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DEVELOPPEMENT D'UN MODELE MUSCULOSQUELETTIQUE DE L'EPAULE
POUR EVALUER L'IMPACT DE LA MORPHOLOGIE SCAPULAIRE SUR LA
BIOMECANIQUE GLENO-HUMERALE

Marta STRZELCZAK

RESUME

De nombreuses théories, qui visent a expliquer les pathomécanismes des troubles de
l'articulation glénohumeérale, se concentrent sur la morphologie défavorable de la scapula. Les
méthodes in silico, telles que la modélisation musculo-squelettique, permettent de mieux
comprendre le pathomécanisme sous-jacent. Les méthodes in silico ne nécessitent pas de
procédures invasives et de spécimens cadavériques coliteux. Cependant, avant d'appliquer le
modele a un probléme de recherche, le chercheur doit s'assurer que le modele est capable de
donner la bonne réponse. Le but de cette thése de doctorat était donc dans une premiére phase
de trouver et d'évaluer une approche pour l'enveloppement du muscle deltoide, qui représente
le comportement physiologique dans toute la gamme des mouvements de 'articulation gléno-
humérale. Le but de la deuxiéme phase est d'évaluer les variabilités de la mesure
morphologique, appelée angle critique de 1'épaule (CSA), sur la biomécanique de I'articulation
glénohumérale aprés NC-TSA et un descellement potentiel du composant glénoidien.

Dans la premicre phase, I'avancée dans le développement du modele musculo-squelettique a
grande échelle d'arthroplastie totale de 1'épaule non conforme a été démontrée. Une
amélioration a été apportée a la représentation géométrique du muscle deltoide. Deux
approches distantes ont été proposées et évaluées, a savoir le modele a maillage 2D et le modele
d'enveloppement multi ellipsoide. Les modifications permettent d'étudier I'impact de la
morphologie de la scapula sur la biomécanique de l'articulation glénohumérale.

La deuxieéme phase démontre la faisabilit¢ du modele ci-dessus a utiliser en application
clinique. L'étude présentée visait a évaluer l'impact des variabilités morphologiques de
I'omoplate, et plus particulicrement du paramétre morphologique appelé angle critique de
I'épaule (eng. critical shoulder angle), comme facteur de risque potentiel de descellement de la
composante glénoidienne.






DEVELOPMENT OF A SHOULDER MUSCULOSKELETAL MODEL TO ASSESS
THE IMPACT OF SCAPULAR MORPHOLOGY ON GLENOHUMERAL
BIOMECHANICS

Marta STRZELCZAK

ABSTRACT

Many theories, which aim to explain pathomechanisms of glenohumeral joint disorders, focus
on unfavorable scapula morphology. /n silico methods, such as musculoskeletal modeling, give
an opportunity to better understand underling pathomechanism. In silico methods do not
require invasive procedures and expensive cadaveric specimens. However, before applying the
model to a research problem, the researcher must ensure that the model is able to give the
correct answer. The purpose of this doctoral thesis was hence in the first phase to find and
evaluate an approach for the deltoid muscle wrapping, which represents physiological behavior
in full-range of GHJ motion. The purpose of the second phase is to assess the variability of the
morphological measurement called the critical shoulder angle (CSA) on the biomechanics of
the glenohumeral joint after NC-TSA and potential glenoid component loosening.

In the first phase, the advancement in the development of the large-scale musculoskeletal
model of NC total shoulder arthroplasty was demonstrated Improvement was made in the
geometrical representation of the deltoid muscle. Two distanced approaches had been proposed
and evaluated, namely 2D-mesh model and multi-ellipsoid wrapping model. The changes
allows to study the impact of the scapula morphology on the glenohumeral joint biomechanics

The second phase demonstrates the feasibility of the above model to be used in clinical
application. The presented study aimed to evaluate the impact of the morphological variability
of the scapula, and more specifically the morphological parameter called the critical shoulder
angle, as a potential risk factor in glenoid component loosening.
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INTRODUCTION

The proper functioning of shoulder complex allows for many everyday activities with the use
of upper limbs. The shoulder complex has the greatest mobility of all joints in the human body.
It has almost unlimited motions, which cover about 65% of a sphere (Engin and Chen, 1986a).
At the same time, it is the seat of many injuries, which are associated with its considerable

mobility, low stability and frequent use.

Many theories, which aim to explain pathomechanism of the most frequent shoulder disorders,
focus on scapula morphology. Shape of scapula bone is considerably variable among
population. Radiological imaging based studies suggest that an unfavorable shape of the
scapula bone may foster the development of rotator cuff tear or osteoarthritis (Beat K. Moor,
Wieser, Slankamenac, Gerber, & Bouaicha, 2014). Less is known about the impact of scapular
morphology on complications in total shoulder arthroplasty (TSA). Arthroplasty is a surgical
procedure to restore the function of a joint. A joint can be restored by resurfacing the bones.

An artificial joint (called a prosthesis) may also be used.

Several measures have been developed to quantified difference in scapula shape. Currently,
one of the most studied measurement is the Critical Shoulder Angle (CSA) (Beat K. Moor et
al., 2014). The CSA combines the length of acromion and the glenoid inclination and it is
usually measured on an anterio-posterior X-Ray. The CSA receives special attention because
of its high intra- and inter-observer reliability. Positive correlations have been found between
a large CSA and rotator cuff tear, as well as with glenoid component loosening in NC (NC)
TSA (Watling et al., 2018). However, the cohort studies based on X-Ray images are unable to
establish a causal effect of these disorder developments. Numerical modeling gives an
opportunity to better understand underlying pathomechanism. Large-scale musculoskeletal
models are gaining in interest in orthopedic application since they do not require invasive
procedures or expensive cadaveric specimens, and are convenient for parametric analysis.
However, to find clinical problems using a numerical model, the researcher must make sure

that the model is suitable for the given applications and that it is able to give a reliable answer.



Therefore, the aim of this thesis is, in a first place, to adapt a large-scale musculoskeletal model
(Sins, Tétreault, Hagemeister, & Nufio, 2015) to study the impact of the scapula morphology
on glenohumeral joint (GHJ) biomechanics. The current representation of the deltoid muscle
in the model leads to non-physiological muscle fibers trajectories. For this purpose, a
previously developed musculoskeletal model of NC-TSA (Sins et al., 2015) needs to be
improved by changing the geometrical representation of the deltoid muscle. These
improvement will allow to use the model to answer a clinical question associated with the
CSA. This study aims at understanding the effect of varying the size of the CSA on the

biomechanics of the prosthetic GHJ to predict potential risk of glenoid component loosening.

This thesis is divided in five chapters. The first chapter describes the state-of-art on anatomy
and pathophysiology of the shoulder girdle with a focus on scapula morphology. It also
includes information about NC-TSA and glenoid loosening. Subsequently, it presents the state-
of art about multibody musculoskeletal modelling with a focus on the inverse-dynamics
approach. The second chapter highlights the research problem and thesis objectives. Chapters
three and four correspond to the deltoid model development, each of which has been
submitted as a full research paper to a scientific journal. Chapter five presents a biomechanical
evaluation of the clinical measurement called critical shoulder angle on GHJ with NC
anatomical TSA, also submitted to a peer-reviewed journal. Chapter six provides a general
discussion as well as some recommendations for future research on related topics. The thesis

ends with the overall conclusion.



CHAPTER 1

LITERATURE REVIEW

1.1 Anatomy and physiology of shoulder complex

1.1.1 Shoulder complex

The shoulder complex connects the upper limb with the thorax. It is composed of three bones,
namely the clavicle, scapula and humerus. The main task of the shoulder complex is the proper
spatial positioning of the hand during everyday activities. The range of motion of the shoulder
complex exceeds that of any other joint mechanism in the human body. Great range of motion
is possible due to the simultaneous motions of the several joints composing the shoulder

complex: sternoclavicular (SC), acromioclavicular (AC) and GHJ (Figure 1-1)

: Head of
Glenoid Humerus

all

// "'/‘ :
Scaf)ula A
Humerus R

Shoulder

Figure 1-1 Shoulder complex. Photo courtesy of Creative Commons



The SC joint is a saddle-shaped, synovial joint between the proximal clavicle and the
manubrium of the sternum. It connects the upper limb with the axial skeleton. Despite its
untypical shape, it functions as a ball- and- socket joint and has three degrees of freedom (DoF)
(Lee et al., 2014). The AC joint connects the lateral end of the clavicle with the anterior part
of the acromion. The AC articulation is the only true synovial joint that attaches the scapula to
the thorax through the clavicle bone. It is a plane type joint, which allows only gliding
movements (Wong & Kiel, 2018). The shoulder complex is a closed chain and motions of the
SC- and AC-joint are coupled (Culham & Peat, 1993; Van der Helm, Veeger, Pronk, Van der
Woude, & Rozendal, 1992; Yang, Feng, Xiang, Kim, & Rajulu, 2009). The greatest part of the
motion at the shoulder complex comes from rotation of the GHJ often referred to as the
shoulder joint. At the GHJ, the humeral head articulates with the glenoid cavity of the scapula.
The glenoid cavity is structurally deepened by a fibrocartilaginous rim, the glenoid labrum
(Peter Habermeyer, Schuller, & Wiedemann, 1992). The glenoid labrum is attached around the
margin of the glenoid cavity. The GHJ is the major articulation of the shoulder complex and
the most mobile articulation of the human body (van der Helm, 1994b). Great mobility of the
GHJ comes as a consequence of a relatively small and shallow glenoid fossa that is in contact
with the large humeral head. Only part of the humerus is in contact with the glenoid at any
position of the joint, which comes at the price of low mechanical joint stability. The GHJ is the

most commonly dislocated human joint (Rugg et al., 2018).

Considerable mobility of the scapula is also observed in relation to the thorax. The scapula
connects the upper limb to the trunk, through the scapulothoracic gliding plane. The
scapulothoracic gliding plane is not a true anatomical joint. The thorax and the scapula are
connected without any bony or ligamentous attachments one with another. It is a muscle-to-
muscle connection between the anterior convex surface of the scapula (subscapularis muscle)
and the posterior convex surface of the thoracic cage (serratus anterior). The proper mobility
of the scapula is essential for proper shoulder function. The scapulothoracic gliding mechanism
allows the scapula to follow the humerus and to position the glenoid cavity correctly. At the

same time, in non-pathological conditions, it protects the impingement between the humerus



and the acromion. It provides a stable base from which all shoulder movements start, and its

proper positioning determines the effective and strong movements of the shoulder joints.

1.1.2 Static and dynamic stabilizers of glenohumeral joint

Effective performance of upper limb activities depends not only on the mobility but also on
the functional stability of the shoulder complex. Because of its high mobility, the GHJ is the
least stable synovial joint in the human body. This is due to the anatomy of the shoulder
complex, where the GHJ has the least bone stability. The bone stability of the GHJ is increased
by the fibrocartilaginous labrum (Peter Habermeyer et al., 1992; Pouliart & Gagey, 2006),
which enlarges and deepens the glenoid cavity, while augmenting the articular surfaces’ fit.
However, shoulder stability is primarily provided by soft tissue structures that intersect with
it. The stability of this joint is generally described as the consequence of a passive (static) and

active (dynamic) phenomenon.

The passive stability does not require activation of the nervous system. Despite the joint
congruity and the glenoid labrum, it comes from following structures: the capsuloligamentar
elements (Itoigawa & Itoi, 2016), which are primary passive joint stabilizers, the
coracoclavicular ligament (Dawson et al., 2009), and the intra-joint vacuum (Yamamoto et al.,
2006).The function of passive stabilizers is to limit the displacement and rotation of the
humeral head in the glenoid cavity. The stabilizing function of passive structures is related to
the position of the humerus with respect to the glenoid cavity (Felli et al., 2012). The inferior
ligament, which is a part of the capsuloligamentar complex, was found to play an important
role in anterior stability of GHJ (Turkel, Panio, Marshall, & Girgis, 1981). The active stability
comes from the contraction of peri-articular musculotendinous structures that press the joints
surfaces together (Blache et al., 2017; Diaz, de Soto, & Uroz, 2020). They include the long
head biceps tendon, rotator cuff muscles, peri-scapular muscles, and the deltoid muscle

(Billuart, Devun, Skalli, Mitton, & Gagey, 2008; Hsu, Luo, Cofield, & An, 1997).



1.1.3 The deltoid muscle

The deltoid muscle is the muscle forming the rounded contour of the human shoulder (Figure
1-2). The deltoid muscle is the largest shoulder muscle, which envelops the GHJ and
determines the silhouette of the shoulder. It consists of three distinct anatomical parts: the
anterior (clavicular), the lateral (middle, acromion) and the posterior (spinal) parts. The
anterior deltoid originates in the lateral third of the clavicle; the lateral deltoid originates in the
lateral margin of the acromion; and the posterior deltoid from the scapular spine. All deltoid
fibers coincide and attach on the deltoid tuberosity on the humerus. More detailed description
about insertion points of the deltoid muscle can be found in Torpey et al. (1998); Morgan et al.
(2006); Rispoli et al. (2009).

Biceps
muscle

Figure 1-2. The deltoid muscle. Taken from Sakoma et al. (2011) with permission.




The deltoid has a significant role in shoulder function. The deltoid function depends is on the
muscle compartment involved. As shown, inter alia, in the article of Reinold et al. (2007) the
activation pattern of this muscle during shoulder motion is different according to the three
compartments and performed movement. The anterior compartment is responsible for flexion,
abduction, and medial rotation of the arm. The largest lateral part provides abduction of the
arm, which is also the primary action of the deltoid. The posterior part allows extension,
adduction and lateral rotation of the arm. The three parts of the deltoid muscle provide active
stabilization of the humeral head during abduction (Billuart et al., 2008; Brown & Wickham,
2006). The deltoid is crucial for shoulder motion and deltoid pathologies can disturb shoulder
functioning (Hawkes, Khaiyat, Howard, Kemp, & Frostick, 2019; Hecker et al., 2021).

1.1.4 Glenohumeral joint arthritis and total shoulder arthroplasty

Due to its extensively use, GHJ is often affected by degenerative joint diseases, such as
arthritis. The common form of arthritis, also in the case of GHJ is osteoarthritis. Osteoarthritis
is characterized by loss of cartilage, and alterations of subchondral bone(Arden & Nevitt,
2006). The most common predisposition factors of osteoarthritis include age, female gender,
joint injuries, muscle weakness, anatomical factors and obesity (Ibounig, Simons, Launonen,
& Paavola, 2020; Yelin, Weinstein, & King, 2016). Osteoarthritis of the GHJ often causes
shoulder pain and stiffness (Weinstein, Bucchieri, Pollock, Flatow, & Bigliani, 2000).
Treatment is dictated by patients’ age, severity of symptoms, radiographic findings, medical
comorbidities, and patient characteristics (Izquierdo et al., 2010). The severe cases and the
diagnosis in the late stage of the disease, in which pharmacotherapy is not reliving symptoms,
often leads to the surgical interventions, in form of a shoulder arthroplasty. TSA provides
significant improvements in pain, function, and quality-of-life (Deshmukh, Koris, Zurakowski,
& Thornhill, 2005). Comparative clinical studies found that TSA is a more effective procedure
over hemiarthroplasty, mainly due to the progressive glenoid arthritis after hemiarthroplasty
(Gartsman, Roddey, & Hammerman, 2000; Lo et al., 2005). Nevertheless, TSA is not
recommended for patients who suffer from both arthritis and irreparable rotator cuff tear,
because of the eccentric rim loading of the glenoid component which can occur and hence lead

to glenoid loosening (Izquierdo et al., 2010). This phenomenon is often called rocking horse



effect (Jackins, Barrett, & Matsen, 1988). However, even in the patients with intact rotator cuff
muscles, glenoid loosening remains one of the most common mid- and long-term failure of
TSA (Orfaly, Rockwood, Esenyel, & Wirth, 2003). It causes postoperative pain, limited range
of motions and often the need for revision surgery (Bohsali, Bois, & Wirth, 2017; Torchia,
Cofield, & Settergren, 1997; Wirth & Rockwood, 1996). There is a common agreement that
the glenoid component loosening is a multifactorial issue. The reported factors that contribute
to the glenoid loosening include radial mismatch, glenoid malpositioning, revision shoulder
arthroplasty, glenoid fixation, inadequate glenoid bone stock and rotator cuff tear (Anglin,
Wyss, & Pichora, 2000; Cil et al., 2010; Collins, Tencer, Sidles, & Matsen, 1992; Farron,
Terrier, & Biichler, 2006; Fox et al., 2009; Franklin, Barrett, Jackins, & Matsen, 1988; Rahme,
Mattsson, & Larsson, 2004; Walch et al., 2002). The identification of the factors that contribute

to the glenoid loosening is ongoing.

1.1.5 Scapula morphology

The scapula is a flat bone. It is placed on a posterolateral aspect of the thoracic cage and forms
the back of the shoulder girdle. The shape of the scapula bone varies among the population. It
has been suggested that scapula morphology plays a key role in the development of the most
frequent shoulder disorders, such as the rotator cuff tears and the GHJ osteoarthritis (Nyffeler,
Werner, Sukthankar, Schmid, & Gerber, 2006a). Special emphasis is put on the morphological
differences of the acromion and the glenoid, which have been associated with chronic pain and
dysfunctions (Bigliani, Morrison, & April, 1986a; Codman, 1934; Beat K. Moor et al., 2014;
Neer, 1972; Watson, 1978). Bigliani et al. (1986b) classified the acromion shape into three
types: type I (flat), type II (curved) and type III (hooked) (Figure 1-3).



Figure 1-3. Acromion morphotypes according to Bigliani et al. (1986a).
Taken from Pandey & Jaap Willems (2015) with permission.

They found that a hooked acromion was more prone to rotator cuff tears. Later studies found
that rotator cuff tears are correlated with both flat and hooked types (Paraskevas et al., 2008)
but others did not find statistically significant correlations (Balke et al., 2013; Beat K. Moor et
al., 2014). Further, some of the authors suggested that bone changes are rather the result than
the cause of muscle degeneration, as the morphology of the acromion can be affected during
the natural progression of rotator cuff disease (Nicholson et al. 1996; Shah et al. 2001). Another
disadvantage with this classification is its low inter- and intra-observed reliability (Bright,
Torpey, Magid, Codd, & McFarland, 1997). Later studies investigated the scapular
morphology in the coronal plane. Especially, the effect of the acromion length and the glenoid
orientation were investigated. The acromion length and the glenoid inclination were described
quantitatively on true anteroposterior radiographs by many different parameters. True
anteroposterior radiographs are often used to determined correlation between shoulder

morphology and dysfunction, since they are commonly taken pre- and post-operatively. The
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acromion index, glenoid inclination and the critical shoulder angle, described in next section

are commonly investigated parameters.

1.1.6 Acromion Index

A lateral extension of the acromion was quantitatively described by the Acromion Index (Al)
(Nyffeler et al., 2006a). Al is defined as the ratio between the distance from the glenoid plane
to the acromion (GA) and the distance from the glenoid plane to the lateral aspect of the

humeral head (GH) (Figure 1-4).

ACROMION INDEX:

GA
GH

Al =

Figure 1-4 The acromion Index (AI) measured on the anteroposterior radiograph. Al is
defined as the ratio between the distance from the glenoid plane to the acromion (GA) and
the distance from the glenoid plane to the lateral aspect of the humeral head (GH). Taken
from (Nyffeler, Werner, Sukthankar, Schmid, & Gerber, 2006b) with permission.
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A high Al corresponds to a large lateral extension of the acromion, but it is also influenced by
the glenoid inclination. A high Al acromion appears to be associated with full-thickness tear
of the rotator cuff. The study of Nyffeler et al. (2006a) patients showed Al values of 0.73 +
0.06 (n = 102) in shoulders with full thickness rotator cuff tears vs 0.64 £ 0.06 (n = 70) in
asymptomatic shoulders. The difference between rotator cuff tear patients and asymptotic
patients was significant (p < 0.0001). However, with the small numbers of patients (n = 47),
the difference in Al between patients with osteoarthritis (0.60 + 0.08) and a control group (0.64
+ 0.06) was not significant (Nyffeler et al. 2006)

1.1.7 Glenoid Inclination

Different ways of glenoid inclination measurements are proposed in the literature (Bishop,
Kline, Aalderink, Zauel, & Bey, 2009; Churchill, Brems, & Kotschi, 2001; P. Habermeyer,
Magosch, Luz, & Lichtenberg, 2006; Hughes et al., 2003; Kandemir, Allaire, Jolly, Debski, &
McMahon, 2006). Churchill et al. (2001) described glenoid inclination based on the line that
connects the mid-point of the glenoid surface to the transvers axis of the scapula. The transvers
axis is defined as a junction of the scapular spin with the vertebral border of the scapula. In
their study, based on 176 dried scapula bones, the glenoid inclination varied from —7.0°

(downward tilt) to 15.8° (upward tilt).

1.1.8 Ciritical Shoulder Angle

Later, Moor et al. (2013) introduced the CSA as a morphological parameter which combines
the length of the acromion and the inferior-superior tilt of the glenoid. The CSA is determined
by the line connecting the inferior and superior margins of the glenoid and the line linking the
inferior margin of the glenoid to the lateral aspect of the acromion (Figure 1-5). A high value
of CSA corresponds to a large lateral extension of the acromion or superiorly tilted glenoid.
An important advantage of the CSA is its excellent inter- and intra- observer reliability
(Sankaranarayanan et al., 2020). An averaged CSA of 33.1° (26.8° to 38.6°) was reported in a
control group of asymptomatic patients with an intact rotator cuff, 38.0° (29.5° to 43.5°) in

patients with a rotator cuff tear and 28.1° (18.6° to 35.8°) in patients with osteoarthritis (Blonna



12

et al., 2016; Cherchi, Ciornohac, Godet, Clavert, & Kempf, 2016; B. K. Moor et al., 2013).
The CSA is also associated with subacromial impingement (Li et al., 2017). According to
Nyffeler & Meyer (2017) the CSA is also independent of the orientation of the arm, the width
of the glenohumeral joint scape and the flattering of the humeral head, which explains the

growing interest in this morphological measurement.

Figure 1-5 The critical shoulder angle (CSA) measured on anteroposterior radiograph. Taken
from (Nyffeler & Meyer, 2017) with permission.

It is also important to notice that both AI and CSA depend on the lateral extension of the
acromion and on the inclination of glenoid, which was shown in the review of Nyffeler &
Meyer (2017) (Figure 1-6). The advantage of the CSA over Al is that the CSA is independent
of the size of humeral head, arm orientation and the GHJ space. However, none of these

parameters allows quantifying separately lateral extension of the acromion.
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Figure 1-6. Drawing demonstrating the correlation between the acromion index (Al) and the
critical shoulder angle (CSA). Taken from Nyffeler & Meyer (2017) with permission.

1.1.8.1 Hypotheses of biomechanical mechanism

Since the lateral deltoid originates from the acromion, Nyffeler et al. (2006b) postulated that a
greater lateral extension of the acromion made the direction of the lateral deltoid force vector
more vertical. Consequently, the rotator cuff muscles need to provide more force to maintain
the centered position of the humeral head on the glenoid, which might result in tears of these
muscles. On the other hand, a shorter lateral extension of the acromion can cause more
compressive force from the deltoid and hence contribute to higher loads in the GHJ, which

may have a joint degenerative effect and lead to arthritis (Figure 1-7).
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Figure 1-7. Hypotheses of biomechanical mechanism associated with large acromion
extension according to Nyffeler et al. (2006b). Left: A large lateral extension of the acromion
is associated with a high ascending force component (Fa) (parallel to the glenoid plane)
Right: A small lateral extension of the acromion is associated with a high compressive force
component (Fc) (perpendicular to the glenoid plane). Taken from Nyffeler et al. (2006b) with
permission.

Nonetheless, retrospective studies based on radiographic images are limited in terms of study
design and cannot give the direct answer to the pathomechanism behind the unfortunate
scapular shape. These studies can only demonstrate a correlation but not a causal relationship
between CSA and the rotator cuff tear, osteoarthritis or glenoid loosing. Some biomechanical
studies using shoulder simulators (Baumgartner et al., 2014) or numerical models (Bolsterlee,
Veeger, & Chadwick, 2013; Favre, Snedeker, & Gerber, 2009) aim at explaining the

relationship between CSA and forces distribution around the shoulder.

The great natural variability in the shape of the scapula affects prosthesis design,
instrumentation, and intraoperative implantation techniques. Morphological parameters of the

scapula that at are most commonly considered when designing prostheses include glenoid
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height, width, articular surface area, inclination, vault size and shape, and version (Schrumpf,
Maak, Hammoud, & Craig, 2011). The study of the CSA in the context of anatomic TSA has
received less attention. Watling et al. (2018) found a correlation between large CSA and
glenoid component loosing, which remains one of the most common failures after TSA. In
addition, Watling et al. (2018) suggested that measuring CSA during TSA may be used as a
prognostic factor to counsel patients at risk for glenoid component loosening and may also be

a modifiable factor during surgery to improve glenoid component outcomes.

Although, in order to recognize and explain the influence of the scapular morphology on the
shoulder functions and TSA failure, in addition to the correlation test, a biomechanical analysis

should be carried out.

1.2 Biomechanical modelling of shoulder complex

Numerical models are commonly used as a research approach to understand joints
biomechanics and pathologies. They can be beneficial to study musculoskeletal biomechanics
when in-vivo experimental techniques are either impractical or impossible. The clinically
related questions answered based on numerical models of the shoulder are much less common
than those related to a knee or a hip joint. The lower popularity of the numerical shoulder
models can be explained by the structural and functional complexity of the shoulder complex
itself. Nevertheless, the clinical interest in the numerical models of the shoulder is growing

(Bolsterlee et al., 2013).

Numerical shoulder models, which give an insight into joint forces, can be divided into two
categories:
1) deformable finite element models

2) rigid-body musculoskeletal models

The deformable 3D finite element models take into account the distribution of stress and
deformations of the bone segments. Musculoskeletal models, unlike finite element models,

assume that bones are non-deformable. The choice of the model in a study depends mainly on
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the research question that the model aims to answer (Bolsterlee et al., 2013; Favre et al., 2009;

Zheng, Zou, Bartolo, Peach, & Ren, 2017).

Musculoskeletal models are developed to estimate muscle forces and joint loadings. They aim
at analyzing the musculoskeletal system as a rigid body mechanism together with standard
methods of multibody mechanics used to investigate kinematics. Muscle forces estimations
usually rely on optimization techniques. The anatomical musculoskeletal system is complex
and therefore musculoskeletal models highly simplify reality. Musculoskeletal models have
been used in a variety of applications such as ergonomics (Moller et al., 2018), rehabilitation
(Castro, Rasmussen, Andersen, & Bai, 2019; E. F. Jensen et al., 2018) sport biomechanics
(Kobayashi & Tanaka, 2018; Ohlsson, Danvind, & Joakim Holmberg, 2018) and orthopedics
(Holscher, Weber, Lazarev, Englert, & Dendorfer, 2016; Sins, Tétreault, Nuio, &
Hagemeister, 2016). Musculoskeletal models allow to include several segments (multibody
models), thus they are appropriate for posture and movements analyses. Hence, in the

following chapters of this thesis, the focus will be on multibody musculoskeletal models.

1.2.1 Forward vs Inverse Dynamics

The equations of motion give the relation between forces and motions. Generally, multibody
modelling uses two distinct approaches: forward dynamics or inverse dynamics. The approach
in which the internal forces (muscle and joint reaction forces) and/or torques are reconstructed
from the subjects movements and acting external forces (forces resulting from the interaction
between human body and its environment) is called the ‘inverse dynamics approach’, whereas
motion prediction from internal forces and/or torques is called the ‘forward dynamics

approach’.

Models based on forward dynamics reflect the behavior of the musculoskeletal system, because
in the anatomical musculoskeletal system, muscles generate angular acceleration of the bodies.
However, muscle forces are difficult to obtain. Thus, the input to forward-dynamics models is

typically in the form of muscle excitations and then muscle forces are calculated. Forward
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dynamics can be computationally demanding, since it requires a costly optimization in order

for the model to achieve the desired movement (Anderson & Pandy, 2001).

Inverse dynamics based models calculate muscle forces based on the description of motions.
They require prior knowledge of the model’s joint kinematics and external forces to output the
internal joint reactions and muscles forces (Silva & Ambrosio, 2002). In inverse approach, the
kinematics of joints, muscle and ligaments is solved using inverse kinematics before the

kinetics analysis.

In the inverse dynamics approach, usually, the muscle recruitment is a redundant problem. This
means that there are more musculotendon units than the total number of equations that describe
the dynamic equilibrium of the system. The solution for muscle redundancy is, therefore, often
formulated as an optimization problem. This approach is often called a static optimization,
where optimization problem is solved at each instant of time, by minimizing cost function. In
static optimization, a cost function is minimized based on presumed muscle recruitment criteria
(e.g., minimum energy, minimum stress, minimum fatigue, minimum activation). The choice

of a muscle recruitment criteria should depend on the research question.

Models based on inverse dynamics are computationally efficient (Erdemir, McLean, Herzog,
& van den Bogert, 2007). The use of inverse dynamics approach allows building and analyzing
full body models with complex muscles representations. Hence, inverse dynamics models are

often more suitable to answer clinically related questions.

1.2.2 Mechanical elements and model kinematics

In musculoskeletal models, bones are represented as rigid bodies, often called segments.
Segments are characterized by the inertial properties (mass and inertia tensor). Each segment
is described by a local fixed coordinated system, usually created from the location of bony
landmarks. Segments are constrained by connections between each other or the environment.
They are connected by kinematics constraint equations forming idealized mechanical joints,

such as spherical or revolute joints. This is also the case of the GHJ, which is generally
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modelled as a spherical (ball-and-socket) joint. GH translations are hence neglected, as they
are small and difficult to measure.

Models’ motions can be described by a set of equations, which are time functions of positions
(e.g. locations of specific points in space distance, rotations, angles between segments).
Another approach to define model’s motion is to use optical motion capture systems or, more
recently, inertial sensors. In the motion capture experiments, optical markers are placed on a
participant. They are tracked in space by synchronized video cameras. Each marker provides
three-dimension Cartesian coordinates (X, y, z), hence adds three kinematics constrains to the
model, three markers adding six kinematic constraints to a segment. Markers need to provide
as many constraints on the model as there are DoF. The typical situation for the motion capture
experiments is that there are more markers than DoF. It creates a situation of kinematic over-
determination, which means that, in total, there are more constraint equations than the
remaining DoF in the model. The over-determination can be solved as a nonlinear least squares

optimization problem (Andersen at al 2009).

1.2.3 Muscle Modeling

Muscles are the actuators in the models and are critical components of a musculoskeletal

system. In musculoskeletal models, muscles and tendons are usually defined as one combined

element, often called a musculotendon element or musculotendon unit. Each musculotendon

element is described by two separate, although computational dependent, models:

e The geometrical model, which determines musculotendon element geometry and
trajectory

e The physiological model, which determines muscle’s active force and its passive elastic
force related to the kinematic state of muscle.

Both models will be developed in the following sections.
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1.2.3.1 Muscle wrapping methods

The geometrical muscle model entails to find the length and contraction velocity of the
musculotendon element. A widely used approach in the inverse-dynamics based
musculoskeletal models is the so-called spring models (Schultz, Faulkner, & Kadhiresan,
1991). Due to its low complexity and relatively low computational cost, this modelling
technique seems to be the most commonly used in the inverse-dynamics musculoskeletal
models. In such a model, musculotendon elements are represented as 1-dimensional, massless
springs spread between origin and insertion points. The insertion and origin points are rigidly
fixed to the bone segments. The shortness path between the origin and the insertion determines
the musculotendon element trajectory. Spring models based on the shortest path use different
types of geometrical constraints, since a straight line between origin and insertion generally is
not sufficient to captures the physiological trajectory of most of the musculotendon elements.
Many spring models use constraints such as via-points (Delp & Loan, 1995), or simple
geometrical surfaces (Iain W. Charlton & Johnson, 2001; Garner & Pandy, 2000) or a
combination of both (Holzbaur, Murray, & Delp, 2005). Via-point algorithms are based on
nodes, which are rigidly fixed to a point in the local coordinate systems of given segment. The
musculotendon spring is forced to pass through these nodes in any giving interval of time. The
other method is based on simple geometrical objects such as spheres, cylinders, which are
integrated into the shortness path algorithm as obstacles to model the wrapping of muscles over
the bones. The spring, that represents a musculotendon element, is supposed to find the shortest
path bypassing these obstacles. The friction between muscle fibers and underlying wrapping

surface is not taken into account.

For the muscles with broad attachment area and multifunctional compartments, such as deltoid
or rotator cuffs, one single line of action is not sufficient. Multi-functionality of such muscles
is more accurately described by multiple springs (Carlos Quental, Folgado, Ambroésio, &
Monteiro, 2015b). The muscle also has a thickness corresponding to the centroid cross-section,
which is linked to the wrapping surface. The muscle thickness can be obtain by the locus of

cross-sectional centroids of muscle (Buchanan, Moniz, Dewald, & Rymer, 1993; R. H. Jensen
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& Davy, 1975; Tsuang et al., 1993). However, the locus of cross-sectional centroids of muscle
are difficult to obtain, especially for multiple joint configurations. (Garner & Pandy, 2000)
developed an obstacle-set algorithm, which automatically estimates the centroid lines and
adjust the radius of the obstacles by integrating geodesic equations. The obstacle-set method
can accommodate several obstacles, yet additional obstacles augment computational
complexity. This method is attractive in the sense that the shortest path can be computed
analytically. The advantage of the analytical solution is that it solves quickly. Although, to
provide valid muscle moments arms, hence valid forces predictions, the shape, position and
orientation of geometrical surfaces has to be determined for each musculotendon unit. The
complexity and multiplicity of this method arise in joints with multiple DoF and large range

of motion.

In the model of Sins et al. (2015) deltoid is modeled by means of fibers sliding on a sphere
representative of the humeral head, and each of which is forced to pass through a rigidly fixed
via-point. The consequence is that beyond 90° of abduction, the muscle fibers are forced to
follow a V-shape, which affects muscle moment arms. This necessarily influences the results
of muscle forces and joint reaction, which can only be viewed with caution beyond this angle
of elevation. Thus, this aspect should be considered as an improvement to be prioritized for
future developments, in order to obtain more realistic muscle force estimations for elevation

angles above 90°.

The wrapping surface models do not exactly represent the bone geometry. Personalized models
based on CT-scans resulted in creation of algorithms, which directly use the bone mesh as the
wrapping surface. Hence, contact muscle wrapping have been developed, in which springs
representing muscle fibers can wrap on arbitrary surface, or directly on the polygonal bone
mesh (Desailly, Sardain, Khouri, Yepremian, & Lacouture, 2010; Favre, Gerber, & Snedeker,
2010; Gao, Damsgaard, Rasmussen, & Terholm Christensen, 2002; Lloyd, Roewer-Despres,
& Stavness, 2021). Nevertheless, contact based models also have some limitations. The
accuracy of the musculotendon element trajectory depends on the quality of the bones images

and segmentation. Calculation time is higher compared to the obstacle-set method. Another
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disadvantage of this approach is that it is assumed that the line of action of muscles follows the
locus of cross-sectional centroid, which is neglected, is the muscle fibers wrap directly on the
bony segment. In addition, direct use of the bone mesh presumes that muscles wrap exclusively
on the bony structure. In reality, many muscles, particularly around the GHJ wrap on/interact
with the underlying soft tissue structures such as other muscles. This would result in
underestimation of muscle moment arms. In theory, it is possible that the algorithm could be
extend so it could include also soft tissue constraints, e.g. by including the soft tissue in the
bone geometry. However, soft tissue is highly deformable and its distance to the bone surface
changes depending on joint position. Nevertheless, careful preparation of the bone surface can
lead to significant improvements of the computational efficiency (Gao et al., 2002). The main
advantage of using geometrical wrapping objects instead of polygonal bone mesh is the

scalability of the first approach.

Geometrical properties of muscles with broad attachment sides, such as the deltoid, are very
complex. In fact, there are interactions between muscles fibers as well as interactions between
muscles and other soft and hard tissues. A muscle fiber representation as independent, mass-
and frictionless springs does not account for these interactions. Hence, the coherence of the
muscle with broad attachments is not well represented by such an approach. (Marion
Hoffmann, Haering, & Begon, 2017; SP Marsden, 2010) proposed to overcome this problem
by creating 2D- muscle mesh. In this approach, soft tissue passive constrains between muscles
fibers are represented by transvers elements connecting together neighboring muscle strings.
The muscle is thus represented by 2D-mesh consisting of longitudinal and transverse elements.
Intersection points of the transverse and longitudinal elements are defined by wrapping nodes.
These wrapping nodes are preventing from penetrating the wrapping object. The limitation of
this approach is that the 2D-mesh model is computationally less stable and that the
computational time increased with each wrapping node added to the model. The 2D-mesh

model is also not suitable for the analytical solution.
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1.2.3.2  Physiological muscle model

To account for the force-length and force-velocity relationship in the musculotendon actuators,
the most commonly adapted model is a three-element phenomenological model described by
Hill (1938), often referred as Hill-type model. The current concept for this model is described
by Zajac (1989). This model neglects physical phenomena of cross bridge dynamics and
describes the musculotendon unit as a contractile element in combination with elastic elements.
The model includes an active contractile element, which functions as an actuator. The
contractile element is connected to a parallel passive elastic element and a serial elastic
element. Elastic elements account for the elasticity of the tendon tissue and the connective
tissue surrounding the muscle. This model requires several physiological parameters that might
be difficult to obtain or even to estimate for individuals. The force produced by the active
element relies on on four parameters, namely peak isometric muscle force, optimal muscle
fiber length, optimal muscle-fiber pennation angle and the maximum shortening velocity of
the muscle. The force in the passive elements is dependent on the tendon slack length and its
stiffness. The muscle force estimated from this element is highly sensitive to these parameters
especially to the tendon slack length (Ackland, Lin, & Pandy, 2012). In order to attenuate this
effect, these values are often calibrated according to the positions of the joints that correspond

to the optimal lengths of the fibers (Heinen, Lund, Rasmussen, & de Zee, 2016).

1.2.4 Stability constraint

In addition to the kinematic constraints, which forms the idealized joints, many shoulder
models contain stability constraints. The GHIJ is belived to be stable when the resultant force
vector is pointing within the glenoid cavity. Thus, glenohumeral stability constraint is formed
that the joint reaction force points into the glenoid surface, otherwise the model calculates the
additional muscle forces required to redirect the resultant vector into the glenoid cavity (van
der Helm, 1994a). GHJ reaction force is then calculated as the sum of the forces required to
ensure the stability. Thus, the presence of such a stability constraint does not allow to simulate

gleohumeral instability.
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1.2.5 Musculoskeletal models for NC total shoulder arthroplasty context

1.2.5.1 Contact modeling

Numerical analysis of prosthetic joint requires an analysis of the contact mechanics prosthetics
components in order to estimate resistance of the implant. For example, a small and concenter
center of pressure (COP) displacement may reduce the risk of glenoid loosening. Additionally,
a vast contact surface may reduce the risk of wear by decreasing stress concentrations (F. Liu,
Galvin, Jin, & Fisher, 2011). Contact analysis is usually associated with finite elements
models, which allows studying pressure distribution, materials stress and contact mechanics
area. Yet the contact analysis can also to some extent be included in the rigid multibody
models. Sins et al. (2015) implemented contact-modelling algorithm available in AnyBody
modelling system (Damsgaard, Rasmussen, Christensen, Surma, & de Zee, 2006) to the TSA
musculoskeletal model. The contact-modelling algorithm in AnyBody modelling system is
based on the penalty formulation (Lin & Otaduy, 2008), which allows to compute the contact
force between two rigid bodies. In the article of Sins et al. (2015) contact was defined between
two rigid STL prosthetics’ components, in which polyethylene glenoid component was
considered as a slave surface. The contact- modelling algorithm is also used to estimate the
magnitude of the contact force and contact force distribution, namely contact area and center
of pressure, based on elasticity theory (Sins et al., 2015). The algorithm does not allow

estimating surface stress.

1.2.5.2 Force dependent kinematics

Most musculoskeletal models represent GHJ as an idealized ball-and-socket joint. Idealized
joint representation might be interesting when studying general kinematics and dynamics of
the musculoskeletal system. However, the anatomical GHJ is NC and many prosthesis are
design to include this non-conformity. The non-conformity influences joint kinematics and
joints’ internal force equilibrium. The possibility of capturing this effect simply using

kinematic constraints and stability constrains is limited. (Favre et al., 2012; Alexandre Terrier,
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Vogel, Capezzali, & Farron, 2008) developed a finite elements model which represents GHJ
with 6-DoF, hence allowing for non-conformity of the joint. Quental et al. (2016) proposed to
model the GHJ as a spherical joint with clearance in the multibody musculoskeletal model,
meaning that some displacement is allowed. (Sins et al., 2015) introduced the GH translations
into the TSA model using the force-dependent kinematics (FDK) approach(Figure 1-8),
developed by (Andersen, De Zee, Damsgaard, Nolte, & Rasmussen, 2017). The FDK extend
an inverse dynamics approach by allowing computation of joint translations based on joint
geometry, contact force and enclosing soft tissues elasticity. The FDK method is based on the
assumption of quasi-static force equilibrium between all acting forces in the model in same the
directions as displacements. In the FDK approach, a kinematic driver equation (Figure 1-8) is
added in a standard inverse dynamic analysis approach to obtain a kinematically determinate
system. A similar approach is used for reaction forces computation. Thus, the FDK approach

computes the muscle and reaction forces required to balance the model for a given DoF.
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Figure 1-8 A Simplified schema of the modelling workflow in the Anybody Modelling
System with integrated FDK algorithm for simulation with determined kinematics.
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1.2.6 Model validation

Critical evaluation of models is necessary to justify the credibility of an in-silico study.
Verification and validation procedures assess the reliability and accuracy of the computer
model and simulation results. Verification and validation are two independent procedures.
Lund et al. (2012) defined that model verification deals with the question of how the model is
implemented and the numerical accuracy of the solution, while model validation is the process
of determining how accurately the model represents the system. The verification process
should always be performed in prior to validation to eliminate errors due to model
implementation. Many musculoskeletal model based studies use established software, where
the verification process has already been completed. The validation process determines
reliability of the model’s predictions by comparison with experimental data. The level of
required accuracy depends on the specific application of the model and not on the model itself.
Therefore, Lund et al. (2012) and; Hicks et al. (2015) claimed that the validation process should
be suitable to the intendent use of the model and should always follow the formulation of the
research question. Because validation experiments can be costly, invasive and time consuming,
musculoskeletal models are often validated based on experimental data from literature. Hicks
et al. (2015) postulated that in this case, the validation of musculoskeletal model usually
requires comparing results to as many independent datasets as possible. Some of the common

validations of musculoskeletal model-based studies of the shoulder are presented below:

Muscle moment arms

The data to construct and validate model geometry in musculoskeletal models comes from
imaging and cadaver studies. One method reported in the literature to validate muscle geometry
is a comparison of muscle moment arms from experimental studies to the ones calculated by
the model. In classical mechanics, the moment arm is defined as the perpendicular distance
between the force line of action and the axis of rotation. In the biomechanical context, it
represents the capacity of the muscle to produce muscle torque (Pandy, 1999). Thus, moment
arm validation also leads to partial and indirect muscle force validation. Two technics are used

to determine the moment arm of muscles: the geometrical method and the tendon excursion
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method (Pandy, 1999). The geometrical method is based on the classical definition of moment
arms and relies on the estimation of the joint center and muscle lines of actions from medical
images. The tendon excursion method is based on the assumption that the moment arm is the
rate of tendon length change with respect to the movement of the joint. The moment arm is
then calculated from the sum of the derivatives of muscle length with respect to each kinematic
DoF. This method gains in popularity because it allows obtaining effective muscle moment
arms during motion (Hik & Ackland, 2019). The fact that it is not a direct geometrical
measurement is indicated as an advantage of this method as muscle path and geometry are
complex and a lot of muscles contribute to more than one DoF (Ackland, Pak, Richardson, &
Pandy, 2008). Most of the experimental studies which reported muscle moment arms for the
deltoid muscle have looked at very simple motions such as flexion, scaption and abduction.
These studies derived data from cadaver specimens, mostly from elderly cadavers, and are
based on the tendon excursion method (Hik & Ackland, 2019). Many studies do not normalize
moment arms to subject size. Hik & Ackland (2019) found that the validation of muscles in
musculoskeletal models remains difficult also due to variability in reported values between

different studies.

Electromyography

The inability to measure muscle forces directly confronts researchers with the question on how
to validate muscle forces in a model. A commonly chosen option is to use electromyography
(EMG) signal to obtain information about the active state of the muscles and compare it with
the predicted activity obtained from the simulation. Muscle activity patterns are typically
compared to EMG activity patterns. Favorably, EMG data should be collected with
synchronized optical markers or inertial sensors to detect motions from which joint angles are
computed and used to drive the motion in the model. Generally, simulations should reproduce
the most important features of muscle coordination set up in experimental studies. This process
leads to the indirect and qualitative validation of muscles forces (Lund et al., 2012). Many of
the limitations while using EMG signal for musculoskeletal model validation are coming from
EMG data registration itself. EMG signal is difficult to normalize, it is burdened with

measurement errors and it is difficult to compare predicted activity by the model with EMG
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for dynamic trials as during recording dynamics trials the innervation zones can move under
the electrodes and may be misinterpreted as changes of muscle activation level (Lund et al.,
2012). In addition, if EMG electrodes are placed over the innervation zone, the activity is
remarkably lower. It is also difficult to reach deeply located muscles with surface electrodes.
A safe and reliable way to reach muscles which are deeply located between the scapula and
the thoracic cage as supraspinatus, infraspinatus, teres minor, lower subscapularis is to use
bipolar finewire intramuscular electrodes (Kelly et al., 2005; Waite, Brookham, & Dickerson,
2010). Further, the electromechanical delays between EMG and predicted muscle activation

have to be taken into account (Hicks et al., 2015).

In-vivo glenohumeral joint reaction forces

One of the possible direct validation of musculoskeletal models is the comparison of joint
reaction forces (JRF) between data collected from instrumented prostheses with model the one
predicted by the model. As noticed by Lund et al. (2012) the JRF is mainly influenced by
muscle forces; hence, it is also an indirect validation of muscle force pattern estimated by the
model. Bergmann et al. (2011) reported glenohumeral joint reaction force (GHJ-RF) measured
with an instrumented hemiarthroplasty joint in the right arm. The data was collected 7-months
postoperatively for various simple movements. The study was intended for validation of
computational models. It is especially useful for the validation of the models that aim for
evaluation of the prosthetic joints, since reaction force might differ for an intact joint force.
Even if this method is considered as a gold standard in terms of musculoskeletal model
validation, it brings several drawbacks that need to be pointed out. Three patients from
Bergmann study had minor damages of rotator cuff muscles caused during the surgery, which
could influence GH-JRF. Models are generally built based on the data collected from subjects
who are different from those used in the experiment. In the Bergmann’s experiment, kinematics
data was not collected. In addition, in terms of validating prosthetic models, it is important to
mention that the technique, implant design and implementation differ. All these elements can

influence joint reaction force predictions.
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Sensitivity analysis

The part of validation process when there is no sufficient experimental data available or when
the data is limited is called sensitivity analysis. Sensitivity analysis refers to modification of
model inputs by changing one or several particular variables in order to better understand their
impact on model predictions (Hicks et al., 2015). The simulation results are most credible when
they are insensitive to variables with high uncertainty. The guide from the American Society
of Mechanical Engineers (ASME) proposes to perform sensitivity studies before validating a
model to clarify the model characteristics that will be important to monitor during experimental

testing, but the whole process should be execute again after a validation step (ASME, 2006).
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1.3 Biomechanical impact of shoulder morphology

1.3.1 Shoulder simulators

A pathomechanism associated with the lateral acromion extension and the glenoid inclination
was firstly investigated using mechanical shoulder simulators (Baumgartner et al., 2014). In
these mechanical models the polyethylene glenoid was articulated with a dummy (Gerber,
Snedeker, Baumgartner, & Viehofer, 2014; Viehofer, Snedeker, Baumgartner, & Gerber,
2016) or a cadaveric (B. K. Moor et al., 2016) humerus, depending on the configuration. They
also include mechanical actuators with a cord and pulley to mimic musculotendon elements.
Using such a simulator Gerber et al. (2014) analyzed a CSA of 38° which was previously
reported as a mean CSA value with a risk of rotator cuff tear (B. K. Moor et al., 2013). In this
model, glenoid component was tiled 5° superiorly and remained in a fixed position. Only the
lateral acromion extension was varied to reproduce a large (38°) and a normal (33°) CSA. This
was done by adjusting the medial/lateral position of the pulley carrying the deltoid cord. The
model was configured to apply increasing tension on the deltoid and supraspinatus cord until
reaching a maximum thoracohumeral abduction angle of at least 82°. As a result, the GHJ
reaction forces was calculated. The study analyzed the relationship between the lateral
extension of the acromion and the stability of the shoulder joint. The joint stability was defined
as an instability ratio between compressive and shear force. The instability ratio was higher in
the model with the lateralized acromion. In order to stabilize the arm in space, the authors had
to increase the supraspinatus force from 13% to 33%. Therefore, the conclusion was that large
CSA could induce supraspinatus overload. With the same shoulder simulator Viehofer,
Snedeker, et al. (2016) investigated a shoulder with a small CSA of 28°, which was previously
reported to be the one at risk of osteoarthritis. They found that the GHJ reaction force increased
with the decrease of the CSA. Moor et al. (2016) used a shoulder simulator and changed the
CSA by varying only the glenoid superior-inferior tilt. The varied inclination by 5° increments
allowed simulation of a critical shoulder angle ranging from 20° to 45°. Thoracohumeral
abduction from 0° to 60° were investigated. They found that tilting glenoid superiorly

increased the shear force component and therefore the instability ratio. In addition, increasing
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the force in the supraspinatus cord helped to decrease the shear force component and to avoid
superior subluxation of the humeral head. They suggested that the increased activity of the
rotator cuff may foster rotator cuff tears.

The in-vitro studies helped to understand the biomechanical impact of CSA, however they
have several limitations. The anatomy of shoulder complex is significantly simplified. The
geometry of the shoulder girdle is limited to mimic only the GHJ, hence neglecting the effect
of other inter-playing joints and bi-articular muscle actions. The deltoid and rotator cuff
muscles are represented by single-unit motorized linear actuators (cords and pulleys) (Figure

1-9Figure 1-9).

Wheel to change CSA

/ Glenoid

Load Cell 6CLC

Figure 1-9 Shoulder simulator. Blue cords represent muscles. Taken from Gerber et al.,
(2014) with permission.

Such muscles representation does not allow estimating muscles force distribution and co-
contraction. Finally, simulator based studies investigated the effect of only simple abduction

movements up to 82°, while the GHJ has much larger range of motion.

1.3.2 Numerical models

Another approach to study a pathomechanism related to the scapular morphology is numerical
modeling. To date few studies used numerical models to study an impact of the CSA on GHJ
biomechanics. Terrier et al.(2006) conducted a 3D finite element study, where the bones were

considered non-deformable. They found that large lateral extension of the acromion increases
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superior translation of the humeral head during elevation of the arm. Viehdfer, Gerber, et al.
(2016) conducted a numerical study using 3D finite element shoulder model in which impact
of the laterally extended acromion was examined. The model included the non-deformable
representation of the scapula and humerus as well as 152 musculotendon units. The arm
abduction was performed around the center of the GHJ, which makes a GHJ to behave as a
perfect ball-and-socket joint. The study shows that GHJ compressive force decreased and
inferior-superior shear force increased with extended CSA, which required an additional
supraspinatus force to stabilize GHJ. In another study, Engelhardt et al. (2017) used a
multibody musculoskeletal model based on MRI images combined with a 3D finite element
model. The study investigated the effect of the CSA on the humeral head translation and the
articular cartilage strain. The choice of investigated parameters in this study is based on the
assumption that humeral head superior translation is related to the rotator cuff tear and
increased cartilage strain can cause osteoarthritis. In this study, a large CSA caused the increase
of superior glenoid head translation and shorter acromion or an upward glenoid tilt caused
increased cartilage strain. Villatte et al. (2020) used the UK National Shoulder Model (I. W.
Charlton & Johnson, 2006) to quantified muscle forces and GHJ-RF. In this study, the GHJ
was modelled as a ball-and-socket joint, with stability constraints. The CSA in this study was
varied by modifying attachment points of the lateral deltoid. The authors found that increased
CSA produced higher superior shear forces and lower compressive force compared to a normal
CSA. Table 1-1 presents the main findings of studies on the influence of the CSA on the
biomechanics of the GHJ.






Table 1-1 A summary of previous research on the influence of the CSA on the biomechanics of the GHJ

Gerber et al. .
(2014) shoulder simulator
Moor et al. .
(2016) shoulder simulator
Terrier et al.
(2006) FEM
Viehofer, Gerber, et al.
2016 el
MRI MS model
Engelhardt et al. 2017 (boundary conditions) +
FEM
Villatte et al. 2020 MS model (UKNSM)
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CHAPTER 2

AIMS AND OUTLINE OF THE THESIS

2.1 Clinical problem

As described in the review of the literature, scapula morphology presents certain variability
among population. This variability are hypothesized to influence the function of GHJ.
Different morphological measurements are used in clinical practice to quantify morphological
variability of scapula. One of the most studied measures is the CSA, which combines the length
of the acromion and the glenoid inclination. Correlation between the large CSA and the rotator
cuff tear and the small CSA and the osteoarthritis has been found. However, little is known
about an impact of the CSA on the glenoid component loosening after NC TSA and

biomechanics of the prosthetic joint.

2.2 Technical problem

Computer simulation methods have been developed to study shoulder biomechanics and to
estimate internal loads that are either impractical or impossible to obtain using in-vitro or in-
vivo experiments. When choosing or developing a numerical model to answer specific research
question, researcher must ensure that the model is able to give the valuable insight.
Consequently, a model has to be adapted to the specific application and then validated. Sins et
al. (2015) adapted the musculoskeletal shoulder model from Anybody Modeling System
(Damsgaard et al., 2006) by adding translation in inferior- superior and anterior-posterior
directions using a FDK algorithm (Andersen et al., 2017) as well as contact calculation
between the glenoid component and the humeral head (Sins et al., 2015). This makes the model
suitable for evaluation of joints after NC TSA. Starting from this model, several shortcuts still
have to be addressed to evaluate different scapular morphotypes. As it was empathies in the
literature review, one of the remaining issues in multibody shoulder models is a geometrical
representation of the deltoid muscle. Lateral and posterior compartments of the deltoid are

attached to the scapula; hence, physiologically correct deltoid representation is key to evaluate
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the impact of scapula morphology. However, appropriate deltoid muscle geometry is
challenging due to the anatomical complexity of this muscle and large range of motion at the
GHJ. In the model of Sins et al. (2015) deltoid is modeled by means of fibers sliding on a
sphere representative of the humeral head, and each of which is forced to pass through a rigidly
fixed via-point. The consequence is that beyond 90° of abduction, the muscle fibers are forced
to follow a V-shape, which affects muscle moment arms. This necessarily influences the results
of muscle forces and joint reaction, which can only be viewed with caution beyond this angle
of elevation. Thus, this aspect should be considered as an improvement to be prioritized for
future developments, in order to obtain more realistic muscle force estimations for elevation

angles above 90°.

2.3 Objectives

The objective to this thesis is to find and evaluate an approach for the deltoid muscle wrapping,
which represents physiological behavior in full-range of GHJ motion and to implement this
approach to the multibody musculoskeletal model of the upper extremity. Consequently, the
second objective is to apply this model to answer a clinical question, which aims to investigate
the CSA. More specifically the previously developed model is used. to assess the influence of
the size of the CSA on the GHJ biomechanics after NC TSA and potential glenoid component

loosening.

The above-mentioned objectives are reflected by the chapter subdivision of this thesis, which

is presented as follows:

The chapter 3 presents the implementation and the evaluation of the 2D-mesh deltoid model
to the LIO-shoulder model (Sins et al., 2016) which is built in the Anybody modelling system.
The 2D-mesh model consists in transvers constrains between muscle fibers. The aim of this
investigation was to overcome the issue of the non-anatomical shape of deltoid muscle fibers
over 90° of abduction, which leads to changes in the force distribution around the GHJ. The

2D mesh model replaced previous solution, commonly used to define fibers trajectories in
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musculoskeletal models, in which each muscle fiber was rigidly fixed to the bone segment by
so-called via-points. In this chapter, we present quantitative and qualitative comparison
between two models: one developed in this thesis with 2D-mesh and the previous one with a
via-point deltoid muscle representation (Sins et al., 2016) as well as validation against data

from the literature.

The chapter 4 presents a new approach for deltoid muscle wrapping for spring-based
multibody musculoskeletal models, which is based on the use the multiple ellipsoids allowing
for wrapping. This approach was also created to overcome difficulties of the deltoid muscle
geometrical representation. However, it demonstrates several advantages compared to the 2D-
mesh method. It is simple and easily implementable, computationally efficient, and it is
suitable for contact and analytical muscles representation. In addition, according to our
knowledge, there is no evidence in the literature about optimal obstacle shape and placement

to reproduce deltoid muscle geometry in multibody shoulder models.

In the chapter 5, the clinical problem of the biomechanical impact of shoulder morphology is
addressed. An evaluation of this problem using a musculoskeletal shoulder model is proposed.
More specifically, it presents a biomechanical evaluation of the clinical measurement called
the CSA on the GHJ with NC anatomical total shoulder arthroplasty, using the previously
developed multibody shoulder model. The results of the analysis are discussed in the context

of surgical correction of the CSA to prevent glenoid component loosening.

Chapter 6 summarizes main findings presented in this thesis and presents a general discussion.
In addition, in this chapter are presented limitations of this work and remaining problems of
the clinical use of musculoskeletal shoulder models. Finally, the chapter proposes ideas and

directions for future research.
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3.1 Abstract

We proposed a 2D-mesh representation of the deltoid muscle to improve a realism of forces
and moments predictions in a multibody shoulder model. Our 2D-mesh model was
qualitatively compared to a commonly used via-point model during an arm elevation in the
scapular plane and to previous in-vitro studies in terms of deltoid moment arms. The most
notable improvement was observed for the moment arms of the anterior deltoid, which shows
better agreement with in-vitro studies. Consequently, joint reaction force above 90° of arm
elevation was more consistent with in-vivo data, validating the 2D-mesh representation of the

deltoid muscle.
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3.2 Introduction

Multibody musculoskeletal models are commonly used to estimate muscle forces. In
musculoskeletal models, muscle fibers are typically modelled as elastic strings from origin to
insertion points to estimate their trajectories. The trajectories can be constrained by wrapping
objects, i.e. by geometrical surfaces representing underlying bone structures. Muscles with
broad attachment sites, such as the deltoid, are the most challenging to represent in
musculoskeletal models. The deltoid muscle is usually represented by 3 to 12 independent
elastic strings (Carlos Quental, Folgado, Ambrosio, & Monteiro, 2015a; Van der Helm et al.,
1992). Via-points (fixed nodes in a local coordinate system) are commonly used to prevent
deltoid fibers sliding down the wrapping object that represents the humeral head. However,
presence of the via-points may lead to non-anatomical deltoid fiber trajectories (Sins et al.,
2015), especially in overhead movements (e.g. high arm elevation). In addition, most of the
models assume that all fibers within a muscle deform independently of their neighboring fibers,
therefore losing the muscle integrity. To reproduce muscle geometry and to account for
interaction between fibers other researchers have introduced a 2D-mesh muscle model with
transverse constraints between muscle fibers. The 2D-mesh muscle model was previously
implemented to the deltoid (Stuart Marsden, 2010) and the rotator cuff muscles (Marion
Hoffmann et al., 2017) to better predict muscle length and moment arms. The 2D-mesh
representation of rotator cuff muscles presents advantages over the independent lines model in
terms muscles length and moment arm estimations (Marion Hoffmann et al., 2017). Yet the
above-mentioned studies implemented the 2D-mesh model in shoulder models that considered
the shoulder as a ball and socket joint. Moreover, they did not investigate the effects of 2D-
mesh representation on model dynamics. The objective of this study is to reproduce the
complex deltoid geometry by incorporating a 2D-mesh representation of the muscle (Fig.2 -
down) into an existing multibody musculoskeletal model from Sins et al. (2015) that allows
from small glenohumeral translations during arm elevation. In complement to previous

publications, besides differences in muscle geometry and moment arms, we aim to report
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changes in model dynamics (muscle activation patterns, muscles’ contribution to joint force
and moments and GHJ-RF. We hypothesized that the addition of transverse constraints to the
deltoid model would lead to more consistent estimations of these parameters compared to the

original via-point model.

3.3 Methods

A multibody musculoskeletal upper-limb model was previously developed using the Anybody
Modelling System (Anybody Technology, Aalborg, DK) (Sins et al., 2015). The upper-limb is
modelled with 12 degrees-of-freedom (DoF) namely: sternoclavicular (3-DoF), glenohumeral
(3-DoF in rotation and 2-DoF in translation), elbow (2-DoF), and wrist (2-DoF) joints. Elbow
and wrist joints are locked in extended position. The GHJ is replaced by a NC prosthesis where
the anteroposterior (AP) and the inferior-superior (IS) joint translations (a(FPX)) are modelled
using the force-dependent kinematics (FDK) (Andersen et al., 2017). Briefly, the FDK takes
into account the joint elasticity and geometry and is based on quasi-static equilibrium between
forces (F(FPK)) in the IS and AP directions afPX) (Andersen et al., 2017; Sins et al., 2015).
Therefore, this shoulder model is no longer a ball and socket representation of the GHJ. The
model contains 118 Hill-type muscle-fiber elements including intact rotator cuff and deltoid
muscle. The original deltoid model is composed of 12 independent lines of action (5 for the
anterior, 5 for the medial, and 2 for the posterior deltoid) (Fig. 3-2- up). A spherical wrapping
object (36-mm radius), centered in the humeral head, is used to prevent penetration of the fibers
into the bone and thus to reproduce the curved deltoid fibers’ trajectory. The muscle path is
computed as the shortest path from the origin to the insertion. Additionally, 12 via-points, one
for each muscle fiber element, are rigidly fixed to a supplementary phantom segment. Via-
points are defined to maintain muscle fibers trajectories and to prevent their uncontrolled

sliding on both sides of the humeral head when searching for the shortest path.

In the proposed 2D-mesh model, the inbuilt sheet muscles from the Anybody Modelling
System (Damsgaard et al., 2006) is used to represent the deltoid muscle (Fig. 3-2- down). The

via-points from the original model are removed and each muscle-fiber element is composed of
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a series of 21 longitudinal linear springs connected by nodes. Each node is also connected with
transverse linear spring with a node located on the neighboring muscle fiber, altogether
forming a 2D-mesh. The stiffness of longitudinal and transverse springs is defined by a
longitudinal : transverse ratio of 10:1 for all compartments, which is in line with the Young
modulus of Morrow, Haut Donahue, Odegard, & Kaufman (2010). The ratio is confirmed using
a sensitivity analysis (unpublished data). To maintain the bulky shape of the deltoid muscle
longitudinal stiffness has to be at least 10 times higher than transverse stiffness. The nodes and
longitudinal springs are in contact with the same glenohumeral wrapping sphere as described
in the original model. The contact between each node and the wrapping sphere is governed by

a static equilibrium of minimum potential elastic energy of the mesh.

An arm elevation in the scapular plane is simulated from 15° to 120° for one male subject ( 84
kg) using a Fourier sine expansion as a driver function in abduction (Eq. (1)), where 0 is a
position (rad) of the humerus relative to the thorax. The hand is constrained to stay in the
scapular plane. Scapular and clavicular movements are simulated based on linear regression

equations proposed by (De Groot & Brand, 2001).

37 m  mwm\ 7w (D)
G(t) —?Sln(gt—z) +ﬁ

Both models are based on the inverse dynamics approach (Figure 3-1).
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Figure 3-1. A Simplified schema of the modelling workflow in the Anybody Modelling
System with integrated FDK algorithm: o (FDK) is the humeral head translation; q is a vector
containing the position vectors and Euler parameter of all segments; v is a vector containing
the linear and angular velocity vectors of all segments; v is a vector containing the linear and
angular acceleration vectors of all segments; | is a muscle length, H(f ™) is the objective
function, which is expressed as a function of the muscle forces f™; r @duction) jg apn abduction
muscle moment arm; f FPX) is the FDK residual force for a given o #P%); f ™ are calculated

muscle forces; f ® are calculated joint reaction forces.

The solution of muscle recruitment is formulated as an optimization problem, where a cost
function has been defined as the second-order polynomial criterion, in which a square sum of
muscle strength is minimized (Damsgaard et al., 2006). Anterior, lateral and posterior deltoid
moment arms, activation patterns, contribution of all shoulder muscles to GHJ moments and
to GHJ-RF as well as resultant GHJ-RF are estimated using 1) the original via-point model and

2) the 2D-mesh model for qualitative comparison.
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34 Results

3.4.1 Visual analysis of deltoid muscle shape in the scapular plane elevation
In the original via-point model, the anterior fibers adopt a V-shape around 45° of arm elevation.
The lateral fibers adopt a V-shape around 90° of arm elevation. In the 2D-mesh model this V-

shape is no longer present (Figure 3-2).

a) b) c)

Figure 3-2. The via-point (up) and the 2D- mesh (down) deltoid models in a) 15°, b) 45° and
¢) 100° of arm elevation in the scapular plane. Fibres of anterior deltoid are shown in blue,
lateral in green and posterior in red. Please notice that other muscles have been hidden to

better show changes in the deltoid geometry.
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3.4.2 Deltoid moment arms estimation and activation patterns.
The most notable differences in terms of muscle moment arms and muscle activation are

observed for the anterior deltoid (Figure 3-3).

a ) Anterior Deltoid Lateral Deltoid Posterior Deltoid

§
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----- DeWilde et al., 2002 * Liuetal., 1997 — Via-point model
— Poppen and Walker,1978 + Garner and Pandy, 2001 === 2D-Mesh model

=== Kuechle et al., 1997 —-= Alpert et al., 2000

Figure 3-3. Deltoid moment arms estimation and activation patterns. a) Predicted left-
anterior, middle- lateral, right- posterior deltoid moment arms model during an arm elevation
in the scapular plane using the via-point (red) and the 2D-mesh (blue) model juxtaposed with

literature data. b) Predicted deltoid muscle activation using the via-point (red) and the 2D-
mesh (blue) model juxtaposed with normalized EMG (black) with standard deviation (grey
area) from Alpert et al., 2000.

In the via-point model, the anterior deltoid indicates adduction function (negative moment
arm). On the contrary, in the 2D mesh model, the anterior deltoid indicates abduction function
(positive moment arm) (Figure 3-3). Consequently, in the via-point model, the anterior deltoid

remains inactive during the entire elevation movement, which explains the lack of muscle force
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produced by the anterior deltoid. In the 2D-mesh model, the anterior deltoid is activated around

40° of elevation (Figure 3-3)

3.4.3 Contribution of all shoulder muscles to glenohumeral joint moments
In the via-point model, mainly the lateral deltoid and the infraspinatus contribute to the joint

abduction moment above 90° of arm elevation (Figure 3-4).

Via-point model 2D-Mesh model
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Figure 3-4. Predicted muscles contribution to joint a) abduction, b) rotation and ¢) flexion
moments by the via-point (left) and the 2D-mesh (right) model during an arm elevation in the
scapular plane.
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The lateral and the posterior chiefs of the deltoid as well as the infraspinatus generate the
moment in external rotation. High external rotation moment is compensated by the
subscapularis and the coracobrachialis (Figure 3-4). Further, the subscapularis activation
results in undesired adduction moment that resists the arm elevation (Figure 3-4). In the 2D-
mesh model, the lateral deltoid contributes to the abduction moment arm throughout the entire
elevation movement with the help of the anterior deltoid at higher elevation angles (Fig. 4a -
right). The infraspinatus is much less involved, meaning that the subscapularis does not

counterbalance in rotation and does not produce resistance in abduction.

3.4.4 Contribution of muscle forces and resultant GH-JRF
In the via-point model more muscles with higher force magnitude contribute to GH-JRF than
in the 2D-mesh model. The biggest differences between models are observed for the

infraspinatus (Figure 3-5).
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Figure 3-5. Left — Predicted resultant force for upper limb muscles acting on the GHJ by the

via-point (red) and the 2D-mesh (blue) model during an arm elevation in the scapular plane.

Right — Glenohumeral joint reaction force (GHJ-RF) for the via-point (red) and the 2D-mesh
(blue) model in comparison with in-vivo data from telemetric prosthesis.
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Consequently, changes in the individual muscle contributions lead to differences in predicted
GHJ-RF between models at high elevation angle (Fig. 5 - right). In the via-point model, the
GHIJ-REF is in line with in vivo GHJ-RF from a telemetric prosthesis study non-physiological
until 80 ° of arm elevation. Above 80°, GHJ-RF suddenly increases reaching 1134 N around
105°. In the 2D-mesh model, the predicted GHJ-RF follows the trend reported in the

(Bergmann et al., 2011) during the entire arm elevation.

3.5 Discussion

In the present study, we modelled the deltoid muscle as a 2D-mesh in the multibody
musculoskeletal shoulder model to improve its geometry and assess the effect on model
dynamics. The 2D-mesh representation was successfully implemented to shoulder muscles
with broad attachment sites (Marion Hoffmann et al., 2017; Stuart Marsden, 2010).
Nevertheless, to our knowledge, we are the first to examine impact of 2D-mesh representation
on deltoid muscle activation, individual muscle contribution to GHJ-RF and moments and
resultant GHJ-RF. Additionally, previous models represented the glenohumeral articulation as
a simplified ball-and-socket joint with 3-DoF. In the present study the glenohumeral
articulation was modelled with 5-DoF, which more accurately reflects the anatomical joint.
Moreover, unlike in the previous studies, the multibody shoulder model (Sins et al., 2015) is
accessible to the modelling community via the Anybody Modelling System (Damsgaard et al.
2006).

As expected, the 2D-mesh model showed improvements in reproducing the muscle geometry.
In fact, by integrating transverse constrains into the deltoid model, the rounded contour of
deltoid muscle fibers overlying humeral head was maintained, whereas in the via-point model
anterior fibers adopt a non-physiological V-shape around 45° of arm elevation and lateral fibers
adopt a non-physiological V-shape around 90°. The V-shape has occurred due to the presence
of rigidly fixed via-points, which constrain the fibers’ path. Simply removing the via-points
would result in sliding of the fibers anteriorly or posteriorly because of the shortest path

algorithm that is used.
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Tendon excursion studies using cadaveric models indicated abduction moment arms for the
anterior deltoid, which increase progressively with increasing elevation (Kuechle, Newman,
Itoi, Morrey, & An, 1997; J. Liu, Hughes, Smutz, Niebur, & Nan-An, 1997). The via-point
model showed adduction moment arms during whole elevation movement, meaning that in the
original model, the anterior deltoid acted solely as an adductor. The 2D-mesh model correctly
predicted an abduction moment arms with a similar trend as experimental studies above
35°(Kuechle et al., 1997; J. Liu et al., 1997). However, below 35°, the 2D-mesh model
predicted adduction moment arms and at these low elevation angles, we observed a penetration
of anterior fibers into the coracoid process. Bone penetration might indicate that the model

would need an extra constraint such as an additional wrapping surface.

The 2D-mesh solved the problem of non-anatomical fibers trajectories and misleading anterior
deltoid function related to predicted moment arms. However, discrepancies in the existing
literature (De Wilde, Audenaert, Barbaix, Audenaert, & Soudan, 2002; Kuechle et al., 1997; J.
Liu et al., 1997) suggest that more subject specific validation should be used to assess further
development of 2D-mesh model. Geometrical representation of the deltoid muscle affected
muscle activation and muscle force predictions. Important differences, especially in anterior
deltoid activation, have been found between numerical and experimental (based on
electromyography (EMG)) studies. Only onset and offset of muscles activation as well as
trends could be compared between models prediction and EMG data (van der Helm, 1994a).
Indeed, some musculoskeletal models predict no substantial activation of the anterior deltoid
during the arm abduction in the scapular plane (Dickerson, Hughes, & Chaffin, 2008; Sins et
al., 2015) while experimental studies reported muscle activation up to 78 % of maximum
muscle contraction (Alpert, Pink, Jobe, McMahon, & Mathiyakom, 2000) in high elevation

angles. The 2D-mesh largely solved the problem of lack of activation in the anterior deltoid.

Changes in deltoid muscle geometry affected not only deltoid activation, but also the overall
muscles’ recruitment pattern. In the via-point model, several shoulder muscles generated high

moments, which were above or opposite to the net joint moment. Additionally, in the via-point
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model, other muscles, especially the infraspinatus, compensated for the lack of abduction
moment capacity produced by the anterior deltoid. This results in a series of muscle activation
to ensure the balance of moments in all three planes. Indeed, the contraction of infraspinatus
together with the lateral and the posterior deltoid generated an external rotation moment. This
external rotation moment needed to be balanced by other muscles to produce a small internal
rotation moment to elevate shoulder in the scapular plane. EMG studies (Alpert et al., 2000;
Reddy, Mohr, Pink, & Jobe, 2000; Townsend, Jobe, Pink, & Perry, 1991) reported only co-
activation of the infraspinatus and the subscapularis muscles, which is in line with activation

patterns of the 2D-mesh model.

Consequently, the additional activation of these muscles generated forces that affected GHJ-
RF. The biggest difference in the muscles’ contribution between two models appeared above
90° of arm elevation, where the V-shape caused by the via-points is present for all deltoid
fibers in the original via-point model. Therefore, the contribution of individual muscles
explained differences in predicted total GHJ-RF between models. Predicted GHJ-RF by both
models were compared to in vivo data obtained using telemetric prostheses from Bergmann et
al. (2011). The via-point model followed the trend from Bergmann et al. (2011) study only
until 90° of arm elevation. Above 90°, non-physiologically high loads in GHJ were observed.
Prediction of GHJ-RF improved significantly with the 2D-mesh model. The 2D-mesh model
followed the trend from Bergmann et al. (2011) study during entire elevation movement. Even
so, differences in the force magnitude was observed between 2D-mesh model and the
experimental study (Bergmann et al. 2011). The underestimation may come from the
contribution of the rotator cuffs muscles — intact in the model and often deficient in arthroplasty
patients (Sanchez-Sotelo, Cofield, & Rowland, 2001), differences in joint kinematics which
was not recorded in Bergmann et al. (2011) and, above all, the cost function in the static
optimization. Least quadratic activation function is known to underestimate muscles forces and
co-contraction especially in the shoulder (Forster, Simon, Augat, & Claes, 2004) resulting in

lower joint contact forces.
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There is still space for improvement in the development of a 2D-mesh model. We evaluated
2D-mesh model only for scapular plane elevation, since it is the most commonly reported
movement in the literature. To assess further the finding of this study, model needs to be
evaluated during the full range of motion. However, there is a lack of experimental data to
validate musculoskeletal models of the shoulder during more complex movements and larger

ranges of motion.

3.6 Conclusion

The 2D-mesh deltoid model presents more consistent predictions in terms of shoulder
dynamics than the model with independent lines of action and rigidly fixed via-points. The 2D-
mesh shows the ability to maintaining correct muscle shape even at high elevation. Besides
that, the 2D-mesh deltoid model demonstrates more realistic estimations of deltoid muscle
activation, more realistic muscle recruitment patterns and better prediction of GHJ-RF when
compared with the literature. This study shows that the geometrical representation of the
deltoid considerably affects model predictions. Incorrect representation of deltoid muscle
geometry can lead to misleading predictions of muscle recruitment as well as joint forces and

consequently, limits model applications or leads to wrong interpretations
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4.1 Abstract

We propose a multi-ellipsoid wrapping approach for the deltoid muscle to improve muscle
fiber trajectories in the multibody musculoskeletal model. Predicted deltoid muscle moment
arms from the model with implemented multi-ellipsoid wrapping was qualitatively compared

to the moment arms from the via-point model and experimental data from the literature.
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Additionally, we evaluated muscle contribution to the glenohumeral net joint moments and to
the glenohumeral joint reaction force. The multi-ellipsoid wrapping approach improved muscle
fibers geometry during abduction and scaption movements. The most notable improvement is
noticed in the muscle moment arms of the anterior deltoid. The improvement in the muscle
geometry influences overall joint moments and forces predictions. The multi-ellipsoid

wrapping approach can successfully replace via-points in the deltoid muscle modelling.

Keywords: musculoskeletal modelling, shoulder model, muscle geometry, deltoid

4.2 Introduction

In most musculoskeletal models, muscles are represented by elastic, one-dimensional, massless
strings from origin to the insertion. The advantage of this technique is its simplicity and low
computational costs as compared with 2D-mesh (Marion Hoffmann et al., 2017) and 3D-
volumetric models (Blemker & Delp, 2005; Webb, Blemker, & Delp, 2014). Strings based
models rely on shortest path algorithms to determine trajectories of the muscle lines of action.
To avoid penetration inside bony structures, via-points and/or wrapping objects are defined.
This strategy is especially well established for the knee models (Marra et al., 2015) which are
characterized by relatively simple morphology in comparison to the shoulder. Indeed, in knee
models, simple geometrical shapes, such as spheres and cylinders, can accurately describe

bones contours.

When modelling muscles that contribute to shoulder motions, the choice of wrapping objects
is more challenging. This is mainly due to the morphology of the shoulder girdle leading
muscles to wrap around not only rigid, but also elastic structures, like deep muscles. Moreover,
many of the shoulder muscles, such as the deltoid and rotator cuff muscles have broad
attachment sites. Thus, one single line of action is not sufficient to represent the function of
such muscles. In fact, the deltoid muscle is usually represented by 3 to 12 fibers (Carlos
Quental et al., 2015a; Van der Helm et al., 1992). Modelling a deltoid muscle as a series of

independent lines of action makes it difficult to find one single wrapping geometry, which
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controls to all fibers composing the muscle. The common technique for determining deltoid
lines of action trajectories is to use a single sphere or an ellipsoid, which is fixed to the GHJ
center of rotation. It prevents fibers from penetrating into the humeral head. To avoid the fibers
sliding from the rounded obstacle via-points are added in some models (Damsgaard et al.,
2006). However, the presence of rigidly fixed via-points lead to non-anatomical fibers

trajectories in high elevation angles.

One solution to improve the deltoid muscle trajectory is to use multiple wrapping surfaces.
Marsden et al. 2008 proposed an analytical double-wrapping algorithm. This method meant to
model the humerus bone surface as a sphere-cylinder composite with the sphere representing
the humeral head and the cylinder representing the humeral shaft (S. P. Marsden, Swailes, &
Johnson, 2008). However, in some joint positions, deltoid fibers’ trajectories are also
constrained by other bones such as scapula or other muscles such as rotator cuff muscles.
Noticing this limitation, Scholz et al. 2016 developed a more computationally efficient multi-
wrapping algorithm, which could be applied to multiple obstacles with different shapes(Scholz,
Sherman, Stavness, Delp, & Kecskeméthy, 2016). To our knowledge, this algorithm has not
yet been implemented in a shoulder model. Moreover, it is difficult to adapt manually several
wrapping objects to a complex geometry such as the scapular girdle. There is no evidence in
the literature about optimal obstacle shape and placement to reproduce deltoid muscle

geometry in multibody shoulder models.

The objective of this study was to develop a systematized wrapping approach for the deltoid
muscle, in which each muscle fiber wraps around one unique ellipsoid. We hypothesized that
this technique would lead to more realistic fibers trajectories, and thus it would improve
estimation of muscle moment arms as well as leads to more realistic moment and force
predictions. We also hypothesized that implementation of this wrapping technique into the

model would not increase simulation time.
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4.3 Methods

4.3.1 Original model

A multibody musculoskeletal shoulder model was previously developed using the Anybody
Modelling System (Anybody Technology, Aalborg, DK) (Damsgaard et al., 2006). The upper-
limb is modelled with 10-degrees-of-freedom (DoF) namely: sternoclavicular (3-DoF),
glenohumeral (3-DoF), elbow (2-DoF), and wrist (2-DoF) joints. The model contains 118
muscle-fiber elements. The deltoid model contains 12 independent lines of action: five for the
anterior, five for the lateral and two for the posterior compartment. In this model, a spherical
wrapping object centered on the humeral head with a 36 mm radius is used to avoid penetration
of lines of action into the humeral head. The muscle path is computed based on the shortest
path algorithm from origin to the insertion. Additionally, via-points, rigidly fixed to a
supplementary phantom segment, prevent uncontrolled sliding of muscle fibers on the humeral

head.

4.3.2 Multi-Ellipsoid Model

In the multi-ellipsoid model, the deltoid wrapping has been modified in the following way.
Each muscle compartment (anterior, lateral and posterior) contains now four muscle fibers. To
determine fibers’ trajectories and to prevent muscle penetration into bony structures, the
original sphere plus via-points were replaced by a set of elliptical wrapping objects combined

with a so-called “control ellipsoid” for each compartment (Figure 4-1).
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Figure 4-1. The multi-ellipsoid model: Right-Top view of a) anterior b) lateral c) posterior
control surface with tangent lines. Left-Top view of a) anterior b) lateral ¢) posterior
wrapping surfaces (dark blue) fitted to the control surface.

The “control ellipsoids” are manually fitted to nodes representing bony landmarks on the
scapula (Figure 4-1). For the control surface of the anterior compartment, the coronoid process,
the GHJ center of rotation, the glenoid center, and the acromioclavicular joint center of rotation
are used. For the lateral and the posterior control surfaces, we used the acromion angle, the
GHJ center of rotation, the acromioclavicular joint center of rotation and the glenoid center.
From each control ellipsoid, an ellipse defined in the axial plane is extracted and then, tangents
to this ellipse are calculated in intervals that vary from 5 ° to 15 ° depending on each muscle

fiber trajectory. The interval was chosen such that the middle of the tangent line lies between
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the origin and insertion points in the anatomical position for each muscle fiber. Each tangent
line thus defines the actual position and orientation of the wrapping ellipsoid, one for each

muscle fiber (Figure 4-1).

4.3.3 Simulated Movements

Three arm movements are simulated, namely flexion, abduction and scapular plane elevation
(scaption) from 0 ° to 120 °, using the via-point and the multi-ellipsoid models. We compare
abduction and flexion moment arms of the anterior, lateral and posterior deltoid between both
models. We also compare those values to previous studies from literature (Hik & Ackland,
2019). We then compare muscles contribution to joint moments and muscle contribution to

GHIJ-RF estimated by both models.

4.4 Results

Movements were successfully simulated in 1.3-1.7 minutes for the via-point model and 1.4-
1.6 minutes for the multi-ellipsoid model. In the via-point model, deltoid fibers take a V-form
above 90 ° of arm elevation during abduction and scaption motions (Figure 4-2). In the multi-
ellipsoid model, the deltoid takes on a round-shape in anatomical position (Video 1). In high

elevation, a V-form is not present while using this model. (Figure 4-2).
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Figure 4-2. Lateral view of a) via-point model at 90 ° of abduction; b) multi-ellipsoid model
at 90 ° of abduction; c) via-point model at 120 ° of scaption; d) multi-ellipsoid model at 120 °
of scaption.

4.4.1 Muscle Moment Arms

Figure 4-3 shows moment arms of the deltoid during flexion, abduction and scapular plane
elevation (scaption). In flexion, both models follow the trend from experimental studies.
However, moment arms of all three muscles compartments calculated by the multi-ellipsoid
model are higher (up to 2.7 cm) than those estimated by experimental studies between 60 ° and

120 (Ackland et al., 2008) (Figure 4-3).
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Figure 4-3. Predicted average anterior, lateral, posterior deltoid moment arms by the via-
point (red) and the multi-ellipsoid (blue) models juxtaposed with literature data during
flexion, abduction and scaption.

During the abduction movement, the biggest difference between the two models is observed
in the anterior deltoid moment arms. In the via-point model, the anterior deltoid shows only
adduction moment arms which vary from -2.83 cm (at 15 ©) to -0.02 cm (at 120 °). In the multi-
ellipsoid model, moment arms of the anterior deltoid change from adduction to abduction
around 45 ° and vary from -2.38 cm (at 15 °) to 5.35 cm (at 120 °), which fits the experimental
corridor (Figure 4-3). In the abduction, noticeable differences occur also in the moment arm

prediction of the lateral deltoid. In the via-point model, abduction moment arm of the lateral
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deltoid is underestimated compared to experimental data and varies from -0.13 cm (at 120 ©)
to 1.05 cm (at 15 ©) vs 1.80 cm (at 15 °) to 2.20 cm (at 120 °) (Ackland et al., 2008). In the
multi-ellipsoid model, abduction moment arms of the lateral deltoid is slightly overestimated
and varies from 2.48 cm (at 15 °) to 4.51 cm (at 90 °) (Figure 4-3). In scaption, the anterior
deltoid in the via-point model again shows exclusively adduction moment arms, from -1.42 cm
(at 15 °) to -1.19 cm (at 120 °). The multi-ellipsoid model shows solely abduction moment
arms of the anterior deltoid, which varies from -2.38 cm (at 15 °) to 5.35 cm (at 120 °) (Figure
4-3).

4.4.2 Muscle contributions to net joint moments

4.4.2.1 Flexion

During flexion, the main contribution to abduction, flexion and external rotation net joint
moments comes from the anterior deltoid in both the via-point and the multi-ellipsoid model

(Figure 4-4).

4.4.2.2 Abduction

During abduction, the biggest differences between the two models are observed for the
abduction and external rotation joint moments. In the via-point model, mainly the lateral
deltoid provides an abduction moment. To counterbalance this abduction moment, the
subscapularis provides an adduction moment. In the multi-ellipsoid model, mainly the anterior
and the lateral deltoids provide an abduction moment. In the via-point model, the net rotation
moment varies from -17.88 Nm at 84 ° to -0.11 Nm at 0 °. Mainly the subscapularis and the
lateral deltoid provide a moment in internal rotation. In the multi-ellipsoid model, the net
rotation moment varies from -5.08 Nm at 120° to -0.05 Nm at 0°. Mainly the anterior deltoid

provides internal rotation moment (Figure 4-4).
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4.4.2.3 Scaption

During scaption, both models provide similar net abduction moments (max: 9.42 Nm—the via
point model vs 9.62 Nm—the multi-ellipsoid model). However, in the via point model, mainly
the lateral deltoid provides this abduction moment. The subscapularis provides an adduction
moment. In the multi-ellipsoid model, mainly the lateral deltoid and the anterior deltoid

provide the abduction moment (Figure 4-4).
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Figure 4-4. Predicted muscles contribution to joint 1) abduction, 2) flexion and 3) external

rotation moments by the via-point (red) and the 2D-mesh (blue) models during flexion,

abduction and scaption.
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4.4.3 Muscle Contribution to Glenohumeral Joint Reaction Force

4.4.3.1 Flexion

In both models, the contribution to GHJ-RF comes mainly from the anterior deltoid. We

observe similar trends in mediolateral, inferosuperior, anteroposterior forces (Figure 4-5).

4.4.3.2 Abduction

During abduction, we observe notable differences in the muscle contribution to GHJ-RF. In
the via-point model, the anterior deltoid does not contribute to GHJ-RF (Figure 4-5). The
lateral deltoid (max. 322 N) and the subscapularis (max. 191 N) are the main contributors to
compressive (medial) force. The supraspinatus also provides notable shears, superior (max.
227 N) and posterior (max. 243 N) forces (Figure 4-5 f, h). In the multi-ellipsoid model, mainly
the anterior (max. 168 N) and the lateral deltoid (max. 110 N) contribute to the compressive

force (Figure 4-5).

4.4.3.3 Scaption

During scaption, important differences were observed between the two models in terms of
muscle contribution to GHJ-RF. In the via-point model, the lateral deltoid mainly provides
compressive force (max. 259 N) (Figure 4-5) with the support of the subscapularis (max. 80 N)
and the posterior deltoid (max. 69 N) (Figure 4-5). Likewise, the subscapularis provides shear
forces in the superior (max. 57 N) and posterior (max. 82 N) direction. In the multi-ellipsoid
model, compressive force comes from the anterior deltoid (max. 141 N) and the lateral deltoid

(max. 122 N) (Figure 4-5) with the support of the posterior deltoid (max. 43 N) (Figure 4-5).
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Figure 4-5. Predicted resultant force for upper limb muscles acting on the GHJ by the via-

point (red) and the multi-ellipsoid (blue) models during flexion, abduction and scaption.

4.5 Discussion

In the present study, we developed a muscle wrapping approach called multi-ellipsoid

wrapping to estimate the deltoid muscle trajectory in a multibody musculoskeletal shoulder
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model. The approach is implemented in the AnyBody Managed Model Repository (AMMR)
(Version 2.2.0) (Lund, Terholm, Dzialo, & Jensen, 2019). We show that our model improves
muscle fibers geometry during abduction and scaption movements; hence, it allows obtaining
more realistic joint moments and muscle forces prediction compared to a model with rigidly
fixed via-points.

The multi-ellipsoid model visually improvs muscle fibers’ geometry. Indeed, the rounded
shape of the deltoid is reproduced while in the via-point model deltoid fibers adapts a V-shape.
This is especially visible for the anterior deltoid, where the V-shape in the via-point model
occurred above 45 ° (Figure 4-2). The most notable improvement in moment arms is found for

abduction and scaption movements.

4.5.1 Anterior Deltoid Moment Arms

Cadaveric-based studies indicate that the anterior deltoid has abduction moment arms during
the entire abduction movement (Ackland et al., 2008; Kuechle et al., 1997; Schwartz et al.,
2013). Walker et al.2016 found that the anterior deltoid works as an adductor below 40 ° of
abduction and then above 40 ° it changes its function to abduction (Walker, Struk, Matsuki,
Wright, & Banks, 2016). In the via-point model, the anterior deltoid shows only adduction
moment arms during the entire abduction. This means that in this model the anterior deltoid
acts as an antagonist, which is contrary to the literature findings (Hik & Ackland, 2019). The
multi-ellipsoid model shows adduction moment arms below 45 © of abduction. Above 45 °, the
anterior deltoid changes to abduction moment arms, which is in line with the findings of

Walker et al.2016 (Walker et al., 2016).

An improvement is also noticed during scaption motion. All cadaveric-based and numerical
studies indicate abduction moment arms in the anterior deltoid (De Wilde et al., 2002; Kuechle
et al., 1997; J. Liu et al., 1997; Poppen & Walker, 1978). In the via-point model, the anterior
deltoid works solely as an adductor (antagonist) during scaption. In the multi-ellipsoid model,

the anterior deltoid shows an abduction moment arm during the entire scaption.



67

4.5.2 Lateral Deltoid Moment Arms

Previously citied cadaveric-based studies show abduction moment arms for the lateral deltoid
during the entire abduction movement (Ackland et al., 2008; Kuechle et al., 1997; Schwartz et
al., 2013). In the via-point model, above 100 ° of abduction, the lateral deltoid moment arms
changes to adduction. In the multi-ellipsoid model, the lateral deltoid shows abduction moment
arms during entire movement, but its magnitude is slightly overestimated compared to the

literature findings (Hik & Ackland, 2019).

4.5.3 Joint Moments and Forces

The biggest differences in the joint moment predictions are observed for the abduction. In the
via-point model, the lateral deltoid almost exclusively contributes to the abduction moment.
The antagonist muscle—the subscapularis, counteracted the extensive moment provided by the
lateral deltoid. Consequently, the subscapularis muscle provides an internal rotation moment,
which with the contribution of other muscles leads to a large internal rotation moment.
Extensive joint abduction moment also results in high compressive loads in GHJ. Additionally,
large rotation moment contributes to high shear forces provided by the subscapularis muscle.
In the multi-ellipsoid model, both - the lateral and the anterior deltoid provides abduction
moment. Therefore, mostly the lateral and the anterior deltoid contributes to compressive force
in the GHJ. Important differences in terms of joint moments are also observed for the scaption
movement. In the via-point model, mainly the lateral deltoid provides an abduction moment.
The subscapularis provides an adduction moment to balance the joint moment provided by the
lateral deltoid. Consequently, the subscapularis muscle also produces an extensive internal
rotation moment. In the multi-ellipsoid model, the lateral deltoid provides abduction moments
during the entire scaption motion and above 25 ° of arm elevation in conjunction with the
anterior deltoid. However, the anterior deltoid provides the opposed flexion and rotation

moments that need to be balanced by other muscles.

In brief, the multi-ellipsoid model solves the problem of non-anatomical fibers’ trajectories

and misleading anterior deltoid muscle function especially for abduction and scaption
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movements. This approach is also reasonable in terms of computational time compared to the
3D-volumetric mesh representation (Blemker & Delp, 2005; Webb et al., 2014), that are

known to be computationally expensive.

Some limitations of this modeling study need to be noticed. Firstly, we used a simple muscle
model that neglects the force-length-velocity relationship. The use of a three elements Hill-
type muscle model might improve muscle forces predictions (Zajac, 1989). However, this Hill-
type muscle model requires careful calibration of muscle-tendon length and muscles
physiological parameters as an input. Nevertheless, the aim of this study was to present an
approach for deltoid muscle geometry modelling, not to evaluate the validity of muscles force
prediction. Secondly, control ellipsoids are fitted manually to the bone geometry in the
anatomical position. We believe that we can get better fit of control surfaces e.g. by using
reconstructed muscle images. Especially, when it comes to the model scaling. This is
considered as a next step in development of the multi-ellipsoid model. Finally, discrepancies
in the existing literature about muscle moments arms (Hik & Ackland, 2019) suggest that
subject specific validation needs to be performed to assess further development of the multi-

ellipsoid model.
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5.1 Abstract

Background The glenoid loosening is the one of the most common complication in total
shoulder arthroplasty. The correlation between the critical shoulder angle and glenoid
loosening has been found (Watling et al. 2018). The critical shoulder angle is a morphological
measurement connecting the line between the inferior and superior margins of the glenoid to
the lateral aspect of the acromion.

Methods A large-scale musculoskeletal shoulder model was previously developed using the
Anybody modelling platform (Anybody Technology, Aalborg, DK). An anatomical NC total

shoulder prosthesis was integrated into the model.
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Results The large CSA causes more superior position of the center of pressure.Reducing lateral
acromion extension while maintaining superiorly tilted glenoid lowers the COP position. GHJ
contact force and muscle forces increases with superior glenoid inclination and decrease with
lateral extension of acromion.

Conclusion The superior position of COP caused by large critical shoulder might cause
extensive superior edge loading, which can support glenoid component loosening.
Additionally, more superior position of the humeral head can cause subacromial impingement
and contribute to rotator cuff tear. Further studies are required to quantify the effect of the CSA
on the glenoid loosening and answer the role of the CSA corrections before this measurement

can be included in the surgical procedures

Keywords: musculoskeletal model, shoulder model, scapula, critical shoulder angle, glenoid

loosening

5.2 Introduction

In the total shoulder arthroplasty (TSA), the glenoid loosening is the one of the most common
complications (Fox et al. 2009), which often leads to a revision surgery (Melis et al. 2012;
Bonnevialle et al. 2013). It is commonly accepted that the glenoid loosening is a complex and
multifactorial problem (Schrumpf et al. 2011). Several risk factors have been identified as
potential contributors to glenoid loosening The most frequently identified factors are: rotator
cuff tear (Franklin et al. 1988; Collins et al. 1992; Anglin et al. 2000), prosthetic mismatch
(Walch et al. 2002), component fixation (Rahme et al. 2004), insufficient bony support (Cil et
al. 2010), and glenoid component malpositioning (Farron et al. 2006). Recently, a correlation
between the critical shoulder angle (CSA) and glenoid loosening was also highlighted
(Watling et al., 2018).

The CSA is a morphological measurement determined usually on anteroposterior radiographs.
This measurement was introduced by Moor et al. (2013) as the line connecting the inferior and

superior margins of the glenoid to the lateral aspect of the acromion. This definition means that
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a large CSA can be the result of either an increased lateral extension of the acromion, or a
superiorly tilted glenoid. The excellent inter and intra-observer reliability was found in CSA
measurement (Sankaranarayanan et al. 2020) - an undoubted asset in clinical practice. Several
studies about the CSA focused on its correlation with rotator cuff tears and/or osteoarthritis. A
large CSA (>35°) correlated with rotators cuff tear (Moor et al. 2013; Docter et al. 2019), while
a smal CSA (< 28°) correlated with osteoarthritis (Moor et al. 2013; Moor et al. 2014; Spiegl
et al. 2016; Bjarnison et al. 2017; Heuberer et al. 2017). However, less emphasis was devoted
to assessing the impact of different CSA in the context of anatomical TSA. Watling et al.
(2018) found the correlation between glenoid loosening and an increased CSA in midterm
follow-up after TSA based on anteroposterior radiographs. They suggested that large CSA
could cause extended superior loading on the glenoid component, and hence foster glenoid
loosening. However, a causal link between the CSA and glenoid loosening cannot be explained
due to the retrospective nature of this study. Several cadaveric and modelling studies quantified
correlations between CSA and shoulder degeneration, however they employed intact GHJs
(Engelhardt et al., 2017; Gerber et al., 2014; B. K. Moor et al., 2016; Villatte et al., 2020).
According to our knowledge, there is no biomechanical study that specifically looked at the
CSA in the context of anatomical TSA and glenoid loosening. In addition, it remains unclear
whether a glenoid tilt has the same effect as an acromion length in the force distribution around

the prosthetic shoulder joint.

The aim of this study was, therefore, to explore the effect of alterations of the CSA on the main
factors of prosthetic glenoid component loosening, i.e. the position of the center of pressure
(COP), glenohumeral joint (GHJ) contact force, and the deltoid and supraspinatus shear and
compressive forces using a musculoskeletal model of the NC total shoulder arthroplasty during
scapular plane abduction. The CSA was studied by varying acromion length and glenoid tilt
independently to better understand their respective role in glenoid loosening process. In
addition, we studied the combination of the short acromion with superior glenoid tilt and long
acromion with inferior glenoid tilt, which lead to a normal CSA to account for the effect of

surgical correction of the CSA.
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5.3 Methods

An inverse dynamics multibody musculoskeletal model of the right upper-limb was previously
developed in the Anybody Modelling System (Anybody Technology, Aalborg, DK) (Sins et
al. 2015). An anatomical NC total shoulder prosthesis was integrated into the model as in Sins
etal. (2015). The humeral head component has 51 mm in diameter. The mismatch between the
humeral head and glenoid components was 6.4 mm as suggested in previous studies (Walch,
2002; Sins, 2016). The upper-limb was modelled with 11 degrees-of-freedom (DoF) namely:
sternoclavicular (3-DoF), acromioclavicular (3-DoF), glenohumeral (3-DoF in rotation and 2-
DoF in translation).More precisely, clavicle, scapula and glenohumeral kinematics were
calculated from thoraco-humeral Eulerian angles using linear regressions of the
scapulohumeral rhythm (De Groot & Brand, 2001). The anteroposterior and the inferior-
superior joint translations were simulated using a force-dependent kinematic model (Andersen
etal. 2017). Briefly, this model takes into account the joint elasticity and geometry and is based
on a quasi-static equilibrium between forces in the inferior-superior and anteroposterior
directions (Sins et al. 2015; Andersen et al. 2017). Therefore, this shoulder model is no longer
a ball and socket representation of the GHJ. Elbow and wrist joints were locked in extended
position. The model comprises 118 Hill-type muscle bundles, including intact rotator cuff and
deltoid muscle. In contrast to the original model from Sins et al. (2015) the deltoid fiber

trajectories were modelled with multi-ellipsoid approach.

The lateral acromion extension

A parametric representation of the acromion was imported into the musculoskeletal model.
This representation contained all lateral deltoid insertion points so that it was possible to vary
the lateral extension of the acromion by scaling it in the mediolateral direction in relation to

the scapula coordinate system. The attachments of the other muscles were kept unchanged.
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The glenoid inclination
The glenoid component was rotated around the anteroposterior axis within the anatomical
range (Churchill et al., 2001). Sphere fitting function was used to find a new GHJ center after

a superior and inferior tilt of glenoid.

Simulations

We simulated abduction from 15° to 120° in the scapular plane. The effect of the lateral
acromion extension and the glenoid inclination were simulated independently. Specifically, we
performed five simulations by changing CSA: /) Normal CSA of 30° with 4° of glenoid
superior inclination, which according to Moor et al. (2013) is not associated with GHJ
pathologies. 2) Large CSA of 40° with 4° of glenoid inclination and extended lateral acromion.
3) Large CSA of 40° with 10° of glenoid component superior inclination (upward tilt) and
unchanged lateral acromion. 4) Normal CSA of 30° with inferior glenoid inclination
(downward tilt) and extended lateral acromion. 5) Normal CSA of 30° with superior glenoid
inclination and shortened lateral acromion (Table 5-1). The output of the simulations for
analysis were the displacement of the center of pressure, the GHJ contact force, and the deltoid

and supraspinatus shear and compressive forces.

Table 5-1 Table summarizing five cases of CSA configurations simulated in the study.

CSA Glenoid inclination  Lateral acromion length
Case 1 30° 4° Normal
Case 2 40° 4° Extended
Case 3 40° 10° Normal
Case 4 30° -6° Extended

Case 5 30° 10° Shorten
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5.4 Results

5.4.1 Center of pressure

The two large CSA configurations (cases 2 and 3) caused more superior glenoid component

loading (Figure 5-1).

Conter of pressure Center of pressure

IS direction [mm

«4—— Inferior Superior

44— Posterior Anterior ————————»

Figure 5-1. The projection of the center of pressure (COP) position on the glenoid
component. Normal CSA (case 1) in black; large CSA with extended lateral acromion (case
2) in yellow; red: case 3 — large CSA with upward glenoid tilt; blue: case 4 — normal CSA
with extended lateral acromion and downward glenoid tilt; green: case 5 — normal CSA with

shorten lateral acromion and upward tilt. The cross correspond to the start of the movement.

For the large CSA with higher lateral acromion extension, the position of the COP shifted
posteriorly for about 4 mm and superiorly between 6 mm to 3 mm at lower abduction angle.
After 60° of abduction, the position of COP nearly follows the position COP of normal CSA.
For the large CSA with upward glenoid tilt, the position of COP shifted anteriorly and
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superiorly during the entire movement. Superior shift was about 3 mm and anterior shift was
about 2 mm compared to normal CSA. The reduction of the acromion length moved the COP
more inferiorly even with superiorly tilted glenoid. The same effect was observed for the

glenoid inferior tilt and long acromion extension.

5.4.2 Contact force

Later extension of the acromion reduced GHJ contact force (Figure 5-2) despite the greater
size of the CSA compared to the normal CSA (case 1). Correction of the CSA by an inferior
tilt of the glenoid component (case 4) led to a decreased GHJ contact force but the value is still

inferior to the normal CSA.

The opposite effect was observed for glenoid inclination. Despite the greater CSA, the upward
glenoid inclination (case 3) increased GHJ contact force compared to the normal CSA (case
1). Short acromion (case 5) increases GHJ contact force, but the value is superior to one

observed in the case 1.
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Figure 5-2. Glenohumeral joint contact force from 15° to 120° of shoulder abduction,
simulated for five different variants of CSA.

5.4.3 Muscle forces.

Analogous effect to GHJ contact force was observed in muscle forces (Figure 5-3).
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Figure 5-3. Supraspinatus, anterior and lateral deltoid shear and compressive forces
simulated for the five different variants of CSA.




78

Anterior and lateral deltoid mean compressive force decreased for the extended lateral
acromion with increased CSA (case 2). Likewise, both deltoid and supraspinatus mean
inferior-superior shear forces decreased in the case 2. The highest relative difference was
observed in lateral deltoid inferior-superior shear force (24% at 81° of abduction) and in
anterior deltoid compressive force (31% at 63° of abduction). Correcting CSA by tilting the
glenoid component inferiorly (case 4) caused an increase in the inferior-superior shear and
compressive force of lateral deltoid, but these forces still reminded higher than in the case 1.

The opposite effect on muscles forces was observed in the case of large CSA with inferiorly
tilted glenoid (case 3), where mean muscle inferior-superior shear and compressive forces
increased compared to a normal CSA from the case 1. The highest relative difference was
observed in anterior deltoid inferior-superior shear force (18% at 115° of abduction) and
anterior deltoid compressive force (12% at 101° of abduction). After shortening the acromion
to correct the CSA (case 5), shear and compressive forces of anterior deltoid and supraspinatus
inferior-superior shear force decreased, but remained higher than in the normal CSA from case

1.

5.5 Discussion

In the present study, we evaluated the effect of an alteration of the CSA on GHJ biomechanics
in NC TSA using a musculoskeletal shoulder model. In addition, we evaluated two cases,
which aim at replicating a correction of the CSA to normal values by either acromion reduction
or glenoid inferior tilt. Their respective impact on the main biomechanical parameters
responsible for prosthetic glenoid loosening were quantified: COP position, GHJ contact force,
deltoid and supraspinatus shear and compressive forces during scapular plane abduction. The
present study leads to two main findings. Firstly, a large CSA leads to a more superiorly placed
COP, which hypothetically can be moved more inferiorly by correcting the CSA by either
acromion reduction or glenoid tilting. Secondly, large acromion extension shows different
force patterns around the GHJ compared to superiorly tiled glenoid regardless of the size of

CSA.
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Several studies quantified correlations between CSA and shoulder degeneration. Two studies
used shoulder simulators to analyze the effect of acromion length (Gerber et al. 2014) and
glenoid tilt (Moor et al. 2016) during scapular plane abduction. Moor et al. (2016) found that,
for the superiorly tilted glenoid, shear joint reaction force increased for the whole movement
and compressive joint reaction force increased above 40°. These results are consistent with our
findings since we observed increased superior shear force for both deltoid and supraspinatus
as well as increased joint contact force. Gerber et al. (2014) found that increased lateral
acromion extension decreased the compressive component of the joint reaction force for the
whole motion and increased superior shear force in the low and middle range of abduction
movement. Our results also show the reduction of GHJ contact force with increased lateral
acromion extension. However, in our simulations, muscles superior shear force decreased in
the low and middle range of abduction, which certainly affects total shear force at the GHJ.
Studies using biomechanical models also investigated the effects of variations of the CSA on
GHJ biomechanics. Villatte et al. (2020) used a musculoskeletal model to evaluate muscle
forces and GHIJ reaction force for several values of the CSA by modifying the attachment
points of the lateral deltoid. They found that increased CSA produced higher superior shear
forces and lower compressive force compared to the normal CSA. However, their three-DoF
ball and socket joint model neglects joint translations which is a key factor in the mechanism
of glenoid loosening. Engelhardt et al. (2017) combined a musculoskeletal model and a finite
element model to assess effect of lateral acromion extension, glenoid inclination and the CSA
on the glenohumeral translations and cartilage strain at 60° of scapular plane abduction. They
found a positive correlation between CSA and humeral head migration, which is consistent

with our results.

Watling et al. (2018) proposed that CSA measurement during anatomical TSA could be used
as a prognostic factor to identify patients at risk for glenoid component loosening and maybe
a modifiable factor during surgery to improve surgical outcomes. The most relevant choice for
CSA correction in TSA would be to place the glenoid component in a more favorable
inclination, if remaining bone stock allows for it. However, as it was mentioned before, large

CSA may also be the result of more laterally extended acromion. Should the surgeon tilt the
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glenoid more inferiorly in this case? Our results show that placing glenoid more inferiorly
lowers the COP position, even if the lateral acromion remains extended. Thus, it allows
reducing the loads at the superior edge and wider subacromial space. Yet, based on our
simulations, this will not completely restore the forces balance around the GHJ. Another,
surgical procedure that allows the CSA correction is a reduction of the acromion extension
through acromioplasty. It has been shown that carefully performed arthroscopic acromioplasty,
can reduce the CSA without deltoid attachment damage (Katthagen et al. 2016; Gerber et al.
2018). However, the study of Olmos et al. (2020) has shown that lateral acromioplasty cannot
sufficiently reduce the CSA over 40°. In addition, it remains unclear whether the correction of
the CSA through lateral acromioplasty would bring the desired effect, namely minimizing the
risk of developing rotator cuff tear and preventing a re-tear (MacDonald, McRae, Leiter,
Mascarenhas, & Lapner, 2011). According to our knowledge, there is no evidence if lateral
acromioplasty can prevent glenoid loosening. However, it should be emphasized that rotator
cuff tear is often associated with glenoid loosening (Franklin et al. 1988; Collins et al. 1992;
Anglin et al. 2000). Our results show that reducing lateral acromion extension while
maintaining superiorly tilted glenoid lowers the COP position, thereby releasing edge loads
and potentially preventing subacromial impingement, but has a minimal effect on the
distribution of the forces around GHJ. Based on our simulations, we can draw the general
conclusions that the COP position is sensitive to the CSA. Force distribution around the GHJ
would rather be sensitive to superior glenoid inclination and lateral acromion extension alone.
Our results suggest that measurement of the CSA in some cases might be insufficient to

recommend its correction and choose the most appropriate surgical procedure.

The novelty of our study is the use of musculoskeletal model of the shoulder, which allows for
the glenohumeral head translations, in contrast to other models used to evaluate the CSA,
which includes stability constraints at GHJ. The generic morphology with modifiable
parameters such as glenoid tilt and acromion length, allows a controlled investigation. Yet, the
use of generic model is undoubtedly a simplification. Model personification based on the
anatomy of patients with morphological variability and evaluation of more complex

movements would be a great insight to this study. Additional finite element analysis would



81

also be beneficial for a more detailed examination of the CSA impact on GHJ biomechanics.
The other limitation is that our study focused only on the scapula morphology and more
specifically the CSA. Glenoid loosening is known as a multifactorial problem. It is also
important to determine the importance of shoulder morphology and the CSA among other risk

factors for the glenoid loosening.

Further clinical and biomechanical studies are required to quantify the effect of the CSA on
the glenoid loosening and answer the role of the CSA corrections before this measurement can
be included in the surgical procedures. We believe that our study brings important
understanding to the biomechanical impact of shoulder morphology and more specifically the

CSA in the context of TSA. Nevertheless, our results should be treated as exploratory.

5.6 Conclusion

In this study, the large scale musculoskeletal shoulder model was used to discover the effect
of the CSA on GHJ biomechanics and potential glenoid loosening. The CSA was studied by
varying acromion length and glenoid tilt independently to better understand their respective
role on glenoid loosening process. The large CSA causes more superior position of the COP.
The reduction of the CSA lower the COP position. GHJ contact force and muscle forces are
not particularly sensitive to the size of the CSA. GHJ contact force and muscle forces increase

with superior glenoid and decrease with lateral extension of acromion.






CHAPTER 6

GENERAL DISCUSSION

6.1 Thesis Summary

The primary aim of this thesis was to create a biomechanical tool to better understand
the effect of scapular morphology changes on GHJ biomechanics in the context of NC-TSA.
The first phase, related to the technical problem, aimed to improve an existing musculoskeletal
shoulder model (Sins et al., 2015) and make it suitable to investigate movements above 90° of
thoracohumeral abduction. Two methodological approaches were developed, the first one by
using a 2D-mesh approach and the second one using a 3D wrapping approach for the deltoid
muscle representation. The second phase, related to the clinical problem, aimed to assess the
variability of the CSA on the biomechanics of the GHJ after NC-TSA and potential glenoid
component loosening. In order to carry out the second phase of this thesis, the geometrical
model of the deltoid muscle required improvement. Hence, the second phase also aimed at
demonstrating the feasibility of using the model for clinical question related to the impact of

scapula’s morphology.

The findings related to the technical problem are described in the Chapter III and Chapter IV.
Sins et al. (2015) implemented humeral head translation and contact calculations to the large-
scale musculoskeletal model of the upper extremity from the Anybody Modeling System
(Damsgaard et al., 2006). Starting from this model, the purpose of the work presented here was
to improve the geometrical representation of the deltoid muscle. The lateral and posterior
compartments of the deltoid muscle are attached to the scapula. Therefore, a correct geometric
representation of the deltoid is essential in the analysis of the scapula morphology on the GHJ
biomechanics. Two approaches were proposed and evaluated, namely a 2D-mesh approach

(Chapter III) and a multi-ellipsoid wrapping approach (Chapter IV).

In Chapter III, we presented the 2D-mesh model implemented to the deltoid muscle. This

solution is based on adding transvers constraints between muscles lines of action, which allow
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to maintain deltoid muscle shape and removed previously used via-points. The 2D-mesh model
showed improvements in reproducing deltoid muscle geometry. In fact, by integrating
transverse constrains into the deltoid model, the rounded contour of deltoid muscle fibers
overlying humeral head was maintained, whereas in the via-point model anterior fibers adopt
a V-shape around 45° of arm elevation and lateral fibers adopt a V-shape around 90°. The 2D-
mesh largely solves the problem of non-physiological fibers trajectories and misleading
anterior deltoid function related to the moment arms. The 2D-mesh model leads to more
consistent muscle activation patterns and GHJ-contact force estimation during scapular plane

abduction than previously used via-point model.

Chapter IV described our multi-ellipsoid wrapping approach. This solution allows to place
wrapping surfaces in a systematic way and control the deltoid muscle shape due to the use of
one longitudinal ellipsoid for each muscle fiber. The multi-ellipsoid approach was
implemented directly to the full body model and has been made available to the larger
modeling community through Anybody modelling repository (Lund et al., 2019), which
represents a valuable knowledge translation. One main advantage of this approach is that
scaling is possible due to the connection of the control surface to the anatomical landmarks. In
brief, the multi-ellipsoid model solves the problem of non-anatomical fibres trajectories and
non-physiological anterior deltoid muscle function that was still present in the 2D-mesh model.
The deltoid muscle moment arms are consistent with the literature. The improvement is
especially notable for the anterior deltoid. The multi-wrapping ellipsoid approach restores
abduction moment arm of anterior deltoid during abduction. This approach is also reasonable
in terms of computational time compared to the 3D-volumetric mesh representation (Blemker
& Delp, 2005; M. Hoffmann, Begon, Lafon, & Duprey, 2020; Webb et al., 2014), that are

known to be computationally expensive.

In Chapter V, we highlighted the usefulness of the model in a clinical application. The study
described in Chapter III aimed at exploring the impact of the morphological parameter called
the critical shoulder angel on the biomechanics of the GHJ after TSA and potential glenoid
loosening. The CSA in the model was modified by varying the acromion length and the glenoid
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inclination independently to better understand their respective role on glenoid loosening
process. Results show that a large CSA causes more superior position of the COP compared to
a normal CSA. Reducing lateral acromion extension or superior glenoid tilt lowers the COP
position. An increased glenoid inclination augments GHJ reaction force while acromion
lengthening reduced GHJ contact force despite the CSA size. GHJ contact force and muscle
forces are not particularly sensitive to the size of the CSA, but rather to the glenoid inclination
and the acromion extension alone. GHJ contact force and muscle forces increases with superior
glenoid inclination and decrease with lateral extension of acromion. The superior position of
COP might cause extensive superior edge loading, which can support glenoid component
loosening. Additionally, more superior position of the humeral head can cause subacromial
impingement and contribute to rotator cuff tears. While this study was exploratory, it provides
an important insight to the effect of the CSA on glenoid component loosening and can help
surgeons to better understand the biomechanical consequences of the large CSA. Whether and
when the great CSA should be corrected remains an open question and should be the subject

of further investigation.

6.2 Limitations and Recommendations for Future Research

Limitations of presented work are listed and discussed below. With these limitations

recommendations for the future research are proposed.

Compared to the via-point approach, the 2D-mesh model leads to more consistent predictions
in terms of muscle moment arms and internal forces. However, it increases the computation
time and requires additional constraints to be able to simulate more complex movements. In
search of a solution to the latter drawback, the multi-ellipsoid wrapping approach was
developed. However, some limitations remain to be solved in this approach, which might be

the motivation for further research.

The first limitation is that the size, position and orientation of the wrapping ellipsoids is

estimated based on the bone geometry from the model. Possibly a more accurate solution
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would be to fit control surfaces to the reconstructed images of the deltoid muscle. The use of
diffusion tensor imaging would be particularly interesting since it has a capacity to capture
muscle fiber orientation. Hence, diffusion tensor imaging may improve the development of the
multi-ellipsoid approach and ensure its validity. Nonetheless, it has to be noted that the aim of
Chapter IV was to present an alternative and more structured approach for the deltoid muscle
wrapping and to show its additional advantage over the previously used via-point model.
Scaling and more extensive validation of this approach should be the aim of the future research.
Another limitation comes from the representation of the muscle model as one-dimensional
massless strings. The muscle volume, shape and deformation are basically neglected in this
approach. Volumetric models based on MRI are develop alternatively to the string models
(Blemker & Delp, 2005; Webb et al.,, 2014). They are not yet suitable for the static
optimization, but in the future, they can give the possibility to account of the complex behavior

of muscle tissue.

The Chapter V focused on the one morphological measurement, namely the critical shoulder
angle. The morphology of the scapula is very complex and presents considerable inter-
individual variability. Adding more morphological measurements and performing a parametric
analysis based on the prospective cohort design would allow to evaluate the impact of each
measurement on the GHJ biomechanics and to deliver recommendations for clinical

practitioners about the relevance of each measurement.

The methodological limitation of the Chapter V is the use of a generic model, which is based
on one cadaveric specimen. Medical technology tends to move towards personalized solutions.
This trend is also visible in musculoskeletal modelling. Terms as “patient-’ or ‘subject-specific’
are generally used to described models in which bone geometry was modified to match the
specific subject. Bone geometry can be personalized using different methods from different
scaling methods (Lund, Andersen, de Zee, & Rasmussen, 2015) to bone morphing based on
reconstructed medical images (Marra et al., 2015). However, model personalization not only
required specific data, which sometimes is difficult to obtain, but it is also time consuming

with the use of current techniques. In addition, there is still no clear evidence for advantages
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of the subject-specific models over generic ones. For many musculoskeletal studies which aim
to answer the ‘what if*” question, the solutions could be to create parametric models that cover
morphological variability in the population. Therefore, combining multibody musculoskeletal
modelling with statistical shape models (Casier et al., 2018; Mutsvangwa, Burdin, Schwartz,
& Roux, 2015) could be a useful approach in many clinically related applications. Statistical
shape models allow capturing the natural variability of bone geometry. Yet, this approach
necessitates access to large data sets of medical images to create accurate and representative
model. Furthermore, to make a model truly ‘subject-specific’ not only subject morphology
should be taken into account but also musculotendon properties. For many models, cadaveric
specimens are used to obtain musculotendon properties. However, there are not necessarily
representative for the entire population, especially when shoulder injuries are present. Scaling
optimization algorithms (Manal & Buchanan, 2004; Modenese, Ceseracciu, Reggiani, &
Lloyd, 2016) are used to estimate musculotendon properties such as a muscle and tendon slack
lengths and maximum isometric force. However, it has been found that these parameters are
not directly dependent on the subject anthropometry (Winby, Lloyd, & Kirk, 2008). The Hill-
type model is particularly sensible to the tendon slack length (Ackland et al., 2012). Thus, it
seems to be important to include this variation into the musculoskeletal models. The progress
in the medical imaging can be promising to do so. Especially diffusion tensor imaging can be
an interesting tool to discover more about muscle architecture and incorporate inter-individual
variability into the musculoskeletal models (Charles, Grant, D’Aott, & Bates, 2020). Then,
the predicted muscle force with parameters obtained from diffusion tensor imaging could be
validated with the use of experimental tools such as an isokinetic dynamometer (Karabay,

Yesilyaprak, & Sahiner Picak, 2020).

On another topic, it must be pointed out that in this work only abduction in the scapular plane
was simulated. The choice of this movement comes from the fact that most of the available
data in the literature that can be used for model validation is limited to simple movements,
especially scapular plane abduction. This is usually justified by the fact that according to the
clinical studies most of daily-life movements occur below 45° of abduction. However,

movements that occur above the neck are also very common in daily life and they are often
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related to pain and/or impairments. Studying more realistic movements would be undoubtedly
beneficial for clinical applications of musculoskeletal models. The common practice is to drive
model kinematics with the data from optical markers, inertial sensors or fluoroscopy. However,
the data collection is time consuming and requires special equipment. Kinematical data
collection is rare in clinical practice. The development of statistical models of human
kinematics is a promising approach to drive musculoskeletal models. The construction of this
approach requires an extensive amount of kinematic data. Yet, once a model is created,
kinematics can be personalized based on e.g. subjects anthropometry, sex or disorders.
Presently, statistical models are created mostly for running and gait analysis. Creation of this
type of model for upper-limb movements may strengthen predictive capacities of the
musculoskeletal shoulder modelling.

Model validation remains an important issue in musculoskeletal modeling. The presented
model was validated only with the use of data from literature, which allows mostly for
qualitative and indirect validation. For example the in-vivo GHJ reaction force from Bergmann
et al. (2011) does not contain patients’ kinematics, which limits the relevance of its use in
validation. More efforts should be put into the development of the new validation methods
based on experimental data. In addition, more studies should focus on data collection for
musculoskeletal model validation purposes. Raw data should be published, and collection
process should be precisely described to make it possible to repeat the experiment if necessary.
Comprehensive and coherent data sets would also be very useful for the model validation and
development. A good example of excellent data set for the musculoskeletal model validation
is the Grand Challenge Competition to Predict in Vivo Knee Loads (Fregly et al., 2012).
Unfortunately, the data is only available for the knee joint. Similar data sets for the shoulder
joint would definitely strengthen shoulder models’ development and make them more valuable

in clinical practice.



CONCLUSION

The first objective behind this thesis was to address a drawback in musculoskeletal shoulder
modeling by improving the geometrical representation of the deltoid muscle. The new
geometrical model aimed at eliminating non-physiological muscle fibers trajectories and
permitting investigation of larger range-of-motion. The second objective aimed at assessing
the variability of scapular morphology on GHJ biomechanics and potential glenoid component
loosening with previously establish model. Two solutions were proposed and assessed to
overcome the limitation associated with the geometric representation of the deltoid muscle.
Both solutions are intended to remove via-points that cause a non-physiological muscle path
in high abduction angle. The first proposition is based on a 2D-mesh model, which contains
transverse constrains between muscle fibers. The 2D-mesh model was evaluated against
experimental data resulting in more realistic deltoid muscle moment arms and prediction of
muscle and joint reaction forces. The second proposition contains creating muscle wrapping
approach, called multi-ellipsoid wrapping. This solution also improved the deltoid muscle
moment arms and prediction of the internal forces. Additionally, the multi-ellipsoid wrapping
is less computationally expensive and suitable for the simulation of daily-life activities in
comparison to the 2D-mesh model. Subsequently, established musculoskeletal model was used
to study the effect of large CSA on the prosthetic GHJ biomechanics to better understand the
influence of the shoulder morphology on the potential glenoid component loosening. Findings
of this study shows that a large CSA causes more superior position of the COP compared to a
normal CSA. The superior position of COP might results in extensive superior edge loads. GHJ

contact force and muscle forces are not particularly sensitive to the size of the CSA.
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