation with the help

from the pectoralis major and biceps [18].

2.2 Anterior Shoulder Instability

To better understand the purpose of the Latarjet Procedure, this section first provides an overview of

the clinical situation of anterior shoulder instability patients, focusing on injuries and treatments. Then,

it focuses on the Latarjet Procedure and state of the art regarding its consequences and recommenda-

tions.
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2.2.1 Natural History

The bony geometry of the GH joint gives it great flexibility at the expense of stability, making it the

most commonly dislocated joint in the human body. The incidence of traumatic shoulder instability in the

general population has been reported to range between 11 and 24 cases per 100 000 people [38, 39, 2],

with over 90% occurring in the anterior direction [38, 4, 2]. Therefore, the study of the injuries leading to

anterior shoulder instability and its treatment is of significant importance to the general population.

Overall, the majority of reported shoulder dislocations happens in the young population [38, 40,

2, 41], these being mostly due to high energy injuries associated with contact sports. Incidence also

increases among the elderly population generally associated to fall incidents [40].

The compromise of the stabilizing structures of the joint often leads to recurrent instability, particularly

among young patients [1, 42]. Re-dislocation of the shoulder commonly occurs until 2 years after the

initial dislocation. The high recurrence of anterior shoulder dislocations can be attributed to the shoulder

anatomy deformities present following initial dislocation, like abnormal laxity of the joint capsule and sur-

rounding muscles, deformities of the head of the humerus, and contracture of the muscles surrounding

the GH joint [5].

The most common injury following an instability event is the avulsion of the anteroinferior labrum from

the glenoid rim [4], known as a Bankart lesion (Figure 2.11). This lesion shows prevalence rates of up

to 73% in shoulder instability cases [43, 44], seemingly increasing after recurrence [45]. Avulsion of the

anteroinferior labrum can be accompanied by other injuries to the capsulolabral ligamentous complex

like capsular tears or humeral avulsion of the GH ligament [46].

Figure 2.11: Avulsion of anteroinferior glenoid labrum [47].

Due to the shifting of the humeral head, a bankart lesion can also lead to the fracture or erosion

of the anterior glenoid rim, named a Bony Bankart lesion. Although it was first believed to happen

on the anteroinferior margin of the glenoid, studies have shown that glenoid bone loss happens more

frequently on the anterior side [48, 49]. As can be seen in Figure 2.12, erosion of part of the glenoid

surface will cause it to become flatter, and therefore less resistant to shear forces, increasing the risk

of dislocation [50]. Increasing bone loss in the glenoid has been shown to decrease shoulder stability

under compressive loads [8], increase contact pressures and decrease contact area [51].

Another frequent bony injury associated with shoulder instability is the Hill-Sachs lesion. This is
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an impression fracture in the postolateral aspect of the humeral head caused by its impact with the

glenoid rim as it dislocates anteriorly. When both an osseous glenoid defect and a Hill-Sachs lesion are

present, their relative positions can be determining for the choice of treatment. If the Hill-Sachs lesion is

oriented so that it engages with the glenoid bone defect under functional abduction or external rotation,

the patient will experience symptoms similar to that of subluxation [50] and joint stability can be highly

compromised [52].

There are some less common injuries which can occur in the GH joint after dislocation. Some

examples are the anterior labral periosteal sleeve avulsion lesion, a Bankart variant where the avulsed

periosteum remains intact [4], or the superior labrum anterior to posterior lesion, where the avulsion of

the anteroinferior labrum extends to the superior labrum.

In elderly patients, anterior shoulder instability can be accompanied by rotator cuff tears, which pre-

dominantly involve the tear of the supraspinatus muscle [53]. The overall frequency of rotator cuff tears

increases with advancing age, with reported incidence of over 40% in patients above 40 years old [54].

However, this is not often encountered in young patients and is usually adequately solved through the

repair of the torn tendon [63].

Figure 2.12: Comparison of a normal (left) and a bone-deficient (right) glenoid. The bone deficient
glenoid presents a flatter cavity and smaller arc. Adapted from [50].

2.2.2 Treatment

Anterior shoulder instability can be managed through non-operative or surgical treatment. Non-

operative treatment mostly consists in immobilization, activity restriction and exercise rehabilitation [55].

The objective of physical therapy is to achieve adequate range of motion, stretch the antagonists of the

shoulder joint and strengthen rotator cuff and other muscles that support the scapula [56]. However,

different studies have reported high rates of recurrent instability in young, athletic patients following non-

operative treatment [57, 58]. This led to surgical treatment being increasingly recommended to younger

patients with shoulder instability, especially those who participate in contact sports [59], so the number

of patients treated surgically has grown over the years.

Since a Bankart lesion is the most common injury following a shoulder dislocation event, surgical

stabilization generally involves the repair of the detached labrum to the glenoid rim using suture anchors
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[6], as seen in Figure 2.13. This procedure, denominated as Bankart repair, can significantly reduce

recurrence rates when compared to non-operative treatment [60, 58, 57]. Nevertheless, these rates

have been reported to be as high as 67% in patients with large glenoid bone loss or Hill-Sachs lesion

engaging with the anterior glenoid rim [50]. This indicates that the size of the glenoid bone defect may

affect the effectiveness of Bankart repair in restoring joint stability [33].

Figure 2.13: Representation of Bankart repair using 3 suture anchors [61].

Cadaveric studies reported an inverse relationship between stability and the amount of glenoid bone

loss, demonstrating that a bone defect with a width bigger than 20% of glenoid length significantly

decreases the stability of the joint [8, 7]. This value is therefore used by some surgeons as the critical

size of a glenoid bone defect after which a bone augmentation procedure is recommended, instead of a

soft tissue procedure like labral repair.

There are different bone augmentation or bone grafting procedures to treat shoulder instability; how-

ever, the most commonly used is the Latarjet procedure [9]. This techique uses the coracoid process as

a bone graft, transferring it to the anteroinferior side of the glenoid along with the conjoint tendon. Since

this procedure is the focus of this work, it is thouroughly explained in the next section.

Another reason for recurrence after Bankart repair is the presence of Hill-Sachs lesions that engage

with the anterior glenoid rim [50]. An engaging Hill-Sachs lesion is defined as one that presents the long

axis of the defect parallel to the anterior glenoid with the shoulder in a functional position of abduction and

external rotation. When the patient has this kind of injury, a Remplissage intervention is recommended

to better restore shoulder stability [62]. The Remplissage procedure involves the attachment of the

infraspinatus tendon to the humeral defect to fill the Hill-Sachs lesion [3] and is illustrated in Figure 2.14.

This filling of the humeral defect prevents the Hill-Sachs lesion from engaging on the rim of the glenoid

[3]. Depending on the other injuries present, this intervention can be alongside a soft tissue procedure

or a Latarjet procedure.
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Figure 2.14: Remplissage procedure using the infraspinatus tendon to fill the Hill-Sachs lesion [64].

2.2.3 Latarjet Procedure

The Latarjet technique was first described in 1954 [9] but still remains an effective method for patients

with recurrent instability or large glenoid bone defects [65]. Traditionally, the procedure consists in

the osteotomy and transfer of the horizontal coracoid process along with the conjoint tendon to the

anteroinferior glenoid rim and its fixation with cortical screws (Figure 2.15). The technique has had

many suggested alterations over the years, from the intra-articular placement of the graft (as opposed to

the original extra-articular placement) to different fixation methods that are still studied today [65]. The

traditional procedure was performed with open surgery but its arthroscopic version, first described by

Lafosse et al. [66], is becoming increasingly popular.

Figure 2.15: Lateral (a) and cross-sectional (b) view of the Latarjet procedure [67].

The efficacy of the Latarjet procedure is explained by three different processes, know as the ”triple

locking effect” [68]. First, the coracoid graft serves as a bony extension of the glenoid concavity, increas-

ing the articular arc available for translation before dislocation, known as the ”bone effect”. Second,

the conjoint tendon acts as a sling, resisting anterior translation of the humerus during abduction and

external rotation, and as a hammock, lowering the subscapularis muscle so that it reinforces the capsule

(Figure 2.16). Third, the capsule is repaired and reinforced by reattaching the coracoacromial ligament.

The addition in stability provided by the sling effect is the reason the Latarjet procedure is the most

common technique aiming at bone reconstruction of the glenoid. Other techniques use iliac crest bone
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graft or tibial plateau allograft, which tend to follow the contour of the glenoid and do not disrupt the

original anatomy of the shoulder but lack the effect of the conjoint tendon [3].

Figure 2.16: Sling effect: In positions of high external rotation, the conjoint tendon works as a ”sling”
adding tension to the inferior portion of the subscapularis to resist anterior humeral head translation.

Adapted from [14].

In an effort to quantify the significance of each of the proposed effects of the Latarjet procedure for

restoration of joint stability, Yamamoto et al [14] performed a cadaveric study measuring the anterior

translational force necessary to dislocate the joint after performing the procedure. By testing different

conditions of the involving soft tissues, they concluded that the sling effect was the main contributor for

joint stability, be it at a mid range position (60◦ GH abduction and neutral external rotation) or at an end

range position (60◦ GH abduction and maximum external rotation). With the arm at a mid range position,

however, the effect of osseous reconstruction of the glenoid still had a significant effect, accounting for

38% to 49% of the restored stability.

Outcomes

This technique shows very good clinical outcomes [69, 13, 70], with recurrence values below 7%

[10]. However, several other complications have been reported, associated with the challenging nature

of the surgical procedure and the position of the graft. One such complication is bone graft non-union or

fibrous non-union. A bleeding surface in the graft and scapula should be created to allow union between

these structures; nevertheless, non-union of the graft and scapula can also occur due to single screw

fixation [10]. Loss of external rotation and shoulder stiffness is also a significant concern for patients,

even though high satisfaction scores are reported post-procedure [12]. Stiffness of the shoulder is

highly associated with the technique used for subscapularis tenotomy [71]. Similarly, reported cases of

neurovascular injury can be avoided with adequate surgical technique.

A frequent event following this surgery is the partial lysis of the coracoid graft [12], which can cause

pain and discomfort if the screw head becomes too proud. Osteolosysis of the graft can be associated to

both biomechanical and biological factors. From a biomechanical point of view, the change in mechanical

loading of the resected coracoid leads, according to Wolff’s law, to adaptation of the bone remodelling

16



process. To this end, the fixation method used in the Latarjet Procedure has been investigated to improve

graft osteolysis results. Sano et al. [72] showed, in a computational study, that the stress shielding effect

was most evident in the proximal part of the graft. This was in accordance with several reports claiming

that osteolysis is most proeminent in the proximal part of the graft [69, 73, 74]. A recent computational

study [75] compared the traditional cortical screw fixation to two new introduced methods (wedge profile

plate and endobutton) to improve graft fixation and osteolysis, concluding that the endobutton generates

lower compressive forces.

A concerning long term outcome of the Latarjet procedure is the development of postoperative os-

teoarthritis [11]. Follow-up studies of patients undergoing this procedure report a presence of arthritis in

up to 58% of shoulders [12, 11]. The majority of cases demonstrate only mild arthritis, with risk factors

being older age, high-demand sports and lateral overhang of the graft [11]. The positioning of the graft

during the Latarjet procedure is highly discussed and its review is presented in the next section.

Graft Positioning

The position of the graft is considered essential for the outcome of the Latarjet procedure. Records

show that, if placed too laterally, the overhanging of the graft may damage the cartilage of the humeral

head and promote early osteoarthritis [12, 13]. However, if placed too medially, it results in higher

recurrent instability compared to a more lateral position [13].

Osteoarthritic changes in the humeral head cartilage can be attributed to a shift in joint alignment

and incongruity of the articular surfaces. The overly lateral placement of the graft causes it to become

proud of the glenoid surface, decreasing its congruity with the humeral head. It will also cause a shift

in the seating of the humeral head in the glenoid, not allowing proper alignment of the joint. Ghodadra

et al. [76] used a biomechanical study to evaluate differences of articular contact pressures in different

positions and orientations of the graft. They showed that a lateral position increases peak articular

contact pressure in the anteroinferior quadrant of the glenoid and shifts the contact pressure posteriorly,

which plays an important part in the increased risk of osteoarthritis.

A graft placed too medially to the glenoid surface also has its consequences. The first described

mechanism of the ”bone effect” of the Latarjet surgical technique was the use of the bone graft as ex-

tension of the glenoid that served merely as medial block to the humerus [68]. However, some authors

believe that joint stability is restored through a glenoidplasty effect [14], which consists in the reconstruc-

tion of the glenoid arc. This effect can only be achieved if the bone graft is positioned exactly flush to the

glenoid margin so its curvature continues the arc, as illustrated in Figure 2.17. Nevertheless, the exact

influence of the graft positioning in shoulder stability is not properly quantified in the current literature.

Positioning the graft exactly aligned to the glenoid articular surface can be challenging, especially

during the arthroscopic procedure, so when evaluating it a certain tolerance has been accepted. Dif-

ferent methods are used to quantify this position: using the perpendicular distance to a virtual straight

line defined from the posterior edge to the anterior edge of the glenoid in the axial plane [17, 16]; or the

distance between the tip of the bone block and a circle aligned with the radius curve of the horizontal

glenoid bone surface [17]. These two methods are represented in Figures 2.18 and 2.19, respectively.
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Figure 2.17: Glenoidplasty effect: when positioned flush to the glenoid rim, the coracoid graft
reconstructs the articular arc and restores glenoid depth [77].

Some authors consider 1mm to each side of the straight line to be too medial or too lateral [15]

while others consider the graft to be ”flush” to the glenoid until 5mm medial to the same line [17, 16].

However, it can be argued that a graft placed 5 mm medial to the glenoid surface does not reconstruct

the glenoid arc and therefore does not contribute to joint stability [76]. Considering this, the large range

accepted by some authors conveys the difficulty of the surgical technique, specifically regarding proper

placement of the graft. The measuring methods described have a high dependence on the orientation

of the vertical axis of the scapula [16], which means there may be even greater variability in the reported

measurements of graft placement. As studies have concluded, small changes in the graft position can

greatly influence the efficacy of the Latarjet procedure. Investigating the impact of bone graft positioning

on possible mechanisms causing the failure of this surgical procedure is, therefore, of great significance

to the field.

(a) (b) (c)

Figure 2.18: Axial Line Evaluation: Bone graft position in the axial plane (at 25 % or 50 % of the glenoid
height) is measured at its most lateral aspect relative to a straight line in the glenoid plane. (a) Graft

positioned too medially. (b) Graft in a flush position. (c) Graft position too laterally [78].

The orientation of the bone block recently became a controversial topic as well. The original tech-

nique positioned the coracoid so that its lateral edge became juxtaposed to the glenoid surface but this

was modified by affixing the coracoid to the glenoid in a rotated position so that the inferior coracoid
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Figure 2.19: Axial Circle Evaluation: Bone graft position in the axial plane is measured at its most lateral
aspect relative to a circle fitted to the glenoid arc. The graft depicted presents a medial position [17].

surface became adjacent with the glenoid surface [79]. Authors believed that the inferior surface of

the coracoid was more congruent to the articular surface of the glenoid and therefore better able to re-

construct the arc of the glenoid fossa. This technique has shown to optimize contact pressures when

compared to the original Latarjet [76] and is able to reconstruct larger glenoid deffects, however, the

graft has a lower failure load and is associated to increased graft non-union [80].

2.2.4 Novel Aspects of the Work

Although the effect of bone augmentation in recovering shoulder stability has been discussed in the

literature, the relationship between graft position and joint stability is still poorly recorded. This work

assesses if the glenoidplasty effect is necessary to restore stability or if only glenoid bone augmentation

(the bone graft serving only as block to medial translation) is already sufficient for the purpose. In

addition to this, the distribution of contact pressure in the humeral head cartilage is also analyzed, which

can provide insight into the mechanisms of the development of osteoarthritis post-Latarjet procedure.

Although one study has observed the effect of graft position on contact pressures in the GH joint articular

surface, it focused only on the contact pressures of the glenoid, not accounting for the possible contact

between the humeral head cartilage and bone graft surface.

Published data studying the Latarjet procedure has been increasing due to the growing use of surgi-

cal intervention for treatment of anterior shoulder instability. However, very few computational models of

this surgical technique have been developed, none of which possess validation processes. The creation

of a FE model of the Latarjet procedure based on a validated shoulder model will allow its use for future

studies, contributing to the better understanding of the surgical tecnhique and prevention of its failure.
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Chapter 3

Methods

The computational work developed required the creation of FE models with different shoulder con-

ditions. These comprise a model of a healthy GH joint and one with a glenoid bone defect, simulating,

respectively, stable and unstable shoulder models. Using the unstable shoulder model as basis, the

remaining developed models were of a simulated Latarjet procedure with 4 different graft positions.

The healthy and bone defect models served as basis for the geometry of the Latarjet procedure, so

these were validated against cadaveric published data measuring joint stability. Since active stabilizers

of the GH joint were not considered in the developed models, the validation processes only refer to

passive stabilization.

This chapter gives a detailed description of the geometric and FE modeling steps described above,

including the methods applied to validate and evaluate the results.

3.1 Geometric Models

The shoulder model used was based on the one developed by Quental et al. [81, 82]. Only the GH

joint geometry was studied in the current work, so the model comprised of the scapula and humerus ge-

ometries. To save computational effort, the humerus was cut at its surgical neck and the distal part was

excluded from the model, resulting in the geometry present in Figure 3.1. To the previously developed

models, the glenoid labrum and articular cartilages were added as these have been proven to contribute

to joint stability.

3.1.1 Soft Tissues Geometry

The 3D model geometry of the glenoid labrum was constructed through manual segmentation using

the same dataset used in the previously developed models of the humerus and scapula. This process

consists in manually delineating the desired structure in each image.

After the manual segmentation process, the 3D model of the labrum was saved as a stereolithogra-

phy (STL) file and imported into SolidWorks (Education Edition, Academic Year 2020-2021) using the
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Figure 3.1: Anterior view of the geometric model of the humerus.

ScanTo3D tool. This tool allows the generation of a solid 3D model, application of a smoothing filter to

correct staircase effects and imprecise geometry and reduction of the surface mesh.

As the labrum overlapped with the scapula, it was cut using the border of the scapula to make sure

the two models aligned perfectly without significant gaps between them. The final model of the labrum,

presented in Figure 3.2, was qualitatively validated by the orthopedic surgeon supervisor of this work.

(a) (b)

Figure 3.2: (a) Geomtetric model of the glenoid labrum. (b) Lateral view of the position of the labrum
(blue) in the model of the scapula (grey).

The humeral head and glenoid cartilages were also modeled to provide more detail to the GH joint

model. Articular cartilage is a thin layer of connective tissue, with thickness ranging from 2 to 4 mm [83].

Because the resolution of the anatomical images used for the development of the geometric models was
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not sufficient to accurately portray such thin structures, cartilage tissue geometry was modeled artificially

using the SolidWorks software, as performed in previous computational studies [72, 84].

Both the humeral and glenoid cartilage were modeled with a uniform thickness. Although these

structures have variable thickness [26, 85, 86], cartilages were simplified assuming thicknesses of 1

mm [85] and 2 mm [26, 86] for the humeral and glenoid cartilages, respectively. To create the humeral

cartilage, a portion of the surface of the humeral head was offseted by 1 mm and the space between

the this surface and the humeral head was filled to create a solid. The glenoid cartilage was modeled

by extruding the surface of the glenoid in a lateral direction, that is, outwards from the glenoid concavity.

This cartilage was sliced through the border of the labrum, aligning the side of the cartilage to the labrum,

since these anatomical structures are connected.

(a) (b)

Figure 3.3: Anterior view of the geometric models of the humeral head cartilage (a) and glenoid
cartilage (b).

3.1.2 Creation of Glenoid Bone Defects

The Latarjet procedure is used to treat anterior shoulder instability, especially when the glenoid

presents large bone glenoid defects. To this end, different shoulder models with 4 glenoid defect sizes

were develop to investigate anterior instability and to validate the shoulder model to which the Latarjet

procedure was applied.

Glenoid bone defects have been show to be nearly parallel to the long axis of the glenoid in the

anterior direction [48, 49]. To simulate these, the process described by Yamamoto et al. [8] was followed.

On the glenoid plane, the long axis of the glenoid was drawn by uniting the superior and inferior contact

points of the circumcircle that fit the superoinferior diameter of the glenoid. Osteotomy lines, shown

in Figure 3.4, were defined parallel to this axis. The reference line was considered tangential to the

anterior rim and the remaining lines were set at varying distances from the reference, measured on the

axis perpendicular to the long axis of the glenoid. These distances corresponded to 8%, 14%, 20% and

26% of the glenoid length (Figure 3.4). To create the defects, the glenoid portion of the scapula was
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sliced using a plane that passed through the desired osteotomy line and was normal to the surface of

the glenoid.

Figure 3.4: Osteotomy Lines were drawn parallel to the vertical axis of the glenoid representing 8%,
14%, 20% and 26% of the glenoid height.

In cases of anterior shoulder instability with a bony Bankart lesion, the labrum can be reattached to

the glenoid rim via Bankart procedure. However, in many cases with large bone defects, the anterior

portion of labrum degenerates due to its lack of support. For simplicity, the latter case was modeled

in this work and the labrum was sliced along with the scapula during the creation of bone defects, as

implemented in some cadaveric studies [14, 87].

For simulating the Latarjet procedure, the model of the scapula with a 20% bone defect (Figure 3.5)

was selected, being the limit for which the Latarjet procedure is recommended by some surgeons.

Figure 3.5: Geometry of the scapula (gray) and glenoid labrum (blue) with a simulated 20% bone
defect.
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3.1.3 Latarjet Procedure

The distal part of the coracoid was resected, making sure the resected part had a length between

22 mm and 27 mm [65]. This cut is represented in Figure 3.6. The cut scapula and coracoid parts were

exported as STL files and imported back into the bone defect model.

Figure 3.6: Resection of the Coracoid Graft at its elbow.

Positioning of the coracoid graft was done under the guidance of an orthopedic surgeon (Dra. Clara

de Campos Azevedo). The graft was rotated and positioned so that its lateral edge followed the curvature

of the glenoid surface. Attention was also given so that it did not become proud relative to the articular

surface when observed from an anterior perspective. The inferior side of the coracoid process was sliced

using the scapula as basis, which created a flat decorticated surface congruent with the defect model of

the scapula. Figure 3.8 shows the model of the scapula and corresponding soft tissues after modeling

of the Latarjet procedure.

To fix the graft to the scapula, two 3.5 mm cortex screws, depicted in Figure 3.7, were modeled

in Solidworks based on the DePuy Synthes’ specifications (Universal Small Fragment System). The

cortex screws were fully threaded with base and crest diameters of 2.4 mm and 3.5 mm, respectively.

The length of these components was chosen as 30 mm considering the size of the glenoid neck. The

placement of the screws is illustrated in Figure 3.8b. These were placed in a centered position of the

graft’s exterior surface, with a minimum distance of 7.5 mm between their respective centers and inserted

in a direction parallel to the glenoid surface plane.

Four configurations were considered for the graft position by varying its position medio-laterally. Con-

sidering the position indicated by the surgeon as the reference, the graft was translated 1.5 mm, 3 mm

and 4.5 mm in the lateral direction. No translations were considered in the medial direction because they

were assumed to behave similarly to the reference position as far as shoulder stability is concerned.

To categorize these positions with respect to the glenoid surface, the methods described in section

2.2.3 were used. The axial line method consisted in measuring the distance of the most lateral aspect of
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(a) (b)

Figure 3.7: (a) Specifications of a 3.5 mm cortex screws. (b) Modeled geometry of the cortex screws.

(a) (b)

Figure 3.8: Lateral (a) and anterior (b) view of the glenoid model after the Latarjet procedure with bone
graft in the reference position.

the graft relative to the joint line. This joint line is drawn in an axial plane at the level of the upper screw,

by connecting the two most lateral points of the glenoid rim. Since the glenoid cartilage was modeled,

the joint line was constructed passing through the edges of the cartilage instead of the glenoid. The

distance was therefore calculated relative to the articular surface [17]. The axial circle method made use

of the same axial plane, but the distance was measured relative to a circle fitted to the glenoid articular

arc.

To define the axial plane, the scapula plane was first constructed according to Bryce et al. [88].

They define the scapula plane as the plane passing through three features of the scapula: the most

distal point of the inferior scapular angle, the center of the glenoid fossa, and the point at the vertebral

border where the scapular spine intersects the medial border of the scapula. The axial plane is the plane

perpendicular to the scapula plane at the level of the transverse line, which is the line connecting the two

latter points. The different positions of the coracoid graft evaluated using the two methods are described

in Table 3.1 and shown in Figure 3.9.
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Table 3.1: Evaluation of graft position using the axial line and circle methods. Distances medial and
lateral to the line or circle are considered negative and positive, respectively.

Method Reference model 1.5 mm model 3 mm model 4.5 mm model

Axial Line (mm) -1.09 +0.4 +1.89 +3.39

Axial Circle (mm) -3.20 -1.81 +0.44 +1.23

(a) (b)

(c) (d)

Figure 3.9: Superior view of an axial cross section and evaluation methods of the different modeled
graft positions: (a) reference; (b) 1.5 mm; (c) 3 mm; (d) 4.5 mm

3.1.4 Arm Positions

In addition to considering different graft positions, the position of the arm was also varied to evaluate

how the Latarjet procedure performed with shoulder motion. The studied positions of the humerus

were: neutral position; 30◦ abduction; 60◦ abduction; 60◦ abduction with 45◦ external rotation. These

positions were chosen to replicate common positions studied in the literature [14, 72, 76], allowing

better comparison of results. Humeral rotations were modeled according to the humerus and scapula

coordinate systems defined by Wu et al. [89]. The axial rotation axis of the humerus, responsible for

internal and external rotation, passes through the center of the GH joint and the middle point between

the lateral and medial epicondyles. Abduction or elevation of the humerus is the rotation around the GH

joint center in the plane formed by the axial rotation axis and the line connecting most posterior point of

the acromion and the point at the vertebral border where the scapular spine intersects the medial border

of the scapula. As described, these positions were modeled relative to the scapula and not the thorax, so

the abduction mentioned refers to GH abduction. Figure 3.10 presents the complete geometric models
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of the GH joint after a Latarjet procedure with the various arm positions studied.

(a) (b)

(c) (d)

Figure 3.10: Anterior view of Latarjet reference models with different arm positions. (a) Neutral position;
(b) 30◦ glenohumeral abduction; (c) 60◦ glenohumeral abduction; (d) 60◦ glenohumeral abduction with

45◦ external rotation.

3.2 Finite Element Models

Finite Element models of the different configurations described in Section 3.1 were developed using

the Abaqus FEA software (version 2017). Each part was imported into Abaqus using STEP format,

which placed them automatically in its proper position.

28



3.2.1 Material Properties

Different materials were assigned to the humerus, scapula, cartilage, labrum and screws. For sim-

plicity in load application, the humerus was defined as a rigid material, which can be justified by the

relatively small deformations of bone compared to other soft tissues [90]. However, the coracoid pro-

cess was in direct contact with the humeral cartilage in the Latarjet models, making its appropriate

material definition of higher importance.

The scapula and bone graft were modeled as linear elastic and isotropic materials, for which the

Young’s modulus depended on bone apparent density. The relationship chosen to represent the material

properties of these components was retrieved from Gupta and Dan [91], as it is the only numerical model

derived directly from the scapular bone [92, 93]. It is given by:

E = 1049.45 · ρ2 for ρ ≤ 0.35 g/cm3

E = 3000 · ρ3 for 0.35 < ρ ≤ 1.8 g/cm3
(3.1)

where E is Young’s modulus (in MPa) and ρ is bone apparenty density.

The density distribution of the scapula was obtained using an in-house algorithm developed by Quen-

tal et al. [94]. Through this algorithm, the density distribution of the scapula was estimated from the

computed tomography (CT) images used to create its 3D geometry, by relating the pixel intensity with

the bone apparent density [91]. The CT gray values, that is, the average of all attenuation coefficients

in each pixel, were converted to Hounsfield units, relating them with the attenuation coefficient of the

water. Afterwards, a linear regression was derived using two reference points, representing minimum

and maximum bone density.

The modelling of the Latarjet surgical technique caused changes to the scapula’s orginal geometry

and mesh by dividing it into two parts: the modified scapula and coracoid bone graft. Each of these

parts also contained other modifications created by the glenoid bone defect and decortication of the

graft. To define the bone densities of the modified scapula and coracoid bone graft, a mapping function

was applied to transfer the data from the original geometry of the scapula. The density of each node

of the modified scapula was assigned the average density of the most proximal nodes in the original

scapula if no node existed in the same coordinates. The density distribution of the coracoid graft was

obtained in a similar fashion but a rigid transformation had to be applied to place the coracoid bone graft

in its original position before the Latarjet procedure. To identify the rigid transformation to be applied,

the same 3 points were identified in the original and modified positions of the coracoid.

Due to the partial volume effect, the apparent density of superficial nodes may be underestimated.

To diminish the impact of the partial volume effect, the algorithm was modified so that the nodes cor-

responding to the external boundary of the original scapula had the maximum density, i.e., 1.8 g cm−3.

The density distribution of the scapula and bone graft are represented in Figure 3.11.

Material properties of the different soft tissues and cortex screws are summarized in Table 3.2. The

cortex screws are composed of a Titanium alloy. The glenoid labrum and articular cartilages were

assigned a hyperelastic, Neo-Hookean material, with strain energy density given by the constitutive law:
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W = C10(I1 − 3)

C10 = E/4(1 + ν)
(3.2)

where E represents the Young’s modulus, ν is the Poisson’s ratio, and I1 is the first invariant of the

Cauchy–Green tensor.

(b) (c)

Figure 3.11: Density distribution of the modified scapula and coracoid bone graft. (a) Anterior view of a
coronal cut of the modified scapula. (b) View of the bone graft decorticated (inferior) surface

Table 3.2: Material properties of homogenous structures of the finite element models.

Model Part Material Type Constants References

Humerus Rigid - [90]

Cortex Screws Linear Elastic,
Isotropic E = 113.8 GPa , ν = 0.3 [72]

Labrum Neo-Hokean hyperelastic,
incompressible C10 = 8.3 (E = 46.6 MPa, ν = 0.4) [95, 96]

Cartilage Neo-Hokean hyperelastic,
incompressible C10 = 1.79 (E = 10 MPa, ν = 0.4) [96]

3.2.2 Interactions

The interfaces between the cartilages and their respective bone surfaces, much like the interface

between the labrum and glenoid surface or the interface between the labrum and glenoid cartilage,

were modeled using a tie constraint. The interactions between the humeral head cartilage and labrum

were modeled as frictionless, surface-to-surface contact due the very low coefficient of friction in syn-

ovial joints [61, 84]. The interaction of the humeral cartilage with the bone graft was also modeled as

frictionless, surface-to-surface contact, as implemented in a previous computational study [72].

A tie constraint was applied to the interface of the modified scapula and decorticated bone graft,
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simulating a late postoperative stage, where the union of bone graft and scapula occurred successfully.

As the variable studied in this work is the position of the bone graft, the fixation method was simplified

by modeling the interaction between cortex screws and interior bone surfaces of the graft and scapula

as tied.

To aid the convergence of the simulations, contact stabilization was activated. This stabilization

adds virtual viscous forces, which oppose incremental relative motion between surfaces and decrease

throughout the simulation, until disappearing at the end. To guarantee the validity of the results, attention

was kept so that the maximum dissipated energy was lower than 5% of the maximum internal energy,

as recommended in Abaqus documentation.

3.2.3 Boundary conditions

In all FE models, the scapula was fixed using an encastre condition on the nodes shown in Figure

3.12, restricting all displacements and rotations of these nodes [82].

Figure 3.12: Fixation of displacements and rotations of the scapula was made in its anterior side in two
different regions.

The loading conditions can be divided into two major steps: (1) compression of the humeral head

onto the glenoid; and (2) anterior translation of the humerus. For comparison with the literature, the

experimental procedure followed by Lippit et al. [30] was mimicked. The direction of the loads was

defined making use of the coordinate system present in Figure 3.13, in which the x and y axis belong to

the plane of the glenoid articulating surface and point in the superior and anterior directions, respectively.

The step (1) involved the application of a compressive force through the center of the humeral head

in the z direction, that is, perpendicular to the plane of the glenoid articulating surface, turned towards

the scapula. This load was applied with a magnitude of 50N. Rotations of the humeral head were

constrained to keep the arm position unchanged throughout the simulation. The application of this load

simulates joint loading and allows the humerus to assume a self-aligned, “physiological” configuration

[84].

31



Figure 3.13: Coordinate System used for proper load and translation application. The x, y and z
directions point in the superior, anterior and medial directions, respectively.

In step (2), the humeral head was translated in the anterior direction keeping permanent compres-

sion. Joint stability was considered compromised after peak translational shear force was reached, so

a translation of 10 mm was considered sufficient to obtain the desired results [32]. Translational shear

force refers to the force applied in the anterior direction necessary to obtain a certain displacement

value in that same direction. As an anterior translation was applied to the center of the humeral head,

the translational shear force was measured as the y component of the reaction force present at the

center of the humeral head, during each frame of displacement.

3.2.4 Mesh

Due to the complex geometry of the structures, quadratic tetrahedral (C3D10) elements were used to

create the FE meshes of the different modeled components. To ensure numerical stabilty of the results,

a convergence analysis was performed. A model of the healthy GH joint, using the intact scapula and

soft tissues (before creation of the bone defect and Latarjet simulation), was considered for this purpose.

The representation of this model is present in Figure 3.14. Variations in peak translational force of the

humerus and Von Mises stress with average element size were recorded in four points of the scapula

near the glenoid. The nodes of the scapula are identified as Node 1 to 4 in Figure 3.14.

Mesh density was increased successively by decreasing average element sizes of each component.

For the glenoid and humeral head cartilages and labrum the average element sizes ranged from 3 mm

to 0.8 mm, while for the scapula these ranged from 4 mm to 1.3 mm. The humeral head, as it is not in

contact with the glenoid cartilage, labrum or bone graft directly, was meshed with a fixed element size of

2.5 mm. In these simulations, the scapula was modeled using a homogeneous material with a Young’s

modulus of 10.4 GPa, corresponding to the average bone properties [97], and Poisson’s ratio of 0.3. The

results of the mesh convergence analysis are present in Figure 3.15.

As seen in Figure 3.15c, increasing the FE mesh density from 391176 elements to 472294 elements

produced a change of less than 1% in both the Von Mises stress at the chosen nodes and the peak

translational force of the humeral head. Therefore, a mesh containing 391176 was considered to have
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Figure 3.14: Anterior view of the healthy GH joint model with humerus in neutral position with
identification of the nodes used for convergence analysis.

converged [33] and was selected for further use. The average element size of both the healthy and

Latarjet model parts are summarized in Table 3.3.

Table 3.3: Mesh size and density of the different model components.

Model Part Healthy Model Latarjet Model

Av. El. Size (mm) Nb of Elements Av. El. Size (mm) Nb of Elements

Humerus 2.5 22361 2.5 22361

Scapula 1.5 218827 1.5 233241

Labrum 0.8 52754 0.8 41589

Humeral Head Cartilage 0.8 81550 0.8 80639

Glenoid Cartilage 0.8 15684 0.8 16427

Bone Graft - - 0.5 27715

Cortex Screws - - 0.7 2054
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(a)

(b)

(c)

Figure 3.15: Mesh convergence analysis: (a) Evolution of Von Mises stress in Nodes 1-4 and
computational time with mesh density; (b) Evolution of peak translational shear force of humeral head

and computational time with mesh density; (c) Change in each variable relative to previous mesh.
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3.3 Results Acquisition and Analysis

Using the conditions described in section 3.2, FE models were developed to reproduce different

states of the GH joint. These encompass the healthy GH joint, the GH joint with glenoid bone defects

and the GH joint following the Latarjet procedure.

The healthy GH joint model was used for validation, simulating the experimental procedure followed

by Lippit et al. [30]. Similarly, the models of the GH joint, with glenoid bone defects of different sizes, were

also used for validation, and, to this end, replicated the experimental procedure followed by Yamamoto

et al. [8]. The models of the GH joint following the Latarjet procedure were used to evaluate the influence

of graft position on shoulder stability and contact pressure.

This section presents the methods used for FE model validation and for analysis and comparison of

the results.

3.3.1 Model Validation

The validation of the FE models developed consisted in estimating the joint stability and comparing

the results with that reported in the literature. The stability of the joint was evaluated through the stability

ratio (SR), which is defined as peak translational shear force divided by the applied compressive joint

load:

Stability Ratio (SR) =
Peak Translational Force

Compressive Force
(3.3)

For a healthy GH joint, Lippit et al. [30] translated the humeral head in 8 anatomic directions and

calculated their respective SR. As this work focuses on anterior instability, the SR in the healthy GH joint

model was only evaluated in the anterosuperior, anterior and anteroinferior directions. The anteroinferior

and anterosuperior directions were defined at a 45◦ angle from the anterior direction in the XY plane,

clockwise and anticlockwise, respectively.

For the GH joints with glenoid bone defects, the SR in the anterior direction, corresponding to each

size of bone defect, was calculated and the results were compared to those of Yamamoto et al. [8], as

this study performed the same analysis on cadaveric models.

As mentioned in section 3.2, contact stabilization was applied to some of the defined interactions. To

ensure validity of the results, the maximum dissipated energy by stabilization was verified to be below

5% of the maximum internal energy of the model.

3.3.2 Comparison of Graft Position

To evaluate the effect of different graft positions, both the variation of stability of the joint and distri-

bution of contact pressures in the humeral head cartilage were analyzed. The stability of the joint was

computed using the SR for each graft position and arm position.

For comparison purposes, the contact pressures were taken only from the frames of the simulation
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between the beginning of humeral head translation, when the humerus is at its physiological configura-

tion, and achievement of maximum translational shear force. The displacement of the humeral head in

the anterior direction was normalized with the former corresponding to 0 and the latter corresponding to

1. After peak translational shear force was reached, joint stability was considered to be compromised

and the results were considered invalid for evaluating the effectiveness of the Latarjet procedure.

After appropriate selection and normalization of the results, the GH contact pressures were analyzed

in qualitative and quantitative ways. Visual representations of contact pressure distribution in the glenoid

cartilage, labrum and graft for the different graft positions were qualitatively examined and compared.

These were represented at three frames: one corresponding to the initial frame of the analysis (begin-

ning of humeral translation), one corresponding to a middle frame, and one corresponding to the last

frame of the analysis (position at maximum shear force).

For a more objective evaluation, the values of contact pressure of each element in the humeral head

surface were retrieved and its maximum and average at each displacement value were calculated. A

script was developed in Matlab software to obtain the variation of peak contact pressure with humeral

head displacement at the different modeled graft and arm positions.

Osteoarthritis risk was examined by comparison of peak GH contact pressures with the value of fail-

ure stress of cartilage. Peak GH contact pressures above the failure stress of cartilage were considered

as a potential risk for the development of postoperative osteoarthritis as it could lead to cracking of the

humeral head cartilage [98]. Due to lack of information regarding the mechanical failure of humeral head

cartilage, the failure stress was approximated using the data published for the cartilage of the femoral

head and for tensile failure [98], which is present in Figure 3.16.

Figure 3.16: Comparison of the failure stress of cartilage from the hip and talus and their variation with
age [98].

There is a significant drop in failure stress of the femoral head with age (Figure 3.16). As the Latarjet
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procedure is performed more commonly in the young active population, as these constitute the majority

of patients with anterior instability [2], the value of 25 MPa was chosen as the failure stress of cartilage

for comparison with results of peak contact pressure.

The average contact pressure and contact area at each displacement value for each graft and arm

position were also plotted.
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Chapter 4

Results

This chapter presents the results obtained from the FE analyses, regarding both model validation

and impact of graft position on joint stability and contact pressure.

4.1 Model Validation

The results for the SRs of the healthy model obtained in the 3 directions tested are present in Figure

4.1. Alongside these, the Figure also contains data of SRs achieved through cadaveric testing reported

in the literature [30]. The values of SR are all in agreement with the published data.

Figure 4.1: Stability Ratios of the GH joint in the anteroinferior, anterior and anterosuperior direction.
Comparison with the mean and SD of stability ratios obtained by Lippit et al. [30].

The SRs for each bone defect size and their comparison with published data are illustrated in Figure

4.2. No change is observed between the results for defects of 8% and 14%, but all SRs still fall within

standard deviation intervals published in the literature.

As mentioned in Section 3.2, the use of contact stabilization causes dissipation of energy. For all
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Figure 4.2: Stability Ratios of the GH joint with glenoid bone defects with a width representing 8%,
14%, 20% and 26% of glenoid height. Comparison with the mean and SD of stability ratios obtained by

Yamamoto et al. [8].

simulations, the maximum dissipated energy was verified to be below 5% of the maximum internal

energy. To exemplify the evolution of theses variables, Figure 4.3 shows the results of one energy

analysis.

Figure 4.3: Comparison of Internal Energy of model and dissipated energy due to contact stabilization.
Maximum dissipated energy corresponds to 1% of maximum internal energy.
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4.2 Comparison of Graft Position

4.2.1 Stability Ratios

The SRs obtained for the anterior direction in all the modeled graft and arm positions are presented

in Figure 4.4. Common to all arm positions, the SR rose with increasing laterality of the bone graft

beyond the 1.5 mm position. No relevant difference is observed between stability of the reference and

1.5 mm models, regardless of humeral position.

Figure 4.4: Comparison of stability Ratios of the GH joint after the Latarjet procedure for the modeled
graft positions in each arm position.

The 3 mm model shows an average increase in SR of 16.5% from the 1.5 mm or reference models,

while the 4.5 mm model’s results increase, in average, 16% from the 3 mm ones. When comparing arm

positions, the condition with 60◦ abduction and 45◦ external rotation shows the greatest variability in SR

presenting both the lowest value in the 1.5 mm model and the highest one in the 4.5 mm model.

4.2.2 Contact Pressure Distribution

Figure 4.5 contains the contact pressure distribution in the glenoid cartilage, labrum and bone graft

for the different graft positions at 60◦ GH abduction. For each graft position, 3 frames are shown, rep-

resenting different displacement values of the humeral head. Changes observed between graft position

are mostly similar for the various tested arm positions so the contact pressure distribution for the neutral,

30◦ abduction and 60◦ abduction with 45◦ external rotation are presented only in Appendix A.
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Figure 4.5: Start, middle and end frames of the simulation showing contact pressure distribution on the
glenoid cartilage, labrum and bone graft for each graft position at 60◦ abduction. The start frame

corresponds to the end of joint compression where humeral head translation is null. The end frame
corresponds to the frame with maximum translational force.
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The contact pressure distributions of the reference and 1.5 mm models are indistinguishable in every

observed frame. At the start frame, when only a compressive force is present, the humeral head cartilage

is in contact with both the glenoid cartilage and labrum. Contact in the labrum can be either more

posterior or superior, depending on the position of the arm. The zone of contact in the glenoid cartilage

moves anteriorly, accompanying the displacement of the humeral head. In both the reference and 1.5

mm models, the humeral head cartilage does not touch the bone graft for the entirety of the analyzed

displacement interval.

For the 3 mm model, the initial contact distribution is similar to the previously described models; how-

ever, towards the end of the simulation the contact pressure is mostly present in the bone graft, showing

magnitudes higher than the maximum observed for both reference and 1.5 mm models, represented by

the gray areas. The 4.5 mm model has the majority of contact pressure distributed between only the

glenoid labrum and bone graft, with the contact at the end frame being located only on the bone graft.

Unlike for all other graft positions, the humeral head contacts the bone graft at the start of the simula-

tion. Similarly to the 3 mm model, contact pressure values in the bone graft show high magnitude when

compared to those in the cartilage and labrum.

For quantification and comparison of the evolution of contact pressure with anterior translation in the

different graft positions, the displacement of the humeral head was normalized. The absolute displace-

ment values from the physiological position (after application of only compressive force) to the position

at maximum translation force in the anterior direction are shown in Table 4.1.

Table 4.1: Absolute displacement of humeral head from normal physiological placement in the glenoid
until peak translational force in the different graft and arm positions.

Arm Position Graft Position Displacement (mm)

Neutral Reference 1.9
1.5 mm 1.9
3 mm 3.7
4.5 mm 2.0

30◦ abduction Reference 1.6
1.5 mm 1.6
3 mm 4.7
4.5 mm 1.6

60◦ abduction Reference 1.7
1.5 mm 1.7
3 mm 4.2
4.5 mm 1.1

60◦ abduction Reference 6.0
45◦ external rotation 1.5 mm 5.9

3 mm 6.0
4.5 mm 2.7

Progression of peak contact pressure of different bone graft models for each arm position studied

can be observed in Figures 4.6, 4.7, 4.8 and 4.9. For every arm position, both the reference and 1.5

mm bone graft positions show similar results well below the threshold considered for the failure stress

of cartilage. However, this threshold is consistently overrun when the graft is placed in a 3 mm or 4.5
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mm lateral position. At the start frame, the 3 mm model shows peak pressures similar to models with

a more medial graft position relative to it and only surpasses cartilage failure stress towards the end of

the translation. On the other hand, the 4.5 mm model has a very high peak contact pressure at every

displacement value, surpassing the stress threshold for the majority of the simulation.

Figure 4.6: Evolution of peak contact pressure with normalized displacement of the humeral head for
the different graft positions at the neutral position.

Figure 4.7: Evolution of peak contact pressure with normalized displacement of the humeral head for
the different graft positions at 30◦ GH abduction.
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Figure 4.8: Evolution of peak contact pressure with normalized displacement of the humeral head for
the different graft positions at 60◦ GH abduction.

Figure 4.9: Evolution of peak contact pressure with normalized displacement of the humeral head for
the different graft positions at 60◦ GH abduction with 45◦ external rotation.
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When comparing arm positions, the biggest changes in peak contact pressure were observed for

60◦ abduction and 60◦ abduction with 45◦ external rotation. The latter shows the highest peak contact

pressure values, which, unlike other arm positions occur for the 3 mm model and not the 4.5 mm one.

Changes in mean contact pressure with normalized displacement were also plotted. For the sake

of brevity and due to similarities between most humeral positions, only the results for 60◦ GH abduction

are presented in Figure 4.10. The results for the remaining arm positions can be consulted in Appendix

B. Overall, the mean contact pressure seems to increase with anterior translation and with increasing

lateral placement of the bone graft.

Figure 4.10: Evolution of mean contact pressure with normalized displacement of the humeral head for
the different graft positions at 60◦ GH abduction.

Lastly, the contact area for each FE analysis was retrieved. The contact area over normalized dis-

placement of each graft position for 60◦ GH abduction is presented in Figure 4.11. The information

regarding the remaining arm positions is shown in Appendix C.

The contact area behaves opposite to the mean contact pressure by decreasing with anterior transla-

tion and with increasing lateral placement of the bone graft. The exception for this happens with the arm

at 60◦ abduction and 45◦ external rotation, where a bone graft placed 4.5 mm lateral to the reference

has a higher contact area at the start of the translation compared to all other graft positions.
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Figure 4.11: Evolution of GH contact area with normalized displacement of the humeral head for the
different graft positions at 60◦ GH abduction.
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Chapter 5

Discussion

5.1 Model Validation

The modelling of articular cartilage, labrum and bone defect geometries was validated against in vitro

measurements of GH stability reported in the literature [30]. The SRs of the healthy GH joint model at the

tested directions all fell within the literature ranges, which shows accuracy in the joint modeling of the soft

tissues. When testing the stability of the bone defects, the results obtained were also within the standard

deviation intervals measured in vitro. However, unlike the average measurements published, the SRs of

the joint with 8% and 14% defects showed no variation between them. These results can be explained

by the assumption of constant thickness in the glenoid cartilage. Differences in the thickness of this

cartilage are more noticeable towards its exterior edges [26, 86], so when bigger glenoid bone defects

are present this effect becomes less relevant. For simulation of the Latarjet procedure, a 20% bone

defect was used, as it corresponds to the limit after which bone grafting procedures are recommended.

Both these validation processes provide confidence in the FE model of the GH joint and the results

further obtained after simulation of the Latarjet procedure.

5.2 Comparison of graft position

The distribution of contact pressure over GH joint surfaces (Figure 4.5) provided insight into the

role of the graft when placed in different positions. When the bone graft is placed in the reference or

1.5 mm lateral position, no contact between the humeral head cartilage and graft surface is observed

for the entirety of the analysis. This translated to a low SR, showing no significant change between

the two modeled positions. Adding to the resemblance of the results of both positions, their SR in the

hanging arm position was also identical to that obtained for the model simulating the GH joint with a 20%

bone defect before the Latarjet procedure was modeled. From these results, it can be concluded that

placement of the graft in the reference and 1.5 mm lateral positions has a null contribution to the static

stabilization of the GH joint in terms of osseous glenoid reconstruction, which can lead to an increased

risk of recurrent instability.
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Both the 3 mm and 4.5 mm graft positions showed contact between the bone graft and humeral head

articular surface; however this contact occurred at different moments of humeral displacement. For the

3 mm model, initial contact pressure distribution was similar to the models with a more medially placed

graft, which means that the humeral head had the same approximate physiological position. Contact

with the bone graft occurred only towards the end of the humeral head translation, contributing to an

increase in SR when compared to the 1.5 mm and reference models.

In the 4.5 mm model, due to the lateral overhang of the graft, the articulation of the humeral head

became constrained, leading to a shift in contact surface in the posterior direction when submitted only

to a compressive force. In this situation, the humeral head contacted with the graft at the start frame,

unlike in all other positions, and reduced contact with the glenoid cartilage. The difference in joint

alignment at a physiological position can pose an increased risk of osteoarthritis. The contact with the

graft during only joint compression also leads to the decrease in anterior displacement of the humeral

head until maximum translational force. A lateral overhanging of the graft, offers higher resistance to

anterior translation of the humeral head, leading to an increase in SR. As the more lateral graft position

studied, the 4.5 mm model presents the highest SR, with a value significantly higher than the SR of a

health GH joint.

Observing the progression of peak contact pressure with displacement of the humeral head, it is

noticeable that the 3 mm and 4.5 mm models systematically presented higher contact pressures. Both

these models had peak contact pressures that surpassed the value representing the failure stress of

cartilage, potentially leading to injuries in the humeral head cartilage related to the development of

postoperative osteoarthritis [98]. The high values of contact pressure (above failure stress of cartilage)

seem to be related to the contact between the humeral head cartilage and the bone graft. This is easily

observable in the 3 mm model, as peak contact pressures had a significant increase towards the end

of humeral head translation. The distribution of contact pressure on the bone graft had mostly two

focal points, regardless of arm position, caused by the rough osseous incongruity of the lateral coracoid

process surface. From thereon, much like Ghodara et al. [76] predicted, it can be concluded that the

increase in contact pressure is caused by nonconformity of the contact surfaces in the classic Latarjet

procedure.

Combining all previous remarks, the optimal position for placement of the bone graft during the

Latarjet procedure is taken to be between the 1.5 mm and 3 mm positions modeled in this work. Although

an exact placement could not be found, it still shortens the acceptable interval considered by many

authors when evaluating surgical outcomes of the Latarjet procedure [17, 16, 15]. If the measurements

of graft position obtained through the axial circle method, as reported in Table 3.1, are considered,

the results obtained in this work are more easily comparable to those in the literature. The axial circle

method was considered to better evaluate the graft position compared to the axial line method due to

the irregular geometry of the graft. The interval found containing the optimal position of the bone graft

was [-1.81, +0.44] mm in the medial lateral direction, with the zero being the circle fitted in the glenoid

articular surface. This supports the recommendation of placing the coracoid graft as closely as possible

flush to the glenoid surface.
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The SR calculated support the belief that the osseous augmentation of the glenoid during the Latarjet

procedure only contributes to stability through the glenoidplasty effect or reconstruction of the glenoid

arc, agreeing with Yamamoto et al. [14]. This disregards the initial belief that the bone graft only needed

to serve as a block to medial translation of the humerus. When the graft is placed medially to the glenoid

face, the results are in accordance with Ghodadra et al. [76], suggesting that there is no reconstruction

of the glenoid articular surface and no osseous block to anterior humeral translation during the different

positions of arm abduction and external rotation.

As the 4.5 mm model is considered to be lateral to the glenoid surface, its contact pressure distri-

bution presented in this work confirms the increase in posterior GH contact pressure and shift of the

physiological humeral head position in the glenoid documented in the literature [76].

There are several limitations to this work. The first and foremost limitation is the lack of muscles

and ligaments that participate in shoulder stabilization. The healthy shoulder stability model followed

the setup of other studies [8, 30, 76] which do not take into account ligamentous or musculotendinous

structures. For modeling the Latarjet procedure, the dynamic effect of the conjoint tendon was also

neglected. The conjoint tendon of the short head of the biceps and coracobrachialis muscle originates

from the tip of the coracoid process and plays a role in the stabilizing action of the Latarjet procedure. As

discussed previously, it is responsible for the ”sling effect”, resisting anterior translation of the humerus

and reinforcing the capsule by lowering the subscapularis (Figure 2.16). The sling behaviour of the

conjoint tendon occurs during shoulder abduction, so the SR values obtained with abducted arm position

could suffer changes if its effect was considered. However, even with the arm at 60◦ GH abduction and

neutral external rotation, the effect of the osseous reconstruction of the glenoid has been reported to

contribute up to 49% of the restored GH stability [14], so its importance cannot be neglected. For the arm

positions modeled in this work, the bone effect of the Latarjet procedure still has a significant contribution

for restoration of stability.

Lack of ligamentous structures, such as the GH capsule, can also cause variability within the results.

An intact GH capsule could not only affect the SRs obtained but also prevent the posterior shift of GH

contact pressures observed due to the lateral overhang of the bone graft. Nevertherless, the glenoid

capsule is described as a lax structure in the hanging arm position [18]. Its significance for shoulder

stability after performing the Latarjet procedure has been reported to be present in an end range position

of abduction, with 60◦ GH abduction and maximum external rotation [14]. This signifies that some of the

modeled positions are likely little affected by the absence of the GH capsule.

For the sake of comparison, the same load conditions were used for the validation processes and

collection of results post Latarjet procedure. The load considered contained a small joint reaction force in

magnitude and did not correspond to the range of in-vivo forces. The use of physiological load conditions

could lead to some differences in GH contact pressure distribution and perhaps provide other relevant

data.

Another limitation of this work was the use of a model of the same specimen and the same size of

glenoid bone defect for all tested conditions of the Latarjet procedure. Variability in defect size and in

graft width and height may affect change in stability and GH contact pressure. However, the present work
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still demonstrated the effectiveness of glenoid reconstruction through the use of a bone graft collected

from the coracoid process.
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Chapter 6

Conclusions

The main objective of the present work was the assessment of the best position for bone graft place-

ment during the Latarjet procedure. To achieve this, 3D FE models of the shoulder simulating the Latarjet

procedure with different graft positions were developed and validated. Besides the different graft posi-

tions, to strengthen the validity of this work, the shoulder was modeled and tested at different positions

of abduction and external rotation. Results were obtained through the evaluation of changes in joint

stability and GH contact pressures caused by varying bone graft placement.

The best position for bone graft placement in the medio-lateral direction was found to be between

two of the modeled positions, which were 1.5 mm and 3 mm lateral to the reference used in this work.

Using the axial circle method for standardized measurements of the graft positions, the optimal interval

corresponded to [-1.81, + 0.44] mm in the medio-lateral direction, with the zero being flush to the glenoid

articular surface. The results also allowed for the drawing of the conclusion that values of contact

pressure above those of the failure stress of cartilage were caused by contact with the rough incongruous

geometry of the bone graft, which may lead to an increased risk in the development of post-operative

osteoarthritis. Evaluation of joint stability yielded results consistent with published data, confirming that

positions medial to the glenoid articular surface, bear no effect on the joint SR when compared to the

model of a glenoid with a bone defect,since these do not reconstruct the articular arc. Overly lateral

position of the graft can cause misalignment of the GH joint, a factor associated with osteoarthritis.

To the author’s knowledge, this is the first study combining both stability and contact pressure distri-

bution of the GH joint for assessment of optimal graft position in the Latarjet procedure. Although the

findings of this work may give recommendations for improving the efficacy of the surgical technique,

further studies are required to deepen the knowledge regarding this issue and address some of the

limitations of this work. An important development would be the addition of the ligamentous and mus-

culotendinous structures which participate in shoulder stabilization. One particular phenomenon which

makes the Latarjet procedure popular is the addition of the sling effect provided by the conjoint tendon.

Accounting for the influence of this structure and the joint capsule will supply relevant information about

the restoration of stability in extreme ranges of motion. Regarding load application, this study mimicked

the conditions employed for model validation; however, use of loading conditions simulating in-vivo situ-
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ations should be further performed. For this work, anatomic information of only one subject was used,

neglecting variability of the modeled structures. Although the geometry and properties were validated

according to clinical data, further studies using a higher number of shoulder models would increase the

validity of the results. Along with this, testing the application of the Latarjet procedure on different glenoid

bone defect sizes should also present more clinically relevant data.
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Appendix A

Contact Pressure Distribution
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Figure A.1: Start, middle and end frames of the simulation showing contact pressure distribution on the
glenoid cartilage, labrum and bone graft for each graft position at neutral humeral head position. The
start frame corresponds to the end of joint compression where humeral head translation is null. The

end frame corresponds to the frame with maximum translational force.
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Figure A.2: Start, middle and end frames of the simulation showing contact pressure distribution on the
glenoid cartilage, labrum and bone graft for each graft position at 30◦ abduction. The start frame

corresponds to the end of joint compression where humeral head translation is null. The end frame
corresponds to the frame with maximum translational force.
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Figure A.3: Start, middle and end frames of the simulation showing contact pressure distribution on the
glenoid cartilage, labrum and bone graft for each graft position at 60◦ abduction with 45◦ external

rotation.
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Appendix B

Mean Contact Pressure

Figure B.1: Evolution of mean contact pressure with normalized displacement of the humeral head for
the different graft positions at the neutral position.
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Figure B.2: Evolution of mean contact pressure with normalized displacement of the humeral head for
the different graft positions at 30◦ GH abduction.

Figure B.3: Evolution of mean contact pressure with normalized displacement of the humeral head for
the different graft positions at 60◦ GH abduction with 45◦ external rotation.
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Appendix C

Contact Area

Figure C.1: Evolution of GH contact area with normalized displacement of the humeral head for the
different graft positions at the neutral position.
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Figure C.2: Evolution of GH contact area with normalized displacement of the humeral head for the
different graft positions at 30◦ GH abduction.

Figure C.3: Evolution of GH contact area with normalized displacement of the humeral head for the
different graft positions at 60◦ GH abduction with 45◦ external rotation.
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