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Annotation

This thesis introduces a comprehensive biomechanical analysis of reverse total
shoulder arthroplasty (RTSA), incorporating both the shift of the center of
rotation (COR) and humerus prolongation. The analysis is conducted using an
innovative validated method based on widely available clinical data from
preoperative and postoperative examinations of RTSA patients. We
demonstrated that the magnification of plain radiographs in the shoulder region
significantly varies among patients, with a mean value approaching 12%,
which significantly differs from the commonly used 5%. Musculoskeletal
geometry alterations are assessed through preoperative and postoperative X-
rays, along with preoperative CT scans. An original method for evaluating
COR shift in RTSA, based on postoperative X-rays, was introduced, and
subsequently employed to determine the actual humerus prolongation. The
findings unveiled an average actual humerus prolongation of 15.2 mm, that has
not been previously reported. The influence of various musculoskeletal
changes in RTSA was extensively examined and their impact on muscle forces
and glenohumeral joint load was evaluated. Furthermore, a safe zone for
humerus prolongation to prevent overloading the glenohumeral joint in RTSA
was established, a crucial consideration for surgical procedures.

Keywords: biomechanics; shoulder; musculoskeletal model; Hill-type muscle
model; reverse total shoulder arthroplasty; radiographical magnification;
humerus prolongation; joint load.



Anotace

Tato disertacni prace pfedstavuje komplexni biomechanickou analyzu reverzni
nahrady ramenniho kloubu, zahrnujici jak posun centra rotace, tak prodlouzeni
humeru. Analyza je provedena pomoci vlastni validované metody zalozené na
bézn¢ dostupnych klinickych datech z pfedoperacnich a pooperacnich
vySetieni pacientd s totalni endoprotézou ramene. Jednim z cil, bylo prokazat,
ze zveétSeni rentgenu v oblasti ramene je veétsi nez v klinické praxi bézné
pouzivanych 5 % a Ze se mezi pacienty vyznamné lisi. Tato hypotéza byla
potvrzena naméfenou primérnou hodnota zvétseni blizici se 12 % s rozsahem
od 5 % do 20 %. Zmény v muskuloskeletalni geometrii byly vyhodnoceny
pomoci predoperacnich a pooperacnich rentgenovych snimkd spolu s
predoperacnim CT. Na zakladé pooperacnich rentgenovych snimki byla také
zavedena nova metoda pro hodnoceni posunu centra rotace u pacientd s
reverzni endoprotézou ramene. Toto posunuti centra rotace bylo nasledné
pouzito ke stanoveni skuteéného prodlouzeni humeru, jehoz primérna hodnota
byla vyhodnocena jako 15,2 mm. Jedna se o rozmér, ktery nebyl nikdy diive
publikovan. Déale byly vyhodnoceny jednotlivé zmény muskuloskeletalni
geometrie a jejich vliv na svalové sily a zatizeni ramene. Na zavér byla
stanovena bezpecnd zoéna pro prodlouzeni humeru tak, aby se zabranilo
pretizeni glenohumeralniho kloubu, coz je =zasadnim hlediskem pro
chirurgické vykony.

Kli¢ova slova: biomechanika; rameno; muskuloskeletalni model; Hillav
model svalu; reverzni nahrada ramene; radiografické zvétSeni; prodlouzeni
humeru; zatizeni kloubu.
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1 Introduction

Nearly every human activity is intricately connected to shoulder movement.
Whether the shoulder serves as the primary actor in an activity or contributes
to stability, such as in walking [1], its role is crucial. Shoulder joint movements
are also integral to sports activities, contributing to both physical fitness and
mental well-being [2]. However, shoulder biomechanics are highly complex,
involving 4 joints (glenohumeral, acromioclavicular, scapulothoracic, and
sternoclavicular) and 18 muscles working in synergy. Any dishalances in the
shoulder complex can be a source of potential future complications [3].

Shoulder anatomy isn't inherently suited for an active life beyond 80 years,
leading to problems that increasingly emerge with age, connected with reduced
mobility and significant pain [4]. With the increasing life expectancy, which
has nearly doubled in the last century in developed countries [5], and as the
population ages [6], there is a growing demand to address pathological
conditions affecting the shoulder. While less severe shoulder conditions,
particularly in younger patients, such as impingement syndrome or soft tissue
inflammation, can often be managed through conservative treatments [7], more
serious degenerative conditions such as omarthrosis or rheumatoid arthritis,
rotator cuff ruptures, or post-traumatic issues in older individuals may
necessitate total shoulder arthroplasty (TSA) for joint mobility restoration [8].

Reverse total shoulder arthroplasty (RTSA), a procedure reversing the joint's
anatomical arrangement, has become increasingly prevalent in addressing
shoulder issues [9]. This reversal creates more favourable biomechanical
conditions by shifting the center of rotation (COR) of the glenohumeral joint
medially and slightly inferiorly and thus increasing the moment arm of deltoid
muscle, which is the main mobilizer of the arm [10; 11]. This arrangement not
even enhance mobility but also increasing stability of the joint by prestressing
the shoulder muscles, especially benefiting patients with insufficient rotator
cuff muscles [12].

The utilization of shoulder arthroplasty has witnessed significant expansion
over the last decade, a trend supported by data from US databases. These
statistics can be attributed, at least in part, to an aging population that aspires to
maintain an active lifestyle [13]. In 2012, a total of 22,835 primary RTSA
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procedures were conducted [9]. In 2017, this number experienced a significant
surge, nearly tripling to reach 62,705 RTSA procedures [9]. Over the same
period, the count of anatomic total shoulder arthroplasty (TSA) procedures rose
from 29,685 in 2012 to 40,665 in 2017 [9]. Conversely, the number of shoulder
hemiarthroplasty procedures underwent a substantial decline, decreasing by
almost half, from 11,695 in 2012 to 4,930 in 2017 [9].

To enhance the outcomes of RTSA, a thorough understanding of the
biomechanical aspects of the resulting state is essential. While some
characteristics can be measured from radiographs and other clinically available
data of patients who have undergone RTSA [14], variables crucial to RTSA
biomechanics, such as muscle forces, cannot be adequately assessed from these
data alone. Hence, a comprehensive biomechanical analysis requires the
utilization of mathematical musculoskeletal and muscle models. Therefore, the
presented thesis deals with clinical biomechanics of shoulder with emphasis on
modifications of glenohumeral geometry induced by reverse total shoulder
arthroplasty.

2 State of the Art
2.1 Glenohumeral Joint

The glenohumeral joint is a part of shoulder complex (Fig. 1). It is the most
mobile articulation within the human body [15]. The glenohumeral joint is
synovial ball-and-socket joint, involving the coordinated action of 18 muscles
and other structures such as the scapula and clavicle to provide full range
motions with three rotational degrees of freedom (DOF) as well as three
translational DOF [16]. In the specific context of the glenohumeral joint, the
humeral head and the cavitas glenoidalis, forming the joint socket within the
scapula, articulate with one another. Despite the partial widening of the fossa
by the fibrous labrum glenoidale, it is important to note that the fossa's articular
surface covers only a fraction, ranging from a quarter to a third of the humeral
head's corresponding surface [17]. This anatomical feature permits a wide range
of motion but, conversely, poses a potential source of dynamic instability [18].

Six fundamental movements can be described within the glenohumeral joint
(Fig. 2). Full ranges of movements in glenohumeral joint are not isolated and
depend on the movements of other joints in shoulder complex (Fig. 1) [18].



Glenohumeral joint

Acromioclavicular joint
Sternoclavicular joint

Fig. 1 Right shoulder complex [18] Fig. 2 Fundamental movements in
glenohumeral joint [18]

2.2  Reverse Total Shoulder Arthroplasty

Nowadays, total shoulder arthroplasty (TSA) is a common intervention for
advanced glenohumeral joint osteoarthritis, demonstrating efficacy in terms of
pain alleviation, functional enhancements, and a high rate of implant longevity
in patients who maintain an intact rotator cuff [19]. On the other hand, RTSA
has proven to be effective in reducing pain and optimizing functionality in
patients with rotator cuff-deficient shoulders [20; 10]. Nevertheless, RTSA also
serves as an effective treatment option for various other medical conditions.
This includes the acute and delayed management of proximal humeral fractures
[21], fracture malunion and non-union, cases of rheumatoid arthritis, tumor-
related issues, fixed glenohumeral dislocation, revision arthroplasty [10] and
severe glenoid bone wear [22].

In RTSA, the COR is medially and inferiorly shifted, influencing the
biomechanical characteristics of the deltoid muscle (Fig. 3 and Fig. 4) and the
remaining rotator cuff. The medialization of the COR elevates deltoid tension,
crucial for prosthetic stability and improved efficacy during abduction [23].
Deltoid elongation, approximately 20% greater than that of a normal shoulder,
is more pronounced in shoulders with cuff tear arthropathy. The abduction
moment arm of the deltoid significantly increases by up to 40 mm, impacting
its capacity to generate abductional forces [24]. The displacement of the



humerus also affects the biomechanics of the remaining rotator cuff. In
patients with cuff tear arthropathy, the supraspinatus and infraspinatus are
frequently affected, resulting in compromised humeral rotation
postoperatively [25]. Following conventional RTSA, rotational moment arms
of the teres minor and subscapularis experience a substantial decrease. Muscle
tension in these muscles decreases, and overall muscle length diminishes after
surgery [26]. One potential strategy for mitigating these unfavorable
biomechanical properties is to laterally shift the COR compared to
conventional RTSA. However, it's important to note that this approach also
addresses specific biomechanical disadvantages. Lateralized RTSA preserves
rotational moment arms and prevents significant reductions in muscle tension
for both the subscapularis and teres minor [27]. However, overall joint
reaction forces in RTSA are reduced by approximately 30% compared to a
normal shoulder, primarily in glenoid compression forces, while shear forces
may increase with flexion [23].

Fig. 3 In a normal shoulder, active elevation involves only the middle deltoid and a portion
of the anterior deltoid segment (A); following RTSA, the medialization of COR engages
more of the deltoid fibers for active elevation (B). Conversely, RTSA alters the dynamics in
external rotation (ER), resulting in a reduced utilization of the posterior deltoid (D)
compared to a normal shoulder (C). [11].



While the normal glenohumeral joint relies on dynamic stabilizers, such as the
rotator cuff muscles, for stability, patients undergoing RTSA lack this natural
dynamic stabilization. Consequently, maintaining the relative position of the
humerus against the glenoid becomes crucial. The RTSA design strategically
positions the convex surface on the glenoid and the concave surface on the
humerus, effectively constraining the joint and preventing superior translation
during deltoid contraction. This modification allows for a broader deviation
angle of the joint force vector without the risk of dislocation. To enhance the
stability of the RTSA, increasing the ratio between the diameters of the
glenosphere and humeral socket is advocated [28]. Additionally, adjusting the
depth of the humerosocket can contribute to stability, although this must be
carefully balanced with the impingement-free range of motion [29].

Fig. 4 The lever arm for deltoid contraction during elevation initiation is extended in RTSA
due to the medialization of COR (R>r). Furthermore, the strength of the deltoid is increased
by the prolonging of the humerus (L), leading to the elongation of deltoid fibers [11].
Another approach to boost deltoid efficiency is to pretension the muscle by
increasing its resting length, achieved in the RTSA by distalizing the humeral
insertion of the deltoid muscle (Fig. 26). Studies suggest that even a 1 cm
distalization can yield an additional 30% efficiency [28]. This not only aids in
deltoid torque production but also enhances joint stability. Optimal deltoid
lengthening remains a subject of investigation, but studies indicate improved
functional outcomes with arm lengthening rather than shortening [30].



2.3 Musculoskeletal models and in vivo measurements

The musculoskeletal modeling of the shoulder mechanism, which includes the
thorax, clavicle, scapula, and humerus, is particularly challenging due to its
complexity. Since the work of Inman et al., 1944 [31], various musculoskeletal
mathematical models of the glenohumeral joint have been developed for
clinical applications. Musculoskeletal models that specifically examine loading
in the glenohumeral joint during abduction are compared in Fig. 5. The
musculoskeletal models shown in Fig. 5 are Poppen and Walker, 1978 [32], van
der Helm, 1994 [33], Favre et al., 2005 [34], Terrier et al., 2008 [35], and
Anybody Shoulder model [36].

—— Poppen and Walker, 1978
Van der Helm, 1994

—— Favre et al., 2005

—— Terrier et al., 2008

—— AnyBody (Sins et al., 2015)

800 4

600 4

400 4

Glenohumeral joint load [mm]

0 25 50 75 100 125 150 175
Abduction [°]

Fig. 5 Comparison of glenohumeral joint load during abduction in various musculoskeletal
models. Data was obtained from [34] for Favre et al., 2005 and from [36] for the rest.
Bergmann et al., 2007 [37] adapted a clinically established shoulder implant
(Biomodular, Biomet Inc., USA) to capture all six components of forces and
moments exerted on the humeral head after shoulder hemiarthroplasty. The
recorded data is conveniently accessible on the www.orthoload.com database,
encompassing information from six subjects engaging in diverse activities
within each patient. The resultant glenohumeral joint load during abduction for
all 6 subjects is illustrated in Fig. 6. The group of subjects consisted of 3 males
and 3 females, all right-handed with 5 right shoulder surgeries and one left. The
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average age of subjects at time of examination was 71 years (ranging from 63
to 81 years), the average weight was 83.5 kg (ranging from 50 to 103 kg) [38].

—— s1r_210206_1 42
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=
£ 400 A
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c
o
]
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T T
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Abduction [°]

Fig. 6 In vivo measurments of glenohumeral joint load during abduction in six patients (s1—
s5 + s8); r,l = right/left shoulder. Data is obtained from www.orthoload.com.



3 Aims of the thesis

Existing studies addressing RTSA predominantly focuses on clinical outcomes
rather than conducting in-depth biomechanical analyses. In instances where
biomechanical analysis is considered, it often emphasizes changes in COR
while overlooking the significant aspect of humeral prolongation. Humeral
prolongation is crucial in the biomechanical context as it induces prestressing
of shoulder muscles, thereby influencing force patterns in the shoulder,
alongside with the shift of COR.

Assessing changes in musculoskeletal geometry post-RTSA presents a complex
challenge requiring specific clinical data. Many studies addressing
musculoskeletal changes utilize custom-created data, such as full-arm X-rays,
not standard in routine RTSA examinations. While preoperative and
postoperative CT scans would be ideal, postoperative CT is not standard,
necessitating the use of X-rays. In addition, the role of passive structures in
musculoskeletal models of RTSA is usually neglected although it responds for
joint stability. It is not clear whether and to which extend humeral lengthening
contributes to overall joint load.

This dissertation aims to develop a comprehensive biomechanical analysis of
RTSA, incorporating humeral prolongation and COR shift, utilizing widely
available clinical data from preoperative and postoperative examinations of
patients who have undergone RTSA. We hypothesize, that humeral
prolongation along with the center of rotation change would reduce muscle
forces and decrease joint loading.

Specific aim of the thesis is to develop an accurate method for evaluating
musculoskeletal changes after RTSA based on routinely available clinical data,
including preoperative CT and X-ray, along with postoperative X-ray. The
initial step involves determining the precise magnification of X-rays,
considering the hypothesis that the commonly used 5% magnification for
shoulder radiographs may be higher and vary among patients. Secondly, a
method must be devised to ascertain changes in musculoskeletal geometry, not
just the shift of the COR but, crucially, the humeral lengthening after RTSA.
This lengthening significantly influences muscle force ratios, impacting
glenohumeral joint load and shoulder mobility. The method is applied in a
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clinical study and effect of patients’ sex, weight, and age on the postoperative
change in musculoskeletal geometry will be evaluated.

To understand glenohumeral joint load comprehensively, a musculoskeletal
model of shoulder with a muscle model should be employed with modelling the
muscles as Hill active units. Various Hill muscle models could be utilized to
assess their impact on the resulting muscle force and glenohumeral load. We
suggest that the formulations of the Hill-type models will considerably
influence predicted glenohumeral load. The appropriate model should be
verified to experimental measurements. Based on parametric analysis of RTSA
surgery, a "safe zone" for humeral lengthening during RTSA could possibly be
defined. We expect that the safe zone will indicate the permissible amount of
humeral elongation during surgery without overloading the glenohumeral joint
and its structures.



4 Methods

4.1 Radiographical Magnification in Shoulder Joint Region

A retrospective study included patients that have previously undergone total
glenoid arthroplasty at the Motol University Hospital, Czechia. The implants
analysed included only SMR Reverse Shoulder System (Lima Corporate, San
Daniele del Friuli, Italy). The inclusion criteria for the study were as follows:
unilateral RTSA, documented implant size and type, documented patient height
and weight, digital AP (anterior-posterior) radiographs of the shoulder in
neutral position obtained from archives, completely visible humeral and
glenoid component of RTSA. The final cohort included 94 patients (62 female
and 32 male). The average age of patients at time of surgery was 69,4 years (+
8,7 years, range 38 — 85 years). The data were collected during period spanning
from 2014 to 2017.

Fig. 7 Estimation of reverse humeral body dimension from standard AP shoulder radiograph.
The lateral edge (highlighted in red) and the medial edge (highlighted in yellow) of the
component were defined. The transverse size of the humeral body was determined as the
mean perpendicular distance between the edges [I].

The diameter of the proximal part of reverse humeral body (component no.
1352.20.010) was used as reference (Fig. 7). The component is cylindrical in
shape and its diameter is hence invariant to internal or external rotation. The

cylindrical geometry was verified by fitting a cylinder to 3D scan of non-
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implanted specimen using optical coordinate measuring system (Omnilux,
RedLux Ltd, Romsey, UK). The physical diameter of 36.6 mm was obtained
from cylindrical fit and confirmed by measuring of component using digital
calliper (Mahr GmbH, Géttingen, Germany). The component dimension on
radiograph was estimated from DICOM files using Fiji platform for biological-
image analysis as follows: two points on each side of cylinder portion of the
component were defined and used to construct the lateral and the medial edge
of the component. A custom Matlab script (Matlab R2020b, The Mathworks,
Inc., Natick, MA, USA) was programmed to calculate the diameter of the
component as a mean perpendicular distance between the lines measured at
defined points (Fig. 7). One observer (A.K.) analysed all radiographs. To assess
the validity of the method for radiographic magnification estimation, five
independent and blinded observers (postgraduate students of biomechanics at
CTU in Prague) analysed a set of 20 randomly selected radiographs [, V].

The radiographic magnification (M) of the implants was calculated as shown in
equation (1).

measured dimension

M[%] = ( - 1) -100% @

true dimension

4.2 Determination of Changes in Musculoskeletal Geometry after
RTSA

Identifying changes in musculoskeletal geometry for patients undergoing
RTSA poses a significant challenge. The surgical procedure involves a medial
and inferior shift in the COR of the glenohumeral joint, accompanied by
humerus lengthening. These alterations impact strength ratios in shoulder
muscles, thereby influencing mobility, range of motion, stability, and the
lifespan of the replaced joint. To address this complexity, we have devised a
semi-automatic method utilizing preoperative and postoperative X-rays, along
with a preoperative computed tomography scan (Fig. 8). Our method was
validated through virtual surgeries. Additionally, a sensitivity analysis was
conducted.
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Pre-operative X-ray

Segmentation of
humerus and clavicle

Magnification of the
segmented data

Patient with RTSA

Pre-operative CT

Creation of humerus
3D model

1

Creation of center of
rotation of the
humerus

Rotation of the model
and creating a 2D
convex hull at defined
rotations

Post-operative X-ray

Segmentation of
humerus and clavicle

Magnification of the
segmented data

Fitting preoperative humerus
to rotated projection of
preoperative 3D model

Fitting postoperative clavicle to
preoperative clavicle

Fitting postoperative humerus
to rotated projection of
preoperative 3D model

Preoperative X-ray Magnification,
shift and rotation of preoperative
X-ray according to CT scan

Preoperative X-ray to
postoperative X-ray shift and
rotation

Postoperative X-ray Magnification
shift and rotation of postoperative
X-ray according to CT scan

Creation of preoperative

shoulder complex

Creation of postoperative

shoulder complex

Fitting the postoperative complex position to the

preoperative complex position

Determination of
postoperative humerus
prolonging

Fig. 8 Workflow diagram of method for determination of changes in musculoskeletal

geometry after RTSA
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Establishing the resection line poses a significant challenge as it varies among
patients and affects humeral lengthening determination. Standard preoperative
and postoperative anteroposterior radiographs may not provide a clear view,
considering the fixed arm position postoperatively and thus unknown rotation
in the shoulder. To address this, we utilized preoperative CT scans alongside
X-rays. The 3D model created from the CT scan can be rotated to match the
humerus positions in preoperative and postoperative X-rays, facilitating a
cohesive comparison. Another challenge is X-ray magnification variation
between preoperative and postoperative states, potentially introducing errors.
To mitigate this, our method determines radiographical magnification in the
shoulder joint. This involves estimating postoperative X-ray magnification
using a replacement as a reference object, followed by evaluating preoperative
magnification by aligning the preoperative clavicle contour with the
postoperative clavicle contour.

A total of 34 patients who underwent RTSA at the Faculty Hospital in Motol,
performed by one of six senior surgeons, were included. The study spanned the
period between 2012 and 2020. Three patients were excluded due to suboptimal
radiographic quality, resulting in the evaluation of 31 patients (32 shoulders).
The surgical indications encompassed cuff tear arthropathy (CTA) in 20
shoulders, omarthrosis (OA) in 7, post-traumatic deformity (PTD) in 3,
rheumatoid arthritis (RA) in 2, osteochondrodysplasia (OCD) in 1, and psoriatic
arthritis (PA) in 1. Among the patient cohort, there were 20 females and 11
males, with a mean age of 67.2 years (+ 8.8 years, ranging from 42 to 82) and
a mean BMI 29.1 (£ 5.5, ranging from 17.7 to 45.8) at the time of surgery. All
patients underwent implantation of a RTSA using SMR Reverse Shoulder
System (Lima Ltd, San Daniele del Friuli, Italy).

4.3 Musculoskeletal Model and Kinematics

We utilized the musculoskeletal model of the human shoulder (Fig. 9) proposed
by Seth et al., 2019 [39]. This model, implemented in the OpenSim software,
consisting of 16 muscles (33 muscle segments) integrates a swift and precise
skeletal representation of scapulothoracic kinematics, as introduced by Seth et
al., 2016 [40].
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Three muscles, namely the subscapularis, supraspinatus, and long head of the
biceps brachii, were deemed inadequate for inclusion in the musculoskeletal
model. In cuff tear arthropathy, a prevalent indication for RTSA, the
subscapularis and supraspinatus muscles often face irreparable conditions [41].
Additionally, the long head of the biceps brachii is typically interrupted during
surgery and subsequently reconstructed adjacent to the short head, diminishing
its primary contributions to shoulder movement and stability [42].

¥ Internal rotation

Z Upward rotation

Levator scapulae
Trapezius<
Deltoids~

2 Pectoralis major,

< ) Pectoralis minor

Serratus anterior

>
i \
pHLE WY

4

Latissimus dorsi

Fig. 9 Musculoskeletal model with (A) Wrépping ellipsoid of thorax and scapula DOF and (B)
selected muscles that control scapula [39].

The arm position in abduction and flexion was described by an elevation angle.
Elevation angle is defined as an angle between the vertical and arm axis running
through the COR of glenohumeral joint and the center of gravity of hand (Fig.
10). The motion in shrugging is described by vertical displacement of the COR
of glenohumeral joint. The studied motions are described in Tab. 8.

Tab. 1 Description of studied motions, definition of coordinate frame is based on ISB
recommendation for global coordinate system stated in Wu et al., 2005 [43].

Motion Description Glenoid
motion

Abduction | Starting from neutral position, humerus | Rotation
abducted to 90° in the coronal plane; elbow | around  x-
fully extended axis

Flexion Starting from neutral position, humerus | Rotation
abducted to 90° in the sagittal plane; elbow | around  z-
fully extended axis

Shrug Starting from neutral position, shoulder raise; | Translation
elbow fully extended in +y axis

14



Elevation

Fig. 10 Kinematics of abduction in OpenSim software in three positions: initial position (A),
45 degrees (B), and 90 degrees (C).

Local coordinate system of the humerus was used for evaluation of the changes
in musculoskeletal geometry as shown in Fig. 11.

Fig. 11 The local coordinate system of humerus according to Wu et al., 2005 [43]. X-axis is in
anterior-posterior meaning, y-axis is in superior-inferior meaning and z-axis in medialis-
lateralis meaning.

4.4 Muscle Models

The principle of humerus prolongation is based on utilization of passive muscle
response in order to improve RTSA stability. However, different biomechanical
studies adopt diverse muscle models. To assess the impact of the muscle model
on the predicted glenohumeral load, we employed various muscle models.
Three Hill-type muscle models comprising three elements (Fig. 12) -
Thelen, 2003 [44], McLean et al., 2003 [45], Geyer et al., 2003 [46] and one
Hill-type muscle model comprising four elements — Haeufle et al., 2014 [47].
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Fig. 12 The configuration of the three elements MTC

The kinematics of the movements were addressed by employing slow
movements, allowing for a quasi-static analysis of slow motion. Consequently,
parameters associated with contraction velocity could be disregarded.

All the muscle tendon complexes (MTC) consist of active (muscle) and passive
(tendon) part. The active part includes contractile element (CE), responsible for
active force production and parallel elastic element (PEE), aligned parallel to
the CE and which simulates passive response of the muscle fibres. The passive
part includes serial elastic element (SEE), positioned in series with the CE and
simulating the elastic response of tendon. The pennation angle was applied to
all muscle models by multiplying the resultant force by the cosine of the
pennation angle.

Forces in the MTCs are F,,,, maximum isometrical force (optimized
parameter), F.g, contractile element force (calculated), Fggg, Serial element
force (calculated), Fpgg, parallel element force (calculated), and Fy,, total
muscle force (calculated). Together, these elements uphold force equilibrium
as shown in equation (2).

Fy = Fep + Fppg = Fopg 2

Lengths in the MTCs are 1, total muscle tendon complex length (calculated),
lcg, contractile element length (calculated) initialized to zggt, optimal
contractile element length (optimized parameter), Lz, Serial element length
(calculated), Ipgg, parallel element length (calculated), [5%<*, muscle slack

length (optimized parameter), [$4°%  tendon slack length (optimized
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parameter). The kinematic relations in MTC between the elements are shown
in equations (3) and (4).

lpge = lcg (3)

lure = lsge + lcg (4)

—— active
1.754 passive
——— total

N

0 25 50 75 100 125 150 175 200
Muscle strain [%]

Normalized musculotendon force [1]
P
o

Fig. 13 Force-length relation of the contractile element (CE, blue line) and the parallel elastic

element (PEE, orange line) in Thelen, 2003 [45] muscle model. Green line indicates total

muscle force. Data is shown for middle deltoid with 100 % activation.

4.5 Estimation of Glenohumeral Load and Simulation of Humeral
Lengthening

The estimation of glenohumeral load was conducted through a mathematical
model that considers the equilibrium of forces and torques within the joint.
Muscles were represented as active fibers running from proximal to distal
attachment points. Muscle paths, including wrapping points, were aligned with
moment arms estimated from cadaver experiments (Ackland et al., 2008 [48]).
Effective moment arms and muscle vectors were derived from OpenSim
(version 4.1) using the MuscleForceDirection plugin, while the musculotendon
length was obtained using MuscleAnalysis tool. Segment masses were
extracted from an arm reference model described by Wu et al., 2016 [49] and
center of gravity positions were sourced from a model by Seth et al., 2019 [39].

17



During motion, gravitational torques on individual body segments were
balanced by muscle actions.

A static biomechanical analysis was employed, deemed acceptable for slow
motions where the velocity of body parts could be neglected. This approach
facilitated the comparison of individual trials at specific body positions. The
glenohumeral joint was estimated using both passive and active approaches. In
the former, muscle activation was set to zero, and muscle force was generated
by nonlinear springs of parallel and serial elastic elements. In the latter,
addressing the issue of muscle redundancy involved solving equilibrium
torgues in the shoulder joint. The model, with more active muscle forces than
torque equilibrium equations, was statically indeterminate. Optimization, using
the sum of squared muscle activation as the criterion [50], was employed,
considering equilibrium torque equations and muscle force generation capacity
as constraints. Muscle force generation was influenced by musculotendon
length, with muscle fiber and tendon lengths calculated for each muscle based
on force and deformation transmission in the hill model at a given level of
activation. Consequently, glenohumeral force was derived from the force
equilibrium of the upper extremity [IX].

The generic musculoskeletal model underwent modifications to account for
changes in humeral geometry after RTSA [II]. The adjustments involved
considering alterations in the rotation of the glenoidal joint, as well as changes
in the position and length of the humerus. Rotational alteration was
implemented by adjusting the position of the COR in the glenohumeral joint
(Fig. 14). For humerus lengthening, adjustments were made to the muscle
attachment points by introducing a vector representing humeral displacement
to the original attachment points in the humerus coordinate system [43] (Fig.
15).
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Fig. 14 Vizualization of medial shift of COR according Fig. 15 Vizualization of
to acromial marker. Shown in neutral position (A) and  humeral prolongation shown
shifted medialy after RTSA (B). on middle deltoideus. Shown
in neutral position (A) and
prolonged after RTSA (B).

4.6 Statistical analyses

Data analysis was performed utilizing R (R Foundation for Statistical
Computing, Vienna, Austria, version 4.1.2). To assess inter-observer
variability, the intra-class correlation coefficient (ICC) was calculated using
model 2.1 as described by Shrout and Fleiss [51]. The Shapiro-Wilk test was
employed to assess the normal distribution of data. The analysis was conducted
for the entire cohort as well as separately for male and female patients. The
Welch Two Sample t-test and one way analysis of variance (ANOVA) followed
by Tukey’s post hoc test for normally distributed data were used to evaluate the
differences between cohorts. Multiple linear regression was employed to
investigate whether patients' weight and height significantly predicted
magnification [52]. The computation of 95% confidence intervals (Cls) and p-
values was carried out using the Wald approximation. An alpha of 0.05 was
applied for evaluating statistical significance. In the post-hoc power analysis,
based on the sample size for the primary outcome, the power was determined
to be 0.99 for a two-tailed comparison, with an effect size of 0.5 and an a error
of 0.05.

A Pearson correlation coefficient was computed to assess the linear relationship
between humeral prolongation and age, humeral prolongation and BMI,
humeral prolongation and height, and humeral prolongation and weight.
Correlations between patient characteristics and measured changes in
musculoskeletal geometry were also evaluated using Pearson correlation
coefficients.
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5 Results

5.1 Radiographical Magnification in Shoulder Joint Region

There was an excellent agreement between the observers in evaluation the
magnification of radiographs (inter-rater ICC = 0.997, 95% confidence interval
0.991-0.999). The average magnification factor was 11.91% (standard
deviation 3.24%, range 5.74%-20.31%) [l, V]. The magnification factor was
normally distributed (Shapiro-Wilk normality test p = 0.209) as shown in Fig.
16.

A slightly higher radiographic magnification was observed in male (mean
12.7%, standard deviation 3.5%) than in female patients (mean 11.4%, standard
deviation 3.1%), the difference was not significant (Welch Two Sample t-test
p=0.077). A linear model was fitted to predict radiographic magnification with
patients’ height and weight. The model’s explanatory power is weak (R = 0.09)
indicating large inter-individual variability among patients (Fig. 17). The effect
of weight is statistically significant and positive (p = 0.017), while the effect of
height is statistically non-significant (p = 0.648) [l, V].

Dataset
— Al
— F
- M

Count

EIS 1IO 1I5 2IO
Magnification factor [%]

Fig. 16 Histogram of magnification factor for all patients and fitted Gaussian curves for all
patients (All), female (F) and male (M) [1].
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Fig. 17 Linear regression model (highlighted in blue) and a 95% confidence area (shaded
area) illustrating the association between patients' weight (left) and height (right) with the
magnification factor across all patients. In each plot, the Pearson correlation coefficient and

corresponding p-value are provided to quantify the strength and significance of the observed
relationships [1].

5.2 Changes in Musculoskeletal geometry after RTSA

Three changes of musculoskeletal geometry after RTSA were determined as
shown in Fig. 49. The average shift of COR was 19.9 mm medially (standard
deviation 7.9 mm, range 2.9-36.9 mm) and 6.2 mm inferiorly (standard
deviation 7.4 mm, range -11.6-18.3 mm) [IVV]. The medial and inferior shift of
COR was normally distributed among patients (Shapiro-Wilk normality test W

=0.98139, p = 0.839 and W = 0.96839, p = 0.4562, respectively) as shown in
Fig. 18.

754 7.54
-g 5.0 -g- 5.04
5] s}
Q Qo

2.5 25

0.0 0.0

10 20 30 10 0 10 20
COR medial shift [mm] COR inferior shift [mm]

Fig. 18 Histogram of COR shift for all patients and fitted Gaussian curve.
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The average prolonging of humerus in the direction of longitudinal axis of the
humerus was 15.2 mm (standard deviation 6.2 mm, range 1.8-30.6 mm) and in
lateral meaning (perpendicularly to the longitudinal axis of humerus) 11.8 mm
(standard deviation 4.5 mm, range 1.3-17.9 mm), which resulted in average
total prolonging of 19.7 mm (standard deviation 6.4 mm, range 2.2—-35.2 mm)
[I11]. The inferior, lateral, and total prolonging of humerus was normally
distributed among patients (Shapiro-Wilk normality test W = 0.98857, p =
0.9774; W =0.92197, p = 0.02352; and W = 0.97215, p = 0.5606, respectively)
as shown in Fig. 19. The distribution of data in humerus lateral shift might be
influenced by the geometry of the replacement [VI1].

0 10 20 30 0 5 10 15 20

Humerus prolongation [mm] Humerus lateral shift [mm]
Fig. 19 Histogram of humerus prolongation and lateral shift for all patients and fitted
Gaussian curves.

5.3 Influence of Muscle Model on Glenohumeral Joint Load

To assess the impact of muscle models on glenohumeral joint load, four
different muscle models were employed in three distinct motions. Both passive
and active motions were used to evaluate reaction forces, with passive motion
representing no muscle activity and no gravitational influence, assessing
passive forces alone. Active motion reflected real motion with the weights of
body segments and active muscle engagement. The influence of the muscle
model was evaluated with the glenohumeral joint in its anatomical position for
comparability with existing literature. As depicted in Fig. 20 for abduction, the
choice of muscle model significantly impacted glenohumeral joint load. The
highest load in all movements occurred when employing the Haeufle et al.,
2014 [47] muscle model, while the lowest forces were observed with the
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Thelen, 2003 [44] muscle model. Although the muscle models showed the same
qualitative trend, they varied quantitatively [XI].

Based on these results, the Thelen, 2003 [44] muscle model was chosen as a
reference for all subsequent evaluations due to its widespread citation and close
resemblance to in vivo measurements by Bergmann et al., 2007 [37] and
Bergmann et al., 2011 [38].
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Fig. 20 The effect of formulation of Hill-type muscle model on glenohumeral joint load during
active abduction (A) and passive abduction (B) [XI].

5.4 Influence of RTSA on Glenohumeral Joint Load

We assessed the influence of the actual surgery on glenohumeral joint load. To
evaluate post-surgery data, a virtual surgery was performed using the average
outcomes of a clinical study we conducted. This involved a medial shift of the
COR by 19.9 mm and an inferior shift by 6.2 mm, along with humeral
prolongation by 15.2 mm in the longitudinal axis direction and lateral shift by
11.8 mm perpendicular to the longitudinal axis [lIl]. Additionally,
subscapularis, supraspinatus, and the long head of the biceps brachii were
excluded. The data before surgery corresponds to the anatomical position of the
glenohumeral joint with all muscles engaged.

The impact of RTSA on muscle force in each muscle during active abduction,
considered as a reference motion according to literature, was also assessed (Fig.
21). The most substantial impact of RTSA on muscle forces was observed in
the middle deltoid, where the force was approximately halved compared to the
anatomical shoulder. Conversely, the surgery had the opposite effect on the
coracobrachialis, showing increased muscle force after RTSA, but the absolute
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difference was significantly lower than the decrease in muscle force observed
in the middle deltoid. In the long head of the triceps brachii, it could be observed
that RTSA initially prolonged the muscle at the beginning of abduction, but at
90 degrees of abduction, the muscle force mirrored that of the anatomical
shoulder. The effect of RTSA on the other muscles was not significant [1X].
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Fig. 21 Effect of RTSA on muscle force in each muscle during active abduction [1X].
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5.5 Influence of RTSA Humerus Prolongation on Glenohumeral
Joint Load

The effect of change of position of humerus after RTSA was assessed according
to its prolongation and lateralization on glenohumeral joint load. The results
were calculated with COR of glenohumeral joint in shifted position as was
evaluated from our clinical study of RTSA patients, indicating a medial shift of
19.9 mm and an inferior shift of 6.2 mm [, V]. Both active and passive motions
were assessed at 30°, 60°, and 90° for abduction and forward flexion. A safe
zone for humerus prolongation during RTSA was determined to prevent
overloading the glenohumeral joint during these motions. The negative value
in the meaning of x-axis stands for medialization and positive for lateralization
in Figs 22—24. In the meaning in y-axis, the negative values mean shortening
of humerus and positive stand for prolongation.

In 30 degrees of abduction (Fig. 22) the highest glenohumeral joint loads could
be observed compared to 60 and 90 degrees of abduction. Based on the
glenohumeral joint load in anatomical shoulder during abduction (around 800
N), counting this value as a margin of safe zone, a prolongation of around 25
mm with lateral or medial shift around 20 mm is possible. Lateralization was
observed as more favourable than medialisation [I11].

In 60 degrees of abduction (Fig. 23), the estimated safe zone was nearly 35 mm
for humerus prolongation, with minimal impact from lateralization or
medialization within the evaluated range of -20-20 mm [I1].

In 90 degrees of abduction (Fig. 24) the observed safe zone for humerus
prolongation was similar to that at 30 degrees (around 25 mm). In the sagittal
plane, the shift showed opposite behaviour compared to 30 degrees, with
medialization being slightly more favourable than lateralization [111].
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Fig. 22 Determination of the safe zone based on humerus prolongation and lateralization in
RTSA. Shown in 30 degrees of active abduction (A) and passive abduction (B) [I11].
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Fig. 23 Determination of the safe zone based on humerus prolongation and lateralization in
RTSA. Shown in 60 degrees of active abduction (A) and passive abduction (B) [I11].
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The impact of humerus prolongation on each muscle force is illustrated in Fig.
25. Humerus prolongation resulted in the pre-stressing of shoulder muscles,
generating a load that participates on stabilizing the joint. The muscles most
affected include the deltoid, particularly its middle part, coracobrachialis,
pectoralis major, long head of triceps brachii, and short head of biceps brachii.
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Fig. 25 Muscle forces in each muscle during active abduction, with 0 and 2 mm of humerus
prolongation [111].
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6 Conclusions

The shoulder joint, responsible for numerous activities in daily living, stands
out as the most mobile joint within the human body. Utilizing a biomechanical
approach can provide insights into the roles of individual anatomical structures
in a healthy shoulder and offer suitable treatment options for pathological
conditions. In this thesis, our focus lies on the clinical analysis of reverse total
shoulder arthroplasty.

The accuracy of biomechanical model depends on the accuracy of the input data
[11]. As most of the data is obtained from plain radiographs, we have studied
the range of radiographic magnification and its variability among patients. In a
clinical study of 94 patients, the real magnification measured from plain
radiographs taking joint replacement as a marker, was approximately 12%
(ranging from 5% to 20%) [, V]. This value considerably differs from value of
5% proposed by replacement producer and implemented in the surgery
planning software [I, V].

The knowledge of actual magnification played a crucial role in a subsequent
study of humerus prolongation, employing a novel algorithm that integrates
data from plain radiographs and CT scans. [VI, VIII]. This approach not only
reduced radiological exposure of a patient in a prospective study but also
enabled the utilization of archived data in a retrospective study involving 32
shoulders. Our findings revealed an average humerus prolongation of 15.2 mm
(ranging from 1.8 mm to 30.6 mm), a dimension not previously reported [111].

The effect of humerus prolongation was studied in a comprehensive shoulder
model [X, XI]. Exploring the impact of humerus prolongation, we employed a
comprehensive shoulder model. Our research demonstrated that RTSA
contributes to lower muscle force in the middle deltoid, a primary abductor, and
glenohumeral joint load. [IV, VII]. However, extensive humerus prolongation
(greater than 3 ¢cm) could increase glenohumeral joint load more than three
times [I11, IX]. Consequently, we defined a safe zone for humerus prolongation
in RTSA that should be considered during surgical procedures. [H11].
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