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Abstract

Total shoulder arthroplasty (TSA) is the most common surgical solution, that helps in
restoring the structural and functional integrity of a diseased glenohumeral (GH) joint with
intact rotator-cuff. A 300% increase in the usage of TSA has been observed since 2007, along
with 2.5% increase in revision rate. Aseptic glenoid loosening accounts for 37% of post-
surgical failures in TSA. Eccentric loading of the prosthetic glenoid cup, leading to the “rocking
horse” effect, is one of the prevalent causes of aseptic glenoid loosening. Current anatomical
total shoulder prosthesis (ATSP) geometry does not consider all the GH morphometric
features, for example the elliptical shape of the humeral head. Moreover, the morphometric
studies leading to the initial ATSP design did not consider the GH morphology of any sub-
Saharan population. Hence, there exists a gap in understanding of the implications of certain

morphometric features on the functionality of a post-TSA GH joint.

This thesis had two primary aims to address this gap in knowledge. Firstly, to study the
GH morphometric variations between cohorts representing native European (Swiss) and
native sub-Saharan (South African) populations. Secondly, to develop anatomically inspired
ATSP design concepts and test them using biomechanical and finite element (FE) models, in-

silico, under standardised testing protocols.

The morphometric analysis suggested that an average Swiss humeral head radius of
curvature was larger (P<0.05) than the average South African humeral head. By comparing
the biological head sizes, across both the populations, with the dimensions of the
commercially available humeral heads, it can be inferred that suitable humeral prostheses are
currently not available for individuals with head sizes >28mm or <19mm. Considering both
the populations, the inherent shape of an average humeral head was found to be elliptical.
The thickest region of the head was found to lie in the posterior region and not at the geometric

center. Hertzian contact theory was applied to calculate the GH stresses produced by



symmetric and asymmetric elliptical heads. Higher concentric stresses (P<0.001), within the

acceptable limit for polyethylene, were observed to be imparted by the asymmetric heads.

Population-specific musculoskeletal models were developed to study the post-TSA
kinematic variation. When an identical range of motion (RoM) was performed by these
models, population-specific variation in muscle moment arms was observed. The novel
glenoid designs were not found to alter the post-surgical kinematics. FE models of the bi-
radial, compartmental and pear-shaped glenoid implant designs were subjected to
compressive and shear loading according to the American Society for Testing and Materials
(ASTM). Using the bi-radial the glenoid cup, with thickened posterior-superior surface,
anatomically relevant force distribution patterns could be replicated. Compartmentalising the
glenoid prosthesis into concentric and eccentric regions with the gaps, proved to be highly
beneficial. When compared to a commercially available glenoid prosthesis, the
compartmental prosthesis was able to contain the GH forces to the concentric region for
longer, delaying the eccentric loading and therefore potentially reducing the “rocking horse”

effect.

In the light of the above observations, two conclusions can be drawn from this thesis.
Firstly, it would be beneficial if population-specific ATSP were made available for natives of
certain geographic locations. Secondly, glenoid prosthesis designs could be
compartmentalised to contain the GH joint forces within the concentric regions of the cup

which might aid in the reduction of post-TSA complications.
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Motivation

Beautiful things come to you,
from the most unexpected sources,

especially when you are not looking for them.

- unknown

Human beings are moulded by evolution and staying curious is in our nature. For ages, the
humanity has pursued knowledge to better understand gigantic cosmic and microscopic
biologic phenomena. The foundation for the modern fields of astronomy and medicine were

laid during the Greco-Roman, Egyptian and Vedic periods.

Earliest contributions to these fields by Ptolemy, Copernicus, Aryabhatta, Ibn Yunus,
Galileo Galilei, Aristotle, Charaka, Peseshet and many other pioneers paved the way for recent
ground-breaking observations by Newton, Einstein, Dirac, Darwin, Robert Hooke, Watson
and Crick, Louis Pasteur and others. The common factor, binding all these great pioneers

together was their quest for the beautiful world of knowledge.

Evident use of prosthetic joint replacements in modern surgical practice was reported
by Dr. Themistocles Gluck in the late 19th century. Since then, contributions by Dr. Jules Emil
Pean, Sir John Charnley, Dr. Charles S. Neer and Dr. Paul Grammont have revolutionized the

field of articular joint replacement.

Deriving inspiration from the stalwarts and keeping an open mind as the ancient
philosophers, I undertook research on possibly improving the design of shoulder replacement
prostheses. This thesis is my earnest effort to contribute to the existing field of knowledge

regarding the glenohumeral joint and its anatomically shaped prosthesis.
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Chapter 1 — Human shoulder and TSA

Introduction

1.1 The Shoulder

The shoulder joint (Fig. 1.1) is formed by the articulation of the scapula, humerus, clavicle and
thoracic cavity. The complete shoulder range of motion (ROM) is achieved by the complex
coordinated interactions among the Acromio-Clavicular (AC), Gleno-Humeral (GH), Scapulo-

Thoracic (ST) and Sterno-Clavicular (SC) joints.

The GH joint is the most mobile joint in a human body where the humeral head (ball)
translates and rolls on the glenoid fossa (socket). The structural (bony) conformity of the joint
is mechanically insufficient to keep the GH surfaces together. The surrounding soft tissues
play a major in stabilizing the GH joint. The articulating surfaces are cocooned by 3 layers of
the joint capsule and further supported by the rotator-cuff muscles, the deltoid and the long

head of the bicep muscle (Lippitt & Matsen, 1993).

The osteokinematics of the GH bones does not allow the joint to achieve its full extent
of natural RoM. To achieve the entire GH RoM the arthrokinematics of the whole shoulder
girdle plays an important part. The hinged rolling motion of the SC joint, the upward gliding
motion of the ST joint and the translating-rolling motion of the GH joint synergize together to
derive functional activities. This teamwork of the shoulder joints could be best observed
during its elevation in the frontal plane. The SC joint and the GH joint shares the elevating

motion in a ratio of 2.34:1 (Scibek & Carcia, 2012).

Apart from partially stabilizing the GH joint, the muscles in the shoulder girdle allow
movements such as abduction, forward flexion, elevation, adduction, internal and external
rotation. The major muscle groups which perform the motions are the rotator cuff and the
deltoid muscles. Even though there are several muscles such as the teres major, levator
scapulae, rhomboids, triceps and trapezius among others, which support the shoulder

function (Rockwood, 2009), the success of the Total Shoulder Arthroplasty (TSA) majorly
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depends on the post-surgical functionality of the deltoid & rotator cuff muscles and their
tendons. Hence, the current thesis will be focused on studying the post-surgical functionality

of these two sets of muscles, using in-silico musculoskeletal models.

sennssap

Acromio-Clavicular Joint |<,. ...............

Y

Clavicle

¥ ,
Sterno-Clavicular Joint I’

Humerus

Thoracic Cavity

Figure 1.1 Schematic representation of the various articulations of the shoulder girdle essential for GH RoM.

1.2 Glenohumeral Arthritis

GH arthritis is one of the conditions that is treated using TSA. There are two major types of
arthritis affecting the human body, Osteoarthritis (OA) and Rheumatoid Arthritis (RA). Both
of these categories of bone diseases have been reported to affect the synovial joints (National
Collaborating Centre for Chronic Conditions, 2009; Sinusas, 2012). Age, bone loss, gender,
past joint injuries and lifestyle could be one of the root causes of OA. OA is characterized by
the loss of cartilage on the joint surfaces leading to trabecular bone friction giving rise to
intense joint pain (Creamer, 2000; Sinusas, 2012). RA is an autoimmune disease characterized

by inflamed synovial joint membranes due to the release of protein-degrading enzymes.

Worldwide OA is listed as one of the top 5 disabilities. It has been predicted that 130

million human beings would be affected with OA by 2050. Apart from the health-related side
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effects of OA, like depression, obesity, and heart disease, it also imposes a huge economic
burden on the individual and national level. In the year 2012, the United States of America
has lost $100 billion as OA affected individuals had to terminate their jobs (Arthritis

Foundation, 2018).

Osteoarthritis (OA) of the GH joint, though not as prevalent as hip and knee, affects
32.8% of individuals whose age is 60 years and above (Chillemi & Franceschini, 2013). This
decreases the available ROM of the joint and induces pain. Degradation of the GH joint has
been observed in 15% of the Rheumatoid Arthritis (RA) patients in sub-Sahara Africa (Mue et
al., 2013). Akinpelu et al., 2010, had reported that 7.3% of the Nigerian population, suffering
from degenerative diseases, were detected with GHOA. Above the age of 65 years, 55.1% of
the city dwellers and up to 82.7% of the rural population of South Africa are at risk of OA
(Usenbo et al., 2015). Parker & Jelsma, 2010, found the prevalence of GHOA and GHRA in 7%
of the underprivileged population of Cape Town, South Africa. An aging population is always
more susceptible to arthritis (Arthritis Foundation, 2018). In South Africa, 4.6 million people
fall under the category of being elderly, with an age of >60 years (STATS SA, 2017). This puts
these individuals at greater risk of OA. Along with this, the South African medical device
industry has been reporting an average annual loss of $770 million, since 2015, (Fig. 1.2) as
most of its medical devices including shoulder implants are being imported (The International

Trade Administration, 2017).

» Local
Manufacturing

» Import

Figure 1.2 Large proportion of South Africa’s medical devices are imported from more developed nations.
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1.3 Introduction to Total Shoulder Arthroplasty

Proximal humeral fractures (PHF) are the third most common fractures in the world (Mauro,
2011) and the most common fracture of the humerus (Kim et al., 2012). PHF directly affects
the functionality of the GH joint and if not detected in the initial stages, could lead to GHOA.
Though the actual statistics are unknown, PHF is common in South Africa due to the
prevalence of contact sports like rugby and high rate of trauma caused due to violence. PHF

and GH arthritis are the main indications for TSA.

In the early 1970s, TSA was introduced as a surgical technique to replace dysfunctional
GH joint surfaces. The prosthetic humeral head was metallic, and the glenoid cup implant
was made from polyethylene. Initially, the prosthetic GH joint surfaces were highly
conformed and constrained. This design approach mimicked a perfect ball and socket joint
but led to severe glenoid cup damage leading to polyethylene fractures and implant failures
(Wirth & Rockwood, 1996). Current prosthesis designs are a modification of the initial
unconstrained, Neer Mark II prosthesis, introduced by Dr Charles S. Neer (Deore et al., 2018;
Frich et al., 1988; Neer II et al., 1982). The loading surface of the prosthetic humeral head is
manufactured of cobalt-chromium (Co-Cr) alloy and the load bearing surface of the glenoid
implant is manufactured using ultra high molecular weight polyethylene (UHMWPE). A brief
historical timeline of the Anatomical Total Shoulder Prosthesis (ATSP) is presented in Figure
1.3. A surgical technique called the deltopectoral approach, used to implant the prosthetic

components have remained almost identical since its initiation (Neer II, 1955).

Current TSA prosthesis designs could be, broadly, categorized as the third generation
GH prostheses. While the first and the second generation ATSPs were focused on functional
restoration of the GH joints, the current prostheses designs were the first of its kinds to cater
for the best representation of the proximal humeral geometry along with restoring GH
functionality (Boileau & Walch, 1997; Robertson et al., 2000). This has increased (Day et al.,
2010) their usage (Fig. 1.4), along with RTSA, even in the younger patients (Padegimas et al.,
2015). Recent follow-up studies have reported higher post-operative patient satisfaction

(Styron et al., 2015) and reduction in many of the post-surgical complications.
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The mono-block humeralimplant
introduced by Dr. C.S. Neer.

The initial ATSP design

Unconstrained ATSP

Introduction of pegged
glenoid prosthesis

Figure 1.3 Important evolutionary landmarks of the Anatomical Total Shoulder Prosthesis since its inception.
sourced from (Deore et al., 2018; Lazarus et al., 2002; Neer II, 1955, 1974; Neer II et al., 1982).
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Figure 1.4 Increase in the use of TSA occurred around the same time as the unreliability of hemiarthroplasty (HA)
was recognized. The reduction in the use of the HA occurred as the arthritis was observed to spread into the
glenoid surface from the humerus. This led to future revision surgeries. sourced from (Deore et al., 2018).
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1.4 Post-Surgical Complications

Although the complication rates were reduced, with the third-generation ATSP designs, they
have not been eradicated. Initial glenoid failure mechanism was observed due to “stress
shielding” in metal-backed prostheses (Bohsali et al., 2006; Boileau et al., 2015; Bonnevialle et
al., 2013; Papadonikolakis & Matsen, 2014). In an all-polyethylene glenoid cup implant
instability leading to its aseptic loosening is the major cause for failure (Eichinger & Galvin,
2015). This kind of failure has been attributed to the “rocking horse” effect (Fig. 1.5 a-b). The
complication rates due to glenoid loosening are varied and has been reported to depend on
the ease and efficiency of the cementing technique (Lazarus et al., 2002; Matsen III et al., 2008),
rotator cuff deficiency (Franklin et al., 1988) and the amount of GH prosthetic mismatch

(Walch et al., 2002).

Figure 1.5 The eccentric loading of the glenoid component shown in (a) is the main cause of the glenoid loosening
at the bone cement interface. sourced from (Matsen Il et al., 2008). (b) The grades of loosening for the pegged glenoid
component were introduced by Lazarus et al., 2002, based on the amount of radiolucency observed in post-TSA
radiographs. Grade 0 signifying no loosening and Grade 5 signifying complete loosening of the glenoid cup.

At five-year follow-up of 1673 TSA surgeries Somerson et al., 2018, reported 20.4%
(highest) failure due to glenoid component. The glenoid loosening related failure rates
increase with time, post-TSA. Bonnevialle et al., 2013, investigated the cause of 42 TSA
revision surgeries, between 1991 and 2006, and reported 46% of them were due to glenoid

component loosening. On the other hand, a two-year follow-up of 77 TSA observed 13.3%
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glenoids with radiographic proof of loosening (Kiet et al., 2015). The progressive loosening of
the glenoid cup, reduces the longevity of TSA (Matsen III et al., 2008). Even though there has
been an advancement in the ATSP design, TSA techniques, and post-operative rehabilitation,
there is an acute need for the development of a stable GH prosthesis for TSA to reduce the

eccentric loading of the glenoid.

1.5 Thesis Scope, Goals and Organization

ATSP design modifications could be one of the strategies that could be implemented to reduce
the post-TSA glenoid failures. The scope of this thesis was, firstly, to study GH morphometry
of the native South African population. Secondly, the scope also included conceptualising and
testing novel ATSP designs. Adequate care was taken to develop prostheses which did not
alter the current surgical approach and the tests were performed within the current standards.
The thesis is divided into three sets of goals which the chapters help to achieve. A schematic
representation of the thesis organization is provided in Fig. 1.6, this would make it easier for

the reader to understand the flow of the document. Brief explanations of the goals are

provided ahead.
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Figure 1.6 Thesis organization and layout of the chapters according to the pre-determined goals.
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1.5.1 Goal I

The morphometric studies which led to the initial development of ATSP were conducted on
GH joints obtained from American (Robertson et al., 2000) and European (Boileau & Walch,
1997) Caucasian populations. There is no existing study which suggests that the commercially

available ATSPs cater for the native population of South Africa.

Therefore, the first goal of this thesis is to study and compare the GH articulating
surfaces of a South African cohort and compare them with a European GH data set. This study
is spread over Chapter 2 and 3. Chapter 2 is focused on explaining the method implemented
in studying the morphometry and describes the inter-population differences. Chapter 3
studies the theoretical effect of the altering the humeral head shape from a perfect sphere to

an eccentric ellipse.

1.5.2 Goal 11

The second goal of the thesis was to investigate the post-TSA kinematics of the novel
conceptual designs of TSA prosthesis. These designs were developed by incorporating the
morphometric observations from Chapter 1 & 2 in order to combat the current modes of
failure. Chapter 4 describes the design process involved in the creation of these prostheses
and Chapter 5 details the development of a post-TSA musculoskeletal model and the

kinematic changes introduced by the new prosthesis designs.

1.5.3 Goal 111

The final goal of this dissertation is to analyze the performance of the prostheses designs
under loading conditions standardized by ASTM. Chapter 6 describes in detail the Finite
Element (FE) model and the observations from the subluxation tests performed on the glenoid
models. Even though, novel humeral and glenoid components designs were created in
Chapter 4, to adhere to the strict timeline of the research only new glenoid designs were tested

using the FE model.

The final chapter synthesizes the conclusions from the previous chapters and provides

recommendations and possible directions for future work.
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Chapter 2 — Population specific GH morphometry

Morphometry of the GH Joint and its
Population Specific Variations

2.1 Introduction

Total Shoulder Arthroplasty (TSA) surgically replaces the arthritic articulating surfaces of the
GH joint (Mue et al., 2013), in the presence of intact rotator cuffs, with an ATSP (Bishop &
Flatow, 2005; Green & Norris, 2001; Kaback et al., 2012; Lehmann et al., 2010; Sanchez-Sotelo,
2011). Although, the current design of the ATSP has been successful is alleviating shoulder
joint pain and restoring the functionality of the joint, underlying complications such as
glenoid component loosening and humeral head subluxation reduces the success of this
surgical intervention (Bohsali et al., 2006; Gregory et al., 2009; Hasan et al., 2002; Hill & Norris,
2001; Kaback et al., 2012; Matsen et al., 2008; Nagels et al., 2002; Postacchini et al., 2012;

Raphael et al., 2010; Wirth & Rockwood, 1996).

The initial design of the ATSP, as proposed by Neer, was aimed towards mimicking the
GH joint function (Brand, 2011). Since then, modifications have been made to accommodate
for the head inclination angle, retroversion angle and implants have also become more
modular to accommodate for reverse shoulder prosthesis (Boileau et al., 2006; Hertel &

Ballmer, 2003; Mackay et al., 2001; Parker & Jelsma, 2010).

The current trend followed by various ATSP manufacturers (e.g. DePuy Global
Shoulder System, and Tornier Aequalis prosthesis) is to provide surgeons with options of a
particular humeral head size with different heights and version angles (Wang et al., 2005).
Keeping in mind, the evolution of the shoulder prosthesis design (Chapter 1.3), it could be
predicted that the future prosthesis designs would most likely be patient specific as seen in
hips and knees (Coigny et al., 2016). This would be an advantageous strategy to pursue

considering the subject-specific variations. Studying towards developing population-specific

11
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ATSP design could be argued to be an intermediate step forward and this would partly be the

focus of this chapter.

In sub-Saharan Africa, shoulder arthritis is a common joint disease (Akinpelu et al.,
2010; Owaydhah et al., 2017). Orthopedic related disorders feature in the top ten Burden-of-
diseases in South Africa (De Beer & Bhatia, 2009; Health Metrics and Evaluation, 2010).
Approximately 1000 ATSPs are annually implanted in South Africa, and most of the
prostheses used are imported creating a financial burden on the country (Samed, 2014). The
glenohumeral morphometry of the native South African population has been rarely studied.
Along with this, considering the financial burden and the country’s geographic location, there
is a need to carve a niche for medical implant industry in the country. The aim of this chapter
is to describe the process implemented to retrieve and compare the GH joint morphometry of
two cohorts belonging to two geographically independent regions. One of the subsets,
representing sub-Saharan Africa, was sourced from the South Africa and the other subset,

representing Europe was sourced from Switzerland.

Worldwide, 21% to 32% of the TSAs have to be revised due to post-surgical
complications like glenoid loosening (Bohsali et al., 2006; Bonnevialle et al., 2013; Hill &
Norris, 2001; Junaid et al., 2010). As explained in Chapter 1.4, the “rocking horse” effect has
been identified as one of the main causes for glenoid loosening (Matsen III et al., 2008; Wirth
et al., 2012). Improper understanding of the shoulder anatomy, which varies with the
geographical location of the population (Cabezas et al., 2016; Matsumura et al., 2016; Zhang
et al, 2016), might result in ATSP designs which do not replicate the optimum GH
morphometry. This could reduce the efficacy of the surgery and its long-term success
(Bonnevialle et al., 2013; Hertel & Ballmer, 2003; Merolla et al., 2013). The morphometric
studies referred to, for the earliest designs of unconstrained ATSP did not consider the GH
morphometry of African population. In the light of the above reasons, it could be considered
essential to study the native population of this country and incorporate any distinguishing

features to create an ATSP design.
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2.2 Anatomy of the Glenohumeral Joint

The GH joint articulation (Fig. 2.1) could be geometrically represented as a ball and socket
joint made up of the humeral head and the glenoid fossa. Unlike the hip joint where the
acetabulum almost engulfs the femoral head, the glenoid fossa on the lateral edge of the
scapula is an open structure and provides limited conformance to the head of the humerus.
The high range of motion is partly due to the fact that the glenoid fossa, does not resist the

translation and rolling of the humeral head (Halder et al., 2000).

Clavicle
Scapula

Acromion

Glenoid cavity

Scapula

Humerus

Figure 2.1 The Glenohumeral (GH) joint formed by the glenoid fossa and the humeral head articular surfaces.
Sourced from (Drake et al., 2015).

The stability of the joint is by the virtue of the surrounding soft tissues like the rotator
cuff muscles, the glenoid labrum, the joint capsule and the reinforcing ligaments. These
structures support the glenoid and the humeral head articulation and prevent subluxation
under loading (Fig. 2.2 a-b). As explained earlier, the complete RoM of the shoulder is due to
the complex coordinated interactions of the GH, the SC, the AC and the ST joints (Brand, 2011;

Skirven, 2011). In a healthy shoulder, the initiation of the loading or movement is from the

13
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GH joint and it contributes to around 65% of the total RoM (Brand, 2011). Therefore, it

becomes the most important load-bearing articulation in the entire shoulder girdle.

The glenoid cavity (Fig. 2.3 a-b) is concave in shape and has a 7.4° of retroversion and is
tilted by 10° in the superior direction(Halder et al., 2000). The superior tilt is altered by GH
arthritis (Daggett et al., 2015). The glenoid fossa has a deeper concavity in the superior-inferior
(SI) axis and has a shallower surface when viewed from the anterior-posterior (AP) axis. The
horizontal distances between the AP margins increase as one comes down from the supra-
glenoid tubercle towards the infra-glenoid tubercle. Therefore, anatomically, the glenoid is
thicker and broader inferiorly (Iannotti et al., 1992; Mamatha et al., 2011). This makes the
glenoid a pear-shaped structure. Various other glenoid shapes, like the oval and the inverted
comma, have been reported in the literature but the pear-shaped glenoid are more common

(Mamatha et al., 2011).

Superior glenchumeral ligament
Coracohumeral P 9 o
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Middle glenohumeral ligament

Aperture for subtendinous

Transverse bursa of subscapularis

humeral
ligament
Supraspinatus

Synovial
sheath
Teres Minor

Tendon of Subscapularis

long head Teres Major
of biceps
Lat-Dorsi

brachii Pectoralis Major

Long head of
biceps

Inferior
glenohumeral\_\

ligament Short head of

biceps

Redundant capsule

(@) (b)

Figure 2.2 The soft tissues around the glenohumeral articulation stabilizing the joint. (a) Joint capsule and
ligaments; (b) Surrounding muscles. Sourced from (Drake et al., 2015).
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Figure 2.3 Schematic representation of various bony landmarks of the scapula and the (a) superior and (b) medial
tilt of the glenoid fossa with respect to the straight line passing through the center of the glenoid. Modified from
(Halder et al., 2000).

The surface area of the glenoid fossa is 30% to 40% less than that of the humeral head.
The glenoid labrum around it increases its depth, adding stability to the joint (Halder et al.,
2000; Skirven, 2011). A study (Zumstein et al., 2014) showed that the cartilage around the
glenoid was the thickest in the superior region and very thin in the inferior region. On an

average, the RoC of the glenoid cavity was found to be 60% larger than the humeral head RoC.

The humeral head (Fig. 2.4) projects, medially and superiorly, out of the humeral shaft
and translates on the surface of the glenoid. It is ovoid in shape, has 30° to 40° of retroversion
with a superior tilt of 45° (Fig. 2.5 a-b). The anterior-posterior concavity of the humeral head
is greater than the superior-inferior concavity (McPherson et al., 1997). It has more than half
of its surface area covered with articular cartilage. The articular cartilage is the thickest in the
central region and thinnest in the periphery (Zumstein et al., 2014). This opposite cartilage
thickness properties of the GH articular surfaces allow for a greater conformity between them
and reduces the probabilities of dislocations. The neck joining the shaft and the head is very

small, therefore the lack of bony conformity around the head is advantageous for the GH joint
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and allows it to help extend the arm in multiple planes (Halder et al., 2000; Peltz et al., 2015).
The center of the proximal humeral head sphere has a medial and posterior offset of an
average of 6.9mm and 2.6mm respectively (Fig. 2.6), with respect to the humeral shaft axis
(Boileau & Walch, 1997). The rotational movement of the humeral head on glenoid is

permitted by conformance of the structures in the SI aspect.

Greater
tubercle

Superior facet

Anatomical Middle facet
neck

Surgical neck
Inferior facet

Figure 2.4 The anatomy of the proximal humeral head. Sourced from (Drake et al., 2015).

(a) (b)

Figure 2.5 The morphometric features of (a) humeral head retroversion and (b) humeral head inclination. Sourced
from (Halder et al., 2000).
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Posterior
Combined

offset

—_

Lateral Medial

Anterior

Figure 2.6 The humeral head offset. The medial and the posterior offsets are calculated as the distance between the
humeral head center ‘O’ and the humeral shaft center ‘O’ in their respective axes. Sourced from (Boileau et al., 2006).

2.3 Need for Understanding Inter-Population Morphometric Variations

Every individual human being is different. Some of these differences are easily identified by
their appearance, their habits and their way of living. Based on these differences it could be
safe to group many individuals into populations arising from a geographical location. Some
studies have gone deeper into investigating these populations’ skeletal morphometry and
have concluded that there is more inter-population variation than it meets the eye (Ousley et

al., 2009; Ubelaker & DeGaglia, 2017).

Inter-population variance has been established in several skeletal structures, such as, in
facial structure (Vioarsdottie et al., 2002), shape of the cranium (Donlon, 2000), humerus (Iscan
et al., 1998), pelvis (Kurki, 2013), femoral head diameter (Ubelaker & DeGaglia, 2017),
mandible (Loth & Henneberg, 1996), etc. Hence, it could be expected that the humeral head
and glenoid cavity might also have inter-population differences. Only two studies were found

to investigate the humerus (Steyn & Iscan, 1999) and the scapula (Churchill et al., 2001) of
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African population and compare them to their non-African counterparts, belonging to the
same country. Few limitations could be identified from the above-mentioned studies, firstly,
these studies did not make use of more precise automatic morphometry measuring techniques
and secondly, the accuracy of the inter-population differences observed might have been

reduced since the entire cohort belonged to the same geographical location.

As we steadily progress towards TSA design modification to achieve better post-
operative performances, it might be justifiable to expect that the shoulder implant might
follow the same evolution path adopted by hip (Coigny et al., 2016; Jun & Choi, 2010) and
knee (Slamin & Parsley, 2012) implants, in becoming subject specific. With that in mind, it
might be beneficial to initially investigate and develop shoulder implants addressing the
population-specific variations. Population-specific prostheses might prove to be a cheaper

alternative to a personalised prosthesis in a developing country.

GH sexual dimorphism has been repeatedly reported in the literature (Churchill et al.,
2001; i§can et al., 1998; Kranioti & Michalodimitrakis, 2009; Mckenna, 2017; Merrill et al., 2009;
Papaioannou et al., 2012; Steyn & Iscan, 1999). As far as the glenoid is concerned, most of these
studies are focused on the height and the width of glenoid fossa (Churchill et al., 2001;
Mamatha et al., 2011; Mckenna, 2017; Papaioannou et al., 2012). The current study would focus

on RoC of the glenoid and its relationship with the humeral head.

The variation of the glenoid fossa and proximal humeral head morphometric features
crucial for ATSP design. These parameters have been rarely studied to determine
morphological differences among populations. There are limited anthropometric data
available regarding sub-Sahara African GH joints. This could lead to an inaccurate sizing of
the implant, giving rise to post-surgical complications. Considering these factors, the current
chapter is focused on comparing the GH joint morphology of two geographically distinct

populations using an automatic method of morphometric feature extraction.
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2.4 Feature Extracting Pipeline (FEP) for measuring the shoulder
articular surfaces

2.4.1 Population under study

To detect distinguished morphometric features of Sub Sahara African GH joints it was
important to select two geographically distinct population groups for comparison. A
Caucasian and a non-Caucasian group of cadavers were selected from Switzerland and South

Africa respectively.

A database of 90 GH joints (average age 50.9 + 17.9 years) was created from upper body
(hip and above) Computerised Tomographic (CT) scans of embalmed cadavers. The Swiss
scans were digitally sourced from the SICAS Virtual Skeleton Database (VSD) (Kistler et al.,
2013) and the South African scans were performed at the Division of Radiology, University of

Cape Town (UCT) on the cadavers sourced from the Department of Anatomy, UCT.

Among the 90 shoulders, 45 belonged to the Swiss dataset (CH) and the remaining 45
belonged to the South African dataset (SA). The CT scans were inspected, and any scan that
was found to have a deformed GH articular surface due to the formation of a bone spur and/or
fracture was excluded. Out of the 90 scans, 2 scans from each data set were excluded due to
such findings. This reduced the number of shoulders to 88, on which this morphometric study

was performed. The demographic details of the two data sets are provided below in Table 2.1.

Table 2.1 Information of the CT scans used for this study

Swiss Data Set South African Data Set
Racial Distribution Caucasian Non-Caucasian
. The SICAS Medical Image University of Cape Town
Acquired from Repository Cadaver Lab
Age in years 53 years (19 to 90) 49 years (20 to 82)
Male : Female 20:25 26:19

19



Chapter 2 — Population specific GH morphometry

2.4.2 Three-dimensional (3D) GH joint reconstruction

The entire data set of the CT scans were individually exported to Materialise Mimics®
(Materialise, Leuven, Belgium) in a process previously implemented by Bryce et al., 2008.
Mimics® is an image processing software platform which allows auto-segmentation of human
bones according to a pre-set greyscale value (Fig. 2.7). This technique was applied to segment
out the bony structures such as the thoracic cavity, the clavicle, the humerus and the scapula.
The region of interest (Rol) for this study was the bones forming the GH joint (Fig. 2.8 a), i.e.
the humerus and the scapula. These two bones were separated from the rest of the scan area
by using the crop mask feature. This feature enables to detach the Rol from the segmented 3D
model of the thorax. Post detaching the scapula and the humerus, the common pixels that
form a layer of attachment between the two entities (Fig. 2.8 b) were carefully removed and

the bones were separated as two individual entities.

Figure 2.7 The platform of Materialise Mimics® which was used to convert the stacks of the two-dimensional (2D)
Computerised Tomographic (CT) images of the bones into three-dimensional (3D) objects which were later used in
this study to measure its morphometry.

The humerus and the scapula were exported from the Mimics® platform as binary

steriolithographic (.stl) models (Fig. 2.9). These models represent the 3D reconstructed object
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with point clouds with their x, y and z coordinates. In order to make the 3D humerus
compatible to the computer-aided design (CAD) platform of SolidWorks (Dassault Systems,
Velizy-Villacoublay, France), the number of triangles for each bone was reduced to below
20000 in an open source mesh processing software, MeshLab (Cignoni et al., 2008). Post
reducing the triangles the humerus was imported back to SolidWorks where the in-silico TSA

was performed.

Region of Interest
(Rol)

Overlapping Pixels

() (b)
Figure 2.8 The region of interest (Rol), marked by the white rectangle, covered the lateral aspect of the scapula
which included the glenoid fossa and the whole of the humerus; (b) The 3D reconstructed bones with highlighting
the overlapping pixels between the articulating surfaces which were later removed.

Y-axis ?

Z-axis

r's

X-axis

Figure 2.9 The humerus bone represented by clouds of triangles forming the 3D mesh. The coordinate system of
the bone defined in accordance to the International Society of Biomechanics.
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In Mimics® the inherent coordinate system is pre-defined. To perform the in-silico TSA,
it was important to make a common coordinate system for every humerus. To achieve this the
guidelines provided by the International Society of Biomechanics (ISB) was followed (Wu et
al., 2005). The center of the humeral was selected as the origin; the perpendicular line joining
the center of the straight line connecting the inferior condyles of the humerus was assigned as
the y-axis; the x and the z-axes were assigned to the perpendicular lines propagating towards

the anterior and medial aspects respectively (Fig. 2.9).

The Global AP® (Johnson and Johnson, DePuy) prosthesis was the product of choice of
our clinical partner. Hence, the guidelines provided by the same manufacturers were applied
to perform the TSA in SolidWorks under the guidance of an experienced shoulder surgeon.
To mark the lateral and medial boundaries of the articular surface the point of bulge out and
bulge in were marked (Fig. 2.10 a). A straight line was drawn joining these points underneath
the articular surface. A common plane was formed between the inherent top-view plane of
the platform the line joining boundary points. This plane was (Fig. 2.10 b) was called the
cutting plane. This plane was used to create a rectangular section to recover only the articular
surface. This process produced repeatable results which were comparable to the literature

(Schaaf & Bell, 2008).

Cutting Plane

(@) (b)

Figure 2.10 (a) The surgical line which was drawn according to the specifications of the implant manufacturer;
(b) The cutting plane was created using the surgical line, under the humeral head articular surface.

22



Chapter 2 — Population specific GH morphometry

A separate coordinate system was assigned to the humeral head articular surface (Fig.
2.11). The center of the articular surface was selected as the origin; the z-axis was assigned to
the central perpendicular line propagating towards the articular surface to the origin; The y-
axis was assigned to the perpendicular line propagating towards the inferior (medial) aspect
of the surface; the x-axis was assigned to the line propagating from the origin towards the
anterior aspect (right humerus) and towards the posterior aspect (left humerus).The scapula
was not modified in any manner as most feature extractions for the glenoid were performed

within the Mimics platform.

Figure 2.11 The humeral head coordinate system used to measure the morphometry of the humeral head.

2.4.3 The morphometric feature extracting technique

The Feature Extracting Pipeline (FEP) was built in MATLAB (MathWorks, Natick, MA, USA)
and the features (Fig. 2.12 a-d) that were extracted are listed below along with their extraction

techniques:

i.  Humeral head circular diameter — To fit the best circle around the head the
maximum diameter in the SI and the AP direction and the head thickness were
calculated. Finally, the RoC was calculated using the formula (Eq. 2.1) given
below. To access the maximum diameter in the AP and SI directions, a script

was generated (Appendix A) which calculated the maximum distance from the
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center of the head in the X and Y directions (Fig. 2.12 a). The best fit of the circle
was ensured by the fact that the circle encompassed both the center of the head

and the point of maximum diameter both in the SI and AP directions.

Humeral Diameter = 2 x [(Height + 2) + ((Base Width?)/(8 x Height))]  (2.1)

ii.

ifi.

iv.

Humeral head spherical RoC — An interactive script was generated using
MATLAB to fit the sphere on the surface of the humeral head (Fig. 2.12 b). It
was designed to be compatible with Materialise Mimics®. The script read the
locus of minimum 15 points created to form a spline on the humeral head

surface. These splines were created to cover the articulating surface of the head.

Glenoid spherical RoC — A spline was created inside the glenoid cavity of the
3D segmented scapula in Materialise Mimics® (Fig. 2.12 c). The spline was
segmented using a minimum of 15 points. The spline was drawn on the surface
on the glenoid taking into account the inherent shape (pear, semi-colon or oval

(Mamatha et al., 2011)) of the cavity.

GH mismatch and conformity index — The RoC mismatch of the humeral head
glenoid articular surfaces was calculated using the formula (Eq. 2.2). The

conformity index (CI) was measured as the dimensionless ratio (Eq. 2.3) (Walch

et al., 2002).
Glenohumeral Mismatch = Glenoid RoC — Humeral Head RoC (2.2)
Conformity Index = Humeral Head RoC - Glenoid RoC (2.3)
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v.  Humeral height — To automatically extract the humerus height, the 3D model
of the humerus was set-up such that the straight line joining the two condyles
was assigned as the x-axis and the line perpendicular to the line joining the
condyles and the highest superior locus of the bone was assigned as the z-axis.
A custom code was generated to connect the most inferior and superior loci in
the z-axis with a line passing through the geometric center of the line joining

the inferior condyles of the humerus (Fig. 2.12 d).

vi. Humeral head thickness — The humeral height was calculated using a
perpendicular line from the center of the humeral head to the humeral head

articular surface, as shown in (Fig. 2.12 a).

vii.  Humeral head peak points — This is a novel morphometric which is elaborated

in the Chapter 3.

2.5 Statistical Tests Employed

The open source statistical software R was used to perform the statistical analysis. The
observed data were separated, into various sub-datasets, according to their country of its
origin (Swiss and South African), position in the body (Left and Right) and gender (Male and

Female).

Shapiro-Wilk tests were performed to analyze the distribution of the observations for
each of the parameters in each dataset. Along with the tests for normality, Quantile-Quantile
(QQ) plots were generated to support the tests. To determine whether the observed
differences, between the data sets, were significant, T-tests were performed for the normally
distributed parameters and Wilcoxon Signed-Rank Tests on the rest. The level of significance
was set at 0.05. A two-tailed post-hoc power analysis was performed for the two population
and gender groups using G* Power v3.1 (Erdfelder et al., 1996; Faul et al., 2007, 2009). The

value for this analysis was set as 0.05.
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Humeral Head

(b) (d

Figure 2.12 The measured morphometries of the humerus and glenoid. (a) The AP (black) and SI (blue) circular diameter and the thickness (green) of the humeral head
articular surface; (b) Humeral head spherical RoC; (c) Glenoid fossa spherical RoC; and (d) Humeral height.
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2.6 Observed Morphometric Variations

The results of the tests for normality are presented as QQ plots (Appendix B) for each of the
measured parameters for every sub-data sets created. Most of the observed values were found
to be distributed normally throughout the sub-datasets. The non-normal distributions were
observed in Glenoid RoC for the SA, CH and Left sub-data sets. The CI and the humeral head
thickness were observed to have non-normal distributions in the Right and Male sub-datasets
respectively. The Female sub-cohort was found to have the most non-normally distributed
parameters, listed as, SI circular diameter, Humeral height, Humeral RoC, Glenoid RoC, CI
and GH mismatch. In this section, the results of the morphometric extraction process are

elaborated into three different sub-sections.

These sub-sections, which were segregated according to the sub-datasets created earlier,
discusses the morphometric variations in each of the parameters mentioned above. The
observed average morphometric dimensions along with their average standard deviations are
represented in Fig. 2.13 a-h. The sub-datasets which were observed to be significantly different
are marked with an arrow and asterisk (*). The highest standard deviation was observed for

the GH mismatch.
2.6.1 Inter-population variations

The average circular diameter in the AP and SI axis for the South African (SA) & the Swiss
(CH) population were found to be 44.6 + 4. 1mm and 49.7 + 4.5mm & 46.6 + 3.5mm and 51.6 +
4.6mm respectively. The observed difference in the AP direction was found to be significant
(P <0.05) but the difference in the SI direction was not significant (P>0.05). For the SA dataset,
the 10" and the 90" percentile were found to be 39.2mm and 51.0mm, in the AP axis, and
43.7mm and 56.3mm, in the SI direction. Similarly, for the CH dataset, the 10" and 90
percentile in the two axes were found to be 41.9mm and 51.4mm & 45.0mm and 58.3mm

respectively.

The average CH population was found to have larger spherical RoC (24.4 + 2.5mm) for

the humeral head but their glenoid RoC (30.3 + 5.lmm) was smaller than that of the SA
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population whose average humeral head RoC and glenoid RoC was measured to be 23.2 +
2.6mm and 31.1 + 3.9mm respectively. The difference in the humeral RoC was found to be
significant (P<0.05) but the difference in glenoid RoC was not significant (P>0.05). The 10t and
the 90t percentile for the humeral head RoC for the SA & CH populations were found to be
19.8mm and 26.4mm & 20.7mm and 27.6mm respectively. The 10" and 90* percentiles for the
glenoid RoC for the SA & CH populations 26.2mm and 37.1mm & 24.3mm and 37.7mm

respectively.

The average humeral height of the SA cohort was 323.4 + 21.9mm. The 10 and the 90"
percentiles were 292.2mm and 355.8mm. For the CH cohort, the 10" and the 90 percentiles
of humeral height were 287.8mm and 344.2mm. The average CH humeral height was found
to be smaller by 8.4mm with the average dimension being 315.0 + 21.1mm. This morphometric

difference was not statistically significant.

The average CH humeral head (19.5 + 1.9mm) was found to be thicker than the average
SA humeral head (18.9 + 2.2mm) by 0.5mm. This observed difference was not found to be
statistically significant (P>0.05). The 10" and the 90t percentile for the humeral head thickness
were found to be 16.5mm and 22.2mm respectively, for the SA cohort, and 16.6mm and

22.3mm respectively, for the CH cohort.

SA GH joint had higher average RoC mismatch (7.9 + 3.1mm) when compared to their
CH (5.7 + 3.9mm) counterparts. The average difference was about 2.2mm and this difference
was found to be significant (P<0.05). The observed conformity index for both the populations
was <1, suggesting that the humeral head RoC was smaller than the glenoid RoC. The average
conformity index for the CH population (0.8 + 0.1) was higher than the SA population (0.75 +

0.07) by a value of 0.06 and this difference was found to be significant (P<0.001).
2.6.2 Bilateral variations

The average circular diameter in the AP and SI axis for the left humeral heads were found to
be 45.5 +3.9mm and 50.4 + 4.6mm & 45.6 + 3.9mm and 50.8 + 4.7mm respectively. The average

right humeral RoC was measured to be 23.7 + 2.5mm and the average left humeral RoC was
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measured to be 23.8 + 2.8mm. The difference in the spherical RoC for the humeral head and
the glenoid were < Imm. The right humerus height (319.7 + 22.5mm) and the humeral head
thickness (19.4 + 1.9mm) were found to be greater than the left humerus height and thickness
(318.1 + 21.3mm and 19.0 + 2.3mm respectively) by 1.5mm and 0.3mm respectively. The
glenohumeral mismatch and the conformity index were found to have similar values for the
average right (7.0 £ 3.5mm and 0.7 + 0.1) and the left (6.7 + 3.9 and 0.8 + 0.1) humerus. All the

observed differences for the bilateral humerus were not statistically significant.
2.6.3 Gender variations

The average circular diameter in the AP and SI axis for the male and the female humeral heads
were found to be 47.1 + 3.lmm and 52.9 + 3.5mm & 44.1 + 41mm and 482 + 4.5mm
respectively. The differences in the SI (4.7mm) and the AP (3.0mm) were found to be
statistically significant (for both the cases P<0.001). The average spherical RoC of the humeral
head and the glenoid cavity were found to be greater for the male (24.9 = 1.9mm and 32 *
4.04mm) compared to females (22.6 + 2.7mm and 29.4 + 4.7mm) by 2.3mm and 2.7mm
respectively. These differences were found to be significant (P<0.001 for humeral head RoC
and P=0.02 for glenoid RoC). The humeral height and the humeral head thickness were larger
for the males (327.9 + 17.6mm and 19.7 + 1.6mm) than the females (309.2 + 21.8mm and 18.7 +
2.4mm) and the observed differences were 18.7mm and 0.98mm respectively. The noted
differences were significant (P<0.001 for humeral height and P<0.05 for humeral head height).
The inter-gender difference between the glenohumeral mismatch, 6.8 + 3.6mm for males and
6.6 + 3.8mm for females, and the conformity index, 0.8 + 0.1 for males and 0.8 + 0.9 were found

to be not statistically significant.

The observations suggesting no bilateral variation and distinct inter-gender variations
in the GH morphometry match with previously reported studies (Churchill et al., 2001). A
human body has symmetric bone geometry and hence the absence of bilateral GH
morphometric variations might suggest that there are no significant computing errors present

in the morphometric analysis detailed in this chapter and further validating the methods.
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Figure 2.13 Observed average values and standard deviations of each morphometric parameter for every sub-dataset. The asterisk (*) refers to statistically significant differences
between the groups on either end of the double-headed arrow. (a & b) AP and SI circular diameter respectively; (c & d) Humeral and Glenoid RoC respectively. (continued in next page)
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Figure 2.14 Observed average values and standard deviations of each morphometric parameter for every sub-dataset. The asterisk (*) refers to statistically significant differences
between the groups on either end of the double-headed arrow. (e) Humeral head thickness; (f) Humeral height; (g) GH mismatch and (h) Conformity Index.
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2.7 Discussion

Various authors (Boileau & Walch, 1997; Boileau et al., 2001; Bryce et al., 2008; Churchill et al.,
2001; Green & Norris, 2001; Matsumura et al., 2016; Milner & Boldsen, 2012) have studied the
underlying anatomy and the morphometric differences of normal and diseased (Humphrey
et al., 2016; Knowles et al., 2016) GH joints. In the light of the current literature, it could be
assumed that the morphometric variances between healthy GH joint of two different
populations with an aim to develop a population-specific shoulder implant, in a process

suggested by Aitchison et al., 2009, has not been extensively studied.

This chapter provides a detailed description of the morphometric evaluation of two
geographically distinct populations, leading to findings of significant differences in the GH
joint articulating surfaces between the populations under study. The post-hoc power analysis
performed on the two population sets showed that the calculated differences had an effect
size of 0.52 and the power to detect this effect size was 0.7. The analysis gave an estimate of
the sample size (N ~ 58) per population set required to achieve a statistical power of 0.8
(Cohen, 1992). The inadequate sample size of the two data sets was a limitation of this study.
For the gender groups, the calculated effect size for o =0.05 was 0.81, which can be considered
a large effect (Cohen, 1992) and the power for this study to detect the effect was found to be
0.97. The observations from the CT scan data were not compared with corresponding

radiographs and this could be considered as the second limitation of this study.

According to the literature humeral head has a dual curvature spherical geometry and
its circular diameter vary in the SI and the AP axes (Humphrey et al., 2016; Knowles et al.,
2016; Matsumura et al., 2016; Michael L Pearl & Kurutz, 1999). Similar variation in circular
diameter of the head was observed in the current study. This validates the method applied
in this study. Circular diameter of the humeral head provides a 2D measurement of the
otherwise spherical surface. A recent study found that measuring the circular dimensions of
the humeral head gives a better understanding of its morphometry (McPherson et al., 1997).

Boileau & Walch, 1997, studied a group of 65 French humeri and found the average humeral
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head diameter in the AP axis to be 46.2mm. In this study, it was found the average diameter
in the same axis for the CH population to be 46.6mm (Fig. 2.14). This suggests that the
European humeral articulating surfaces are of similar size. The average SA circular diameter

and Humeral RoC was found to be significantly smaller than the CH group (Fig. 2.14).

| 1AP | 1SI @ @ e Hum _RoC s GI_RoC |

g 80 32.00 1 35

£ 31.09 30.31 30.74 30.68 29,35

£ 70 | o — 41 30 g
o) =
T 60 - 2318 24.35 23.70 23.80 g 22.58 5
g -—---------—-----_-: ﬁ-' 1% Q
S 50 | — ] — — . 2
ki | ] — — ] | 120 o
B 40 | 2
s 30 | E:
3 E
= 2 | 110 §
s g
E 10 | 15 €
7 £

0 T T T T T 0
South Africa Swiss Right Left Male Female

Distribution of the data into various cohorts

Figure 2.15 Overall distribution of humeral head circular diameters in AP and SI axes and the RoC of humeral head
articulating surfaces and the glenoid fossa for the various cohorts studied.

One of the forensic studies had reported that individuals belonging to the South African
population of European Descent (SAED) group have larger humeral heads than the rest of the
population (Steyn & Iscan, 1999). The average humeral articular surface diameter of a set of
Chinese humerus was reported to be 42.9 + 3.6 mm (Zhang et al., 2016) which is very similar
to the Japanese population (Matsumura et al., 2016) but lower than the average SA and CH
articular surface diameter. This suggests that there exists a distinct variation in humeral head
sizes among populations originating from different geographic locations. Extensive studies
have not been performed on studying the GH surface geometry of the Sub-Saharan
population, hence it could be assumed that the current design of the ATSP is based on the
European and American samples. The current study might be able to fill the existing

knowledge gap.
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It is advantageous to compare the correlation of morphometric parameters. This could
aid in determining the consequences of altering any prosthetic design feature on a related
morphometric parameter. It is evident from the literature that the humeral RoC has a strong
correlation with the glenoid RoC (Iannotti et al., 1992) and a similar trend could be observed
from Fig. 2.14. In this study, the humeral head thickness was compared to the AP & SI circular
diameter of the humeral articular surface, the humeral RoC and the height of the humerus.
This comparison was performed for SA, CH, male and female sub-groups. The bilateral
groups were not considered in this comparison as no significant differences, in the studied
morphometries, were observed in between the groups. The best-fit regression lines

comparison for the populations and genders are shown in Fig. 2.15 and Fig. 2.16 respectively.

Positive correlation, of various strengths, was observed for all the plotted data
suggesting that the increase in humeral thickness resulted in an increase in the other
morphometric parameters for all the cohorts. Humeral head thickness was found to vary
significantly in between genders but variance observed between the populations studied were
not statistically significant (Fig. 2.13 e). The calculated correlation coefficient (R) values for the
regression lines were observed to be highly varied between the genders but not so much

between the populations, justifying the earlier observations.

The humeral height was observed to not have a strong correlation with the head
thickness with the coefficient of correlation (R) values of 0.054 (male), 0.44 (female), 0.44(CH)
and 0.39 (SA). Among the studied cohort, males were observed to have the weakest
correlation coefficient values 0.42 (Thickness vs RoC), 0.36 (Thickness vs SI diameter), 0.44
(Thickness vs AP diameter) and 0.054 (Thickness vs Height). Moderate (R>0.5) to strong
(R>0.7) correlation was observed for the rest of the regression plots. Knowles et al., 2016,
observed a significant decrease in the correlation, from strong to very weak, between the SI
and the AP circular head diameter when healthy and osteoarthritic subjects. were compared.
The observed value of R between SI and AP circular diameter for humeral heads was strong
for both the gender groups, R=0.83 of males and R=0.84 for females (Fig. 2.17) confirming that

the studied humeral heads were obtained from only healthy GH joints.

34



Dimensions in millimeters (mm)

Chapter2 — Population specific GH morphometry

Humeral head thickness in millimeters (mm)
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Figure 2.16 Scatterplots describing the relationship between the humeral head thickness and (a) humeral height; (b) AP diameter; (c) SI diameter; and (d) Spherical
RoC comparing the South African and the Swiss populations.
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Figure 2.17 Scatterplots describing the relationship between the humeral head thickness and (a) humeral height; (b) AP diameter; (c) SI diameter; and (d) Spherical
RoC comparing the male cohort and female cohort.
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Pairwise comparision of humeral head AP and SI circular diameter
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Figure 2.18 Scatter plot describing the relationship of the AP and SI circular diameter of the humeral head articular
surfaces belonging to the females and males.

The commercially available humeral head prostheses are designed with various options
of RoC and thickness as plotted in Fig. 2.18. Along with the commercially available prostheses,
the regression lines, that best represent the relationship between the head RoC and head
thickness, for the SA and CH cohorts were also plotted. The population-specific regression
lines were compared to prosthetic humeral head sizes sourced! by Global AP® (De Puy, 2013);
Vectis (Elite Surgicals, 2017); UNIC (Evolutis, 2016); Equinoxe® (Exactech, 2017); Arrow®
Prime (FH Ortho, 2017); Cofield 2 (Smith and Nephew, n.d.); Reunion® (Stryker, 2017);

Aqualis Ascend TM (Wright Medical Group Inc., 2016); Biomet® (Zimmer, 2009).

In the current study cohort, 8 out of the 88 humeral heads were discovered for which no
commercially available humeral head prosthesis exists. The sizes of the head that are most
commonly available range between 20mm & 28mm, in terms of RoC, and 15mm & 21mm, in
terms of thickness. There exists only 3 implant manufactures who provide prosthetics
humeral heads with <20mm RoC and there are no manufacturers which cater to the required
dimensions for individuals having humeral heads >28mm RoC. Though the Cofield II

prosthesis provides one prosthesis with RoC of 29mm, its thickness renders it not to be a

! This study was not funded by any of these shoulder prostheses manufacturers.
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proper fit for the available joint space. It is evident from Fig. 2.19 that the average thickness of
the articulating surface does not drastically change as the manufacturers may assume. The
prostheses Global AP®, Aqualis Ascend™ and Reunion® were found to have a better
potential to fit the joint space of the population studied. The Fig. 2.18 also suggest that the
currently available ATSPs might be able to cater for both the average SA and CH populations

but not for the possible outliers.

Comparison of the available prostheses sizes and the GH morphometry of the
populations studied
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Figure 2.19 Graphical representation of the commercially available sizes of humeral heads from different
manufacturers and their comparison of the best-fit regression line between the humeral head articular surface RoC and
humeral head thickness calculated for both the populations under study. The best fit regression line for both the
population cohorts under study were very similar. This might suggest that the current ATSP designs might cater for
both the populations. The red circle highlights the range of humeral head sizes for which there are a limited amount
of adequately sized prostheses available commercially. The black double-headed arrow represents the mismatch in
size between the biological humeral head and its closest available humeral head prosthesis, in cases, the humeral RoC
is >28mm.
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The distribution of head sizes in the combined study population
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Figure 2.20 The histograms represent the number of subjects falling in the pre-set range of humeral head sizes and
the variation of average humeral head thickness in the whole study cohort.

The average ratio of the SI and AP base widths (SIwv and APw) of the humeral head was
found to be 1.09 for the whole data set and the geographic location of the shoulder did not
have any effect on this. The ratio increased with the increase in the AP and SI circular diameter
as reported in Humphrey et al., 2016. The average difference in the SIv and APw was 4.07 +
1.9mm, this average mismatch increased to 5.23mm when the SIw was >52mm. Majority of the
humeral head prostheses are designed with an identical AP and SI base width. The
observations from this study suggest that the APw and SIw are unequal and when the size of
the humeral head is >48mm the base width ratio is >4. This is a design criterion that might
have been overlooked until now. The possible effect of this elliptical nature of the humeral

head base will be presented in the next chapter.

Variation in humeral head size is a better discriminating parameter between males and
females, compared to femoral heads (Mckenna, 2017; Milner & Boldsen, 2012; Papaioannou et
al., 2012). This study found that the average male humeral head circular diameter and the
spherical RoC of both the head and the glenoid were significantly larger than their female

counterparts. This is in-line with the past studies (Humphrey et al., 2016; Owaydhah et al,,
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2017; Ray et al., 2015; Steyn & Iscan, 1999). In the current study, significant differences were
observed between the SA male and CH male cohorts in terms of humeral head circular
diameter, in both the SI and AP directions and the spherical RoC. The current study failed to
establish similar significance for the female cohort which could be attributed to the fact that
there was a higher difference in the number of female subjects in the SA and CH population

under study.

No significant differences were found in any of the above-mentioned groups of
morphometric parameters for the bilateral humerus in either of the populations suggesting
that the left and right shoulders in healthy individuals are similar in anatomy. Previous
studies have shown that there is no geometrical difference in the dominant and non-dominant
shoulders of an individual in both healthy and diseased population (Michael L Pearl &
Kurutz, 1999). This study did not find any significant differences in the glenoid spherical RoC,
humerus height and the humeral head height between the CH and the SA population.
Churchill et al.,, 2001, studied 172 scapulas and were unable to report any significant
differences between the American and non-American glenoid articulating surface. These
findings indicate that glenoid articulating surfaces do not vary as extensively as the humeral
head surfaces. The study by Steyn & Iscan, 1999 suggested that the SAED population had
longer humerus than the native population. This study found that the average SA humerus to
be longer than the average CH humerus. Another limitation of the current study was that the
height and weight of the subjects were unknown and hence the findings of this study could

not be correlated with these factors to generate a conclusive inference.

Humeral head thickness gives an indication of the correct sizing of the prosthesis to
prevent over- or under-stuffing of the joint. Boileau & Walch, 1997, calculated the average
thickness of the humeral articular surface to be 15.2mm. The values observed in our study, for
both the CH (19.48mm) and SA (18.97mm) populations, were higher to the ones reported in
the literature. The reason for this difference could be attributed to the fact that the authors of
the previous study focused on measuring the morphology of the proximal humerus and not

the whole humeral articulating surface. The ‘hinge point” selected by Boileau & Walch, 1997,
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was different from the current surgical procedure, specified in DePuy, 2013; Zimmer, 2009,
and the humeral articular cutting plane suggested in De Wilde et al., 2012. The average
humeral head height observed by Ray et al., 2015, was 9.2mm, which was much lower than
the values observed in the literature (Boileau & Walch, 1997; Hertel et al., 2002; Knowles et al.,
2016) or the average value observed in our study. One possible reason for this might be that
the study (Ray et al., 2015) was performed on Indian subjects, who might have different
anatomical features than the European or African populations. Japanese humeral head height
measured in (Matsumura et al., 2016) was considerably smaller than the observed humeral
head height in this study. These populations might be in need of population-specific ATSP
prostheses owing to their smaller articular surface size, and hence future studies should be
focused on this aspect. Male humeral height, humeral head height, and glenoid spherical RoC
were significantly greater than the female which was in line with the previously conducted
studies (Churchill et al., 2001; Steyn & Iscan, 1999; Zhang et al., 2016). Intra-population gender

variations were not studied, and this could be a topic for future research.

2.8 Conclusion

In conclusion, this GH morphometric study was not only able to derive meaningful inter-
population differences but also highlighted the implant sizes that are not catered for, by the
commercial implant manufacturers. Future shoulder morphology studies would be able to
implement a similar study protocol, presented in this chapter, to examine healthy and
osteoarthritic GH surfaces. Strong evidence of GH morphometric variations between the
gender groups was observed in this study. The average humeral head size of a Swiss cohort
was found to be bigger than an average South African humeral head. This study might aid
future ATSP designs that could cater to populations of different ethnic origin and add to
previous GH morphometric studies of ethnically varied population groups (Matsumura et al.,
2016; Zhang et al., 2016). The biomechanical effect of population-specific modelling of the
ATSP is detailed in Chapter 5, using in-silico musculoskeletal studies. The following chapter

discusses the effect of the “peak point” PP on the GH forces, post-TSA.
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Humeral Head Articular Surface
‘Peak Points” and its significance

3.1 Introduction

Post-TSA contact kinetics between the ATSP components have been studied in-silico (Terrier
etal., 2012, 2006) and in-vivo (Massimini et al., 2010; Bergmann et al., 2007, 2011). Most of these
studies have approximated the humeral head and glenoid contact as a symmetric sphere-in-
sphere (Iannotti et al., 1992). Few of these studies also have also assumed that the point of GH
contact and force transfer occurs through the centrally thickest region of the head. The
morphometric study detailed in the previous chapter indicates that the geometric center of

the head might not be its thickest region. This feature might influence the GH force transfer.

The indications for TSA and their reasons for failure have been previously discussed.
One of the established causes of the “rocking horse” effect could be improper force transfer
between the implants. Current humeral head prostheses are designed as a part of a spheroid,
truncated at various distances in its 3rd principal axis, representing the height or thickness.
For example, if a dimension of a humeral prosthesis is described as 40mm x 15mm it would
suggest that its RoC is 20mm and its height at the center (he) is 15mm. Commercially
available humeral components are designed with circular bases, which attaches to the
modular stem component (DePuy Synthes, 2013; Zimmer, 2009). These circular bases define

the geometry of the articular surface as symmetric spherical structure.

Findings from Chapter 2.6 suggest that the biological humeral head bases might be
elliptical in nature. Similar findings have been reported by Humphrey et al., 2016. The base
widths of the head in SI and AP directions were unequal and SIwv was higher than APw. In a
recent rigorous study of 76 humeral heads, it was observed that elliptically modeled humeral
heads fit on to the resected humeral surfaces better and thereby possibly reduces overhang

(Humphrey & Gale, 2018). These studies of elliptical heads did not take into consideration the
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effects of geometrical asymmetry caused due to the unequal RoC and base widths in the SI

and AP directions, post-TSA.

Current prosthesis designs are spherical in nature, with its thickest region at the center.
It can be argued that due to the elliptical shape of the biological humeral head its point of
maximum thickness will be at an offset from the geometric center. The purpose of this chapter
is, firstly quantify the asymmetry of the biological humeral head and secondly, to compare
GH forces generated by symmetric and asymmetric elliptical models of humeral head

prostheses, using Hertzian contact model (Hertz, 1896).

3.2 Materials and Methods

This study employs an identical FEP and algorithm that has been explained in Chapter 2.4, to
extract the humeral head from the reconstructed model of the humerus (Fig. 3.1). The
automatic feature extracting script in MATLAB (Appendix A) was implemented to calculate
the locus and the vertical distance to the “peak point” (PP) of the humeral articular surface from
its base and this distance was defined as the head’s peak height (/) (Fig. 3.2 a-c). The PP for
all the humeral heads were calculated and inter-population, inter-gender, and bilateral

variances were investigated.

Humeral
Head

Humeral
Shaft

Humeral

Condyles

Figure 3.1 Reconstructed right humerus.
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Figure 3.2 (a) Schematic representation of a biological humeral head articular surface generated by the FEP. The
black dot represents the humeral head center and the blue cross represents the base of the thickest region on the
head leading to the PP. The peak height of the head is represented by the orange line. The top and the isometric
views of the humeral head representing the position of the PP, at an offset from the center are represented in (b)
and (c) respectively.

To study the effect of the PP and peak height on the GH contact area two sets of humeral
heads were created (Fig. 3.3 a-b). One of the sets was modelled using the hpex and the second
set of humeral heads were modeled using the k. The heur for all the eighty-eight humeral
heads were calculated using the relationship between the ST humeral base width (SIw) and hentr
by Humphrey et al., 2016. The Slw values, used for this step were sourced from our earlier
morphometric study. Humeral head circle fit radius (Hra) changes with the height. Therefore,
to model the elliptical heads using hpea and hentr, Eq. 2.1 (Dey et al., 2018) was modified into Eq.
3.1. The circle-fit radius was calculated in AP and SI axes. The base of the humeral head was
assumed to be elliptical. The major axis of the ellipse was SIw and the minor axis was assumed
to be the width of the base in AP axis (APw). The values of the minor and major axes were kept
constant for all the heads and their values were sourced as the observed average SIw (49mm)

and APw (45mm) from Dey et al. 2018.

H,qq = Humeral Diameter =+ 2 (3.1
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The radius (C:) of the contact circle formed between the articular surfaces was calculated
using Eq. 3.2 (Puttock & Thwaite, 1969). The effective radius (R’) was calculated using Eq. 3.3
(Puttock & Thwaite, 1969). To calculate R’, the glenoid radius (Grad) of curvature was kept
constant 30mm. This value was selected to keep the GH mismatch average value above 5.5
mm. A prosthetic mismatch of >5.5 mm was found to significantly reduce the post-TSA
complications (Walch et al., 2002). The C: for the whole data set was calculated under the static
compressive loading (Fa) condition of 750N (ASTM International, 2012), applied from the

humeral head towards the glenoid.

The load was modelled to be applied along the maximum thickness of the head (Fig 3.3
a). This was performed to mimic the standardized test set-up of ASTM. To achieve this the
elliptical heads were separated along the major (SIw) and the minor (APw) axes. This separation
took place at the center of the har heads and the PPs for the hpe head group. This provided
two spherical cross-sections of the elliptical head on which Hertzian (Hertz, 1896) contact

principles were applied. A function of the prosthesis’” material property, the equivalent

modulus is represented by E’, which had a constant value of 8.5 x 10° MPa, calculated using
Eq. 3.4 (Hertz, 1896; Puttock & Thwaite, 1969). The values of Poisson’s ratio (0) and Young's

modulus (E) for Co-Cr and UHMWPE, used to calculate E’, are provided in Table 3.1.

Table 3.1 Material properties used in the Hertzian contact model.

Young’s Modulus (MPa) Poisson’s Ratio
2.2 x 10° (ASM International®, 0.29 (ASM International®,
Humerus (Co-Cr)
2009) (E1) 2009) (o1)
Glenoid (UHMWPE) 763 (Croop & Lobo, 2010) (Ez) 0.32 (Croop & Lobo, 2010) (c2)

c _3[3XR'XP
T 4 X E' (3.2)

B GH mismatch

R' = (3.3)
Grad X Hrad
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Figure 3.3 Schematic cross-sectional representations of the (a) glenohumeral articulation set-up under a load of
750N, to calculate the C:; The applied force (Fa) was directed towards the (b) center of the humeral head modelled
with hentr and in line with the PP for the heads modelled with hypea (red line).
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3.3 Statistical Tests Employed

Statistical Package for Social Sciences (SPSS) software, version 25 (IBM Corp, Armonk, NY,
USA) was used to statistically analyze the observations. The PP values were separated into
three sets. Each set had two subsets, created according to the country of origin of the humerus
(SA and CH), its position in the body (right and left) and the gender of the cadaver (female

and male).

Two sets of Hraa and C: were calculated using Slw and APw. Each set was further
separated into two subsets according to the height used to calculate these parameters (hpesr and
heur). All the four subsets, mentioned above, were analysed for normality using Shapiro-Wilk
tests. Mann Whitney (non-parametric) and two-tailed t-tests (parametric) were implemented
to analyze the statistical significance between the paired subsets. The significance was set as
P<0.05. Post-hoc power analysis (two-tailed) was performed in G* Power (Erdfelder et al.,

1996) with a=0.05.

3.4 The Distribution of Peak Points and its effect on the GH contact

The resected humeral head articulating surfaces were processed using the FEP and the values
of the abscissa and the ordinate of the PP were recorded. The coordinates of the PP were
represented on a 2D planar graph, as shown in Fig. 3.4. Fig. 3.6 and Fig. 3.7. The 2D surface of
the graph is divided into four quadrants, anterior-superior (AS), posterior-superior (PS),
Posterior-Inferior (PI) and anterior-inferior (Al). In the anterior-posterior (AP) axis the peaks
ranged from +3.03mm to -3.33mm from the center of the head as the origin. In the superior-
inferior (SI) axis the peaks ranged from +3.71mm to -4.34mm on either side of the origin. The
average PP for all the 88 heads under study was found to lie in the PI quadrant. Further

analysis of this novel morphometric parameter is explained in the sections below.
3.4.1 Interpopulation variations

The South African average PP lies in the Al quadrant of the humeral head, as could be seen

from the Fig. 3.3. The Swiss average peak point lies in the PS quadrant. The AP distance
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between these two average PP is 0.5mm and the SI distance between them is 0.4mm. The
difference is statistically significant in the SI direction (P<0.05), whereas in the AP direction
no significance could be derived (P=0.05). The highest concentration of the PP in the SA data
set (33.3%) was observed to be in the Al quadrant followed by the PI, AS, and the PS quadrants
(Fig 3.4). For the CH data, 41.9% of the PP were observed to lie in the PS quadrant, followed
by the Al, PI, and the AS quadrants. This positional difference was found to be statistically

significant (P<0.05) suggesting that the head thickness and its position changes with head size.
3.4.2 Bilateral variations

The observed differences between the average peak point of a right humerus, when compared
to that of a left humerus was found to be small and not statistically significant (P> 0.05) in both

SI and the AP axes. Asillustrated in Fig 3.5, the average peak points almost overlap each other.
3.4.3 Gender variations

The average peak point for the male subjects was in the PS quadrant and the average peak
point for the female subjects was in the PI quadrant (Fig 3.6). These averages were separated
by 0.2mm in the AP axis and 0.4mm in the SI axis. These differences were not statistically
significant (P>0.05). The distribution of the peak points across the various quadrants of the
humeral head is shown in Fig. 3.7. The PPs were equally distributed (29.5%) in the PS and the
Al quadrants. The AS quadrant had the least amount (14.8%) of PP and the remaining PPs
(26.1%) were found to in the PI quadrant. The average peak height was the highest in the PS
quadrant and lowest in the AS quadrant. These differences were not found to be statistically

significant (P>0.05).
3.4.4 Contact Radius and Area

The average C: values for the SI and the AP axes calculated for the prosthetic heads modeled
using the peak and the central heights are presented in Table 3.2. The difference in contact
radius was statistically significant (P<0.001) in both the axis. Compared to the AP direction,
the circular area under contact, was observed to be significantly (P<0.001) higher in the SI

direction for both the subsets.
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Figure 3.4 The spread of population-specific peak points. The CH peak average peak point lies in the superior-
posterior quadrant and the SW average peak point lie in the anterior-inferior quadrant. A Significant difference
was observed in the SI axis. (* Statistically significant).
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Figure 3.5 The percentage distribution of the peak points across various quadrants of the humeral head articular
surface for the SA and CH population. (*Statistically significant).
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Bilateral Peak Points
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Figure 3.6 The spread of the bilateral peak points. The average peak points for the left and right peak points were

found to lie almost on top of each other.
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Figure 3.7 The spread of the PPs for the male and the female datasets. The average PPs for both the data set were
observed to lie in two different quadrants but not significantly separated.
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Table 3.2 The measured (average + std. dev.) radius and the circular area under contact for the subsets in the SI
and AP axes.

Average GH Contact Average Contact Area?
Humeral Head Radius (C:) (mm) (n * C) (mm?)
Base Wldth (mm) hpeuk hcntr hpeuk hcntr
SIv =49 4.84 +0.47 498 +0.29 73.56+17.1 77.87+9.4
APw=45 4.01+0.14 4.06+0.1 50.49 £ 3.7 51.76 £2.7

¥ the value of = was approximated as 3.14

3.5 Clinical Significance of the Peak Points

Unconstrained anatomical shoulder prostheses have been extensively used to replace arthritic
GH joints using TSA (Boileau et al., 2006). Its predicted usage is going to rise in the coming
years (Padegimas et al., 2015). Glenoid component loosening has been a widely accepted
reason for post-TSA complications and failures (Bonnevialle et al., 2013; Junaid et al., 2010;
Matsen III et al., 2008). Post-surgical load transfer between the GH bones has been
demonstrated to be non-anatomical (Patel et al., 2014). The spherical shape (DePuy Synthes,
2013) of the prevalent humeral head prosthesis fails to take into account the eccentric nature
of the head (Dey et al.,, 2018; Hertel et al., 2002; Humphrey et al., 2016). The current study

could demonstrate the effect of the asymmetric elliptical shape on the GH forces.

The average offset of the PP from the geometric center of the humeral base was observed
to be <Imm. Even though this difference was small in magnitude it had a significant effect on
the thickness of the humeral head surface. The height (thickness) of the humeral head
prosthesis could be a determining factor for the curvature of the articulating surface.
Morphometric studies have reported a high correlation between the head thickness and RoC
(Dey et al., 2018; Zhang et al., 2016). This study found that a healthy head might not be the
thickest at the center. The average PP, for all the humeral heads under study, was observed to
lie at an average distance of 0.25mm (AP) and 0.12mm (SI) from the center of the head. This
further altered the maximum height (hpea) of the humeral head which had a significant effect

on the GH forces and contact area under compressive loading (Table 3.2).
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A previous morphometric study by Knowles et al., 2016, on healthy and individuals
with shoulder OA, observed the head thickness to be at an offset from the head center for both
the cohorts. In the current study, the average hp was found to be 1.32mm higher than the hcu.
This variation was found to be significant (P<0.05) with an effect size of 0.75 and the
probability of Type II error being less than 1%. A mathematical relationship, with high
coefficient of correlation (R=0.74), was established between the hpe and the SIw (Fig. 3.8) which

was different from the reported (Humphrey et al., 2016) relationship between hentr and Slw.

Humeral head size (Hrd) was found to alter the PP position. For larger heads, i.e.
humeral heads having Hrad >24mm, the PPs were majorly located in the anterior quadrants
of the head and the opposite was observed for smaller (Hra <24mm) heads. Welch'’s t-test
(Kohr & Games, 1974) was performed to compare the differences in hpe between the large and
the small head size groups. The observed mean difference of 2.23mm was found to be
significant (P<0.05). This further corroborates the fact that the humeral head size may

determine the position and value of its maximum thickness.

Increase in the hpx and anterior migration of the PPs, in larger heads, could have a
functional related to it. One of the probable functional advantage of the above observation is
described below. These structural differences between smaller and larger heads might enable
the later to generate sufficient torque during axial rotation. Given the neutral position of GH
articulation, as described by Omori et al., 2014, it could be expected that the anterior aspect of
the head produces most of the torque produced for axial rotation. In the case of a larger head,
the torque required for this rotation increases as it is deep-seated inside a larger glenoid.
Therefore, the observation that the mean position of the PPs being in the anterior aspect of
larger heads might increase the lever arm aiding the heads to produce the torques required
for the rotational motion. The extent to which the PPs affect the torque produced by the

humeral head is an investigation which is out of the current thesis’ scope.

Populations belonging to different geographical regions have been reported to
demonstrate variation in humeral head geometry (Dey et al., 2018; Zhang et al., 2016). This

study demonstrated significant variation (P<0.05) in PPs location, in SI axis, between a
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European population subset and an African population subset. The effect size of this
difference was observed to be medium, with the value of 0.42 (McDonald, 2014), and the
power of statistics was 0.5. Significantly different (P<0.05) distribution of the PPs were also
observed in between the population subsets studied. A majority (41.9%) of the CH heads had
their PPs located in the PS quadrant whereas, a majority (33.3%) of the SA heads had their PPs
located in the AI quadrant of the head. Knowles et al., 2016 observed the humeral head to be
the thickest in the PS quadrant, which matches with the average PP location for the CH cohort.
The current study was not able to establish any significant differences between the gender
and bilateral subsets. Bilateral humeral heads were expected to demonstrate minimum

variation in their morphometric geometry as the bones were sourced from healthy cadavers
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Figure 3.8 Representation of the linear relationship between the SI base width of the humeral head and its peak
helght (hp@ak).

The “rocking” of the glenoid prosthesis due to an imbalance of humeral forces, on the
polyethylene surface, has been observed by various authors. The separation of the glenoid
prosthesis from the reamed glenoid face occur at the bone cement interface (Matsen III et al.,

2008). This separation could be possibly reduced by improving the oseteo-integration of the
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cancellous bone of the scapula and gaps/fins (DePuy Synthes, 2013) present in the
polyethylene glenoid component. The overall change in the thickness of the humeral head
was expected to affect the curvature of the articular surface and hence the GH area under
contact. This study observed that the average GH circular area under contact for prosthetic
heads modelled using hpex was lower than the heads modelled using heur by 5.23mm? and 2.16
mm? in SI and AP axes respectively. The observed average differences, for the complete
dataset comprising of 176 humeral head, was found to be significant (P<0.05) in both the axes.
The mean observed power and effect size, for both the axes combined, was 0.63 and 0.35
respectively. The SIv and APw were assumed to be constant to ensure that the observed

changes were only due to the change in the prosthesis height which further altered the RoC.

Gupta et al., 2004 had observed, under a similar theoretical setting, the glenoid area
under contact to be 17.114mm?. This value was lower than the current observation. One
possible reason for this variance in observation could be the different loading force employed
by the two studies. While the current study applied 750N, standardized by ASTM,, the study
from the literature applied a physiological load of 393N (Gupta et al., 2004). As the current
study used a group of symmetric and asymmetric, elliptically shaped heads with constant
values of mismatching base widths, the increase in area under contact could only be due to
the change in the RoC of the humeral surface. This change in RoC was introduced by changing

the thickest region of the head from the center (he) to the location of the peak point (hpea).

Using a load of 393N, the current study observed a combined (both for henr and hypea)
mean decrease of 34.7% and 34.9% in the SI and AP GH contact areas respectively. Under
physiological loading conditions in a healthy cadaveric shoulder, Warner et al., 1998, reported
a contact area of 58mm? and 83mm?, an increase of 30.1%, when the joint was loaded with
222N and 444N respectively. Although, the current study was not able to match the calculated
values of the GH contact area from the literature,(Gupta et al., 2004) as the contact area could
have varied due to the size of the prosthesis and respective material properties, it was
successful in demonstrating reduction in the contact area with the reduction of the applied

force (Fa). Jobe & Iannotti, 1995, reported that the available arc of articulation on a biological
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glenoid fossa is 14% more in the SI axis. The RoC of the humeral head prostheses modeled in
this study was, on an average, 9.96% greater in the coronal plane. The influence of these two
factors, stated above, might have been the cause behind the 33.5% (for heads modelled with
hentr) and 31.4% (for heads modelled with hyper) increase in the coronal plane contact area
compared to the transverse plane. Therefore, the theoretical two-dimensional GH area under
contact is a blend of the ellipses formed by the combination of the AP and the SI contact areas

in the coronal and the transverse axes (Fig. 3.8).

For the loading condition used in this study, i.e. normal (compressive) loading of the
glenoid using 750N (ASTM International, 2012), the calculated pressure on the glenoid
component, corresponding to the humeral head modelled with hyex, was higher. The mean
pressure applied by a humeral head, modelled with ke, was found to be lower by 5.88% and
2.49% in the SI and AP axes respectively. Average contact pressures observed in this study, in
SI axis 9.6MPa (hentr) and 10.2MPa (hpeak) & in AP axis 14.48MPa (hentr) and 14.85MPa (Fipeak), were
within the range of the von Mises stresses and contact pressures, on the glenoid implant
surface, reported by previous finite element analysis investigations (Terrier et al., 2012, 2006;
Zhang et al., 2013). This indicates that no uncharacteristic or polyethylene damaging pressures

were produced by altering the humeral head design.

Localising the force on the glenoid might reduce eccentric loading and rocking horse
effect. It could be argued that, in the case of an all-polyethylene glenoid component, increasing
surface pressure might increase the stress at the bone cement interface, in-turn, increasing the
strain on the cancellous scapular bone (Pascal Boileau et al., 2015; Papadonikolakis & Matsen,
2014; Terrier et al., 2018). This might be beneficial for stronger post-surgical bone growth
under higher mechanical load (Tanck et al., 2006), according to Wolff’s Law (Frost, 1994).
Incorporating PPs in the current designs of the humeral head prosthesis might also result in
increase in pressure on the glenoid, within the limits of UHMWPE material properties. There
are several factors which affect the contact GH area and the implant-to-bone pressure transfer.

It is important to keep in mind that the observations reported in this study were only due to
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changing the shape of the humeral head. Future computation analysis on the loading

characteristics of an asymmetric elliptical heads would be beneficial.

3.6 Conclusion

This study showed that the center of the humeral articular surface base does not coincide with
the highest point on its articulating surface, the “peak point” (PP). The position of the PP was
observed to lie at an offset from the centre with the highest observed occurrence in the
posterior region of the head. The distribution of the PP concentration was also observed to be

population specific.

The distance between the humeral head base and the PP, i.e. peak height, was
significantly higher than the central thickness of the humeral head. Incorporating the elliptical
nature of the humeral head into creating theoretical models, this chapter presented a study
comparing the GH forces generated by symmetric (her) and asymmetric (hpe) prostheses.
From this study, it could be concluded that heads modelled with PP transferred higher
concentric pressures into the glenoid cup and these pressure values were found to be within
the stress limits of UHMWPE. This might result in reduced edge loading of the glenoid cup

and higher load transfer towards the glenoid vault.

Although, symmetrically shaped spherical prosthetic humeral heads could be aesthetic
in perception and easier to manufacture, asymmetric elliptical prostheses could be
functionally beneficial. Limited studies exist on the investigation of usefulness of a non-
spherical and an elliptical humeral head (Humphrey & Gale, 2018; Jun et al., 2013). Hence,
further investigations are recommended to research the effect of shape and PP on post-TSA

GH kinematics and kinetics.

In Chapter 2 and in the current chapter few morphometric features were identified
which are not incorporated in the currently available prostheses design. Among the features,
the average population-specific humeral head size variance and its PP will be taken forward
into the next chapter to design novel humeral heads. The reason for not incorporating the

elliptical shape as one of the prosthetic head design features, was the difficulty related to
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suitable validation of the observed results. The next chapter will also detail novel glenoid cup

design concepts which would aim at reducing the eccentric loading of the polyethylene cup.
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Chapter 4 — Prosthesis Design

Morphometry Informed Design of
Total Shoulder Prosthesis

4.1 Introduction

Unconstrained design of ATSP, e.g. Neer Mark II became the gold standard since its inception
by Charles Neer II in the early 1970s (Wirth & Rockwood, 1996). Even though short-term
follow up studies have reported improved post-operative GH functionality (Brand & Bigliani,
2011; Frich et al., 1988), multiple variations in the design of the humeral and the glenoid
components have been made since. A brief timeline of important modifications of ATSP is
provided in Chapter 1.3 along with the description of changes. These design changes could
be broadly classified into two categories. Functional design changes improved post-surgical
range of motion and reduced instability while structural design changes improved implant-

to-bone load transfer and reduced glenoid deformation due to wear (Matsen IlII et al., 2008).

Moving away from a fully conformed GH prosthesis towards non-conformed prosthesis
required the humeral head RoC to be smaller than the glenoid. This gave rise to the GH
implant mismatching system which provided more mobility room for the head and an overall
increase in post-surgical RoM (Karduna et al., 1997). A further functional advantage was
introduced by increasing the surface area of the glenoid implant by making it oval in shape
(Williams & Abboud, 2005). Though this feature was not perfectly anatomical, it resembled
the shape of the glenoid fossa affected with OA and had the same effect on the GH RoM as
increasing the component mismatch. An oval shaped glenoid cup is designed with the
assumption that all the OA glenoids have the same amount of deformation, which might not

be the case.

Several morphometric studies, including the study described in Chapter 2, have
observed that humeral head is elliptically shaped (Boileau & Walch, 1997; Dey et al., 2018;

Hertel et al., 2002; Humphrey et al., 2016; Ilannotti et al., 1992). The recent drive in shoulder
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implant design is to shape the humeral head prosthesis as an ellipsoid. Modeling the humeral
head implant non-spherically increases post-surgical RoM in axial rotation and reduces
implant overhang along with localising the load on a smaller area on the glenoid surface

(Chapter 3.5, Humphrey & Gale, 2018; Jun et al., 2013, 2016).

Few of the implant design features, inducing favorable post-surgical functionality, as
mentioned above, affect the kinetic interactions of the implant components. Increasing the
component mismatch by 15mm increased the GH contact pressure and the bone-cement
stresses by 300% and 200% respectively (Terrier et al.,, 2006). These increases could be
considered large enough to damage the polyethylene surface of the glenoid component.
Terrier et al., 2006, also reported that a GH mismatch of less than 10mm increased the contact
pressure within the limits polyethylene yield strength but the risk of component wear
remained. Post-operative radiolucent lines behind the glenoid component are a common
indicator of implant loosening. Increasing the mismatch between 5.5mm and 10mm was
found to reduce the radiolucent lines significantly (Walch et al., 2002). Although there exists
no constant value of prosthesis mismatch, this factor is generally dependent on the size of the
implant. The current process of fixing the CI for the ATSP designs by the manufactures is

unknown and the value of the commercial prosthetic mismatch are not available.

Metal-backed glenoid components were introduced with the advantage of being
implanted as a press-fit without bone cement (Cofield, 1994). Although initial tissue in-growth
was observed, these implants were not immune to post-operative complications. The
polyethylene articulating surface wear and tear was reported to be higher with metal-backed
prostheses compared to all-polyethylene glenoids (Boileau et al., 2002, 2015, 2006; Wallace et
al., 1999). Stress shielding caused by the metallic component of the implant was one of the
major reasons for the high polyethylene wear rate. The higher load bearing metal back
component concentrated a large amount of force on the implant, while transferring only a
smaller portion of the humeral load into the glenoid. This eventually caused delamination of
the polyethylene surface press-fit onto the metal back. The all-polyethylene glenoid implants

used for TSA currently are designed with sufficient thickness making it structurally stable.
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Initially, Vitallium was used to manufacture the humeral head prosthesis (C. S. Neer II,
1955). Co-Cr alloys became the material of choice for manufacturing the loading surface of the
shoulder implant because it was highly corrosion resistant and ductile (Saini et al., 2015).
UHMWPE became the gold standard for manufacturing the load bearing surfaces of the
shoulder implant since the late 1960s. UHMWPE was found to be more biocompatible than
its predecessors and improved wear properties due to crosslinking (Kurtz et al., 1999; Musib,
2012; Wirth et al,, 2009). A recent study on ceramic humeral head indicated that the
polyethylene wear was significantly reduced. Long-term implications of ceramic implant

might be crucial before adapting the material for TSA (Mueller et al., 2017).

The third-generation shoulder prostheses have included many anatomical design
features in the humeral and glenoid components. Options of positioning the humeral
component at different inclination and retroversion angles were introduced along with
multiple peg design at the back of the glenoid (Pearl & Kurutz, 1999; Razmjou et al., 2013).
Recent studies have reported the development and testing of a hybrid glenoid prosthesis
(Wang, et al., 2005; Zhang et al., 2013) and an inset glenoid implant (Gunther & Lynch, 2012;
Gunther et al., 2012). The hybrid glenoid cup was designed with a conforming central region
and a non-conforming periphery. It was reported to have no significant effect on the post-
surgical kinematics and kinetics when compared to a single radius glenoid implant. It could
be expected that the hybrid glenoid would provide resistance to humeral translation at the
edge of the conforming region. The uncharacteristic forces generated due to this resistance

could potentially harm the polyethylene surface, due to wear and tear, in the long run.

An inset glenoid design partially replaces the damaged glenoid surface. As the inset
glenoid is implanted to cover majority of the central glenoid surface, there is a lower risk of
eccentric loading on the prosthesis. A mid-term follow-up of the inset glenoid indicated
improved RoM and reduced occurrence of radiolucent lines. Although the preliminary results
of using this patient-specific glenoid implant are encouraging, the surgical procedure
implemented might result in a higher bone loss. While the fixation of a commercially available

pegged glenoid implant requires, on an average, 4 holes on the glenoid surface, the inset
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glenoid fixation requires multiple (>4 as observed) holes to be drilled on the surface. Apart
from this, there is no matching humeral head available for this smaller implant. If the inset
glenoid prostheses are used without making necessary design changes to the pairing humeral
heads, the later might lead translate towards the exposed bone giving rise to metal-bone
contact leading to pain and possible dislocation. Anchoring the inset prosthesis to the bone
with a central keel-styled fixation, instead of multiple pegs, might result in aseptic loosening

as reported in the literature (Junaid et al., 2010; Strauss et al., 2009; Williams & Abboud, 2005).

Most of the third generation TSA implants lack long-term follow-up studies and hence
their role in reducing post-surgical complications. Persistence of aseptic loosening of the
glenoid due to “rocking horse” effect is the underlying complication reducing the longevity of
the TSA prosthesis. This chapter introduces new designs of humeral and glenoid prosthetic
components. The humeral components were designed using population-specific morphology

and the glenoid components were designed with the aim to reduce eccentric loading.

4.2 Governing Design Parameters

The existing TSA prosthesis, available commercially, provide a varying range of humeral and
glenoid components which could be principally differentiated based on RoC and height. For
the glenoid prosthesis, the height and the width are also varied to fit the glenoid vault, created
while reaming the surface. Hence it was decided to investigate the effect of these parameters
on the performances of the muscles around the GH joint and the contact forces of the joint. All
the prosthesis designs were done in Dassault Systems SolidWorks® and these designs were
exported in stereolithographic (.stl) format, which made them compatible with Materialise

Mimics® and OpenSim.
4.2.1 Humeral head component

The major geometric parameters governing the thickness of the humeral head component
were the humeral head thickness and the size of the head, determined by the RoC. The skeletal
design of the humeral head (Fig. 4.1 a) was based on two geometric foundations, the

articulating sphere, and the base circle. The height of the part was defined by the distance
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between the center of the base circle and the articulating sphere forming the hewr. This
provided a platform where the RoC of the sphere and the height of the articulating surface
could be customized according to the need to create a set of the humeral head prostheses. An

example of which is presented in (Fig 4.1 b).

Humeral
Head RoC

Central Humeral
Head Height

Base
Diameter

(@)

(b)

Figure 4.1 (a) The skeleton design of the humeral head that was used to design most of the (b) final prostheses
shaped as a symmetric spherical section.
4.2.2 Glenoid component

The glenoid cup design was governed by a concentric spherical section joined by a spline
enabling customization of the cavity RoC. The skeleton of the design (Fig 4.2 a-b) was made

such that the thickness between the concentric spheres was kept constant at 3mm. A thickness
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of 3mm was closer to the ideal thickness, recommended by (Terrier et al., 2012), of 4mm and

it can be argued that reducing or increasing the thickness might have induced high

concentrated stresses on the polyethylene surface. The height and the width of the prosthesis

(Fig. 4.2 c) were modeled according to the design parameters of the Global AP for a specific

RoC represented by the spherical edge dimensions.
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©

Figure 4.2 (a) The skeletal design of the glenoid prosthesis, moulded into the cup shape using the (b) ellipsoid

shaped cut to accommodate for the prosthesis height and width to extrude the (c) final design.
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4.3 The Design Process and Outcomes

The prosthesis designs could be divided into control models, populations specific humeral

head prostheses and novel glenoid designs. All the prostheses groups are described below;
4.3.1 Control models

The designed prosthesis will be tested for post-surgical kinematic and kinetic performances.
The need for this testing is two folded. Firstly, to investigate if there was any variation in the
GH musculoskeletal performance after introducing a population-specific implant and
secondly to test the effect of the prostheses design changes on reducing eccentric loading. The
musculoskeletal and finite element observations using the control models serve as a
benchmark, to which the performance of the novel prostheses will be compared to. This will
aid in identifying the effect of introducing the design parameters, that were used to generate

the novel ATSP designs.
4.3.1.1 Humeral head control models

The humeral control models were sized according to the available prosthetic dimensions. The
RoC ranged from 20mm to 28mm, with an increment of 2mm, and the height was ranged for
each of the humeral heads were selected as 15mm, 18mm, and 21mm. This combination was
followed for all the head sizes except for smallest and the largest heads with RoC 20mm and

28mm. The complete list of the sizes created as, a possible, control model is given in Table 4.1.

Table 4.1 The parameters used to create the humeral control models

Model Name Head Size (mm) Head Height (mm)
15 18 21

Head Control Size 1 20 v v

Head Control Size 2 22 4 4 4

Head Control Size 3 24 4 4 4

Head Control Size 5 26 4 4 4

Head Control Size 6 28 4 4
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4.3.1.2 Glenoid cup control models

The glenoid prosthesis was reverse engineered from the Global AP (De Puy, 2013). Even
though, commercially, the glenoids only vary in their RoC to create an accurate model of the
available glenoids the measure of their height and width were essential. The complete list of

glenoid models with their dimensions is listed in Table 4.2.

Table 4.2 The design parameters used to create the glenoid control models.

Model Name Glenoid Size (mm) Cup Height (mm)  Cup Width (mm)
Cup Control Size 1 22.75 31 23
Cup Control Size 2 24.75 33 25
Cup Control Size 3 26.75 35 26
Cup Control Size 5 28.75 38 29
Cup Control Size 6 30.75 41 31

4.3.2 Population specific humeral head components

From the morphometric study, detailed in Chapter 2, it was found that the South African and
the Swiss population had differently sized heads. In the same chapter it was also concluded
that the currently available prostheses will be able to cater for the average size of both the
populations. However, other studies performed on Asian populations have reported humeral
head sizes for which finding adequate prosthesis still remains a challenge (Zhang et al., 2016).
No study has investigated the post-TSA effects of this variation in humeral head size across

different populations.

To investigate the effect of this population-specific difference on the GH kinematics
average humeral heads were designed for each of the populations. Apart from these two
populations, the Chinese average humeral head size ( Zhang et al., 2016) was modeled and

also its kinematic performance was compared with the previous populations. For the SA and
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CH populations there were no observed significant differences in the glenoid morphometric

parameters. Therefore, its effect on the GH kinematics and forces were not studied.
4.3.2.1 Humeral components with average dimensions

The design of the population-specific humeral head used the same skeletal frame as
previously shown in (Fig. 4.1). The base diameter of all the prostheses was fixed at 50mm. The

dimensions for the humeral heads are provided in Table 4.3.

Table 4.3 Dimensions of the population-specific humeral head prosthesis designs.

Prosthesis Head Size (mm) Head Height (mm)
South African Average Head 23.2 18.9
Swiss Average Head 24.4 19.5
Chinese Average Head 22 16.9

4.3.2.2 Humeral components with varying peak points

Peak Point Geometrical
Center

(a) (b)

()

Figure 4.3 The (a & b) skeleton of the humeral head designed with an off-center peak point creating (c) the final
humeral head prosthesis incorporating the PP and the asymmetric nature of the biological humeral head.
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To design the humeral heads with off-centered peak points a new design skeleton was created
(Fig. 4.3 a-b). The offset and the hpr selected for the humeral head were based on the
observations from the SA and CH inter-population study. The RoC and the base diameter
were kept constant at 56mm and 50mm respectively. The spherical head (Fig. 4.3 c) was
created using radially segmented quadrants joined together using the base circular profile. As
the PP information of an average Chinese humeral head was not available, no specific

prosthesis was designed representing this population.

4.3.3 Nowvel glenoid component designs

The purpose to develop the new glenoid cup designs was to increase concentric loading of the
prosthesis within the stress limits, in order to reduce chances of “rocking” of the implant (Farng
etal., 2011; Gregory et al., 2009; Raphael et al., 2010). These designs were aimed at transferring
majority of the GH joint reaction force into the scapula. Proper loading of the scapula could

be expected to promote better bone growth and osteointegration of the prosthesis.

The glenoid cup designs described below were based on the control models of the
glenoid, designed earlier. The modifications were only made to the articular surfaces and care
was taken not to alter the design features of the prosthesis essential for surgical implantation.
The designs described below were their initial iterations and recommendations will be made

on the designs based on their performances in tests performed in Chapter 5 and 6.
4.3.3.1 The Bi-radial design

The structural properties of glenoid cavity bone vary across its surface area. The depth of the
bone is the highest in the center and shallowest along the anterior and posterior aspects. The
strength and Young’s modulus of the posterior region of the cavity are higher than the anterior
aspect, especially the posterior-superior quadrant (Anglin et al., 1999; Matsuki et al., 2018).
Moreover, the strength of the glenoid cancellous bone decreases significantly with the depth
(Anglin et al., 1999). During the glenoid component implantation, the cavity is reamed and

this could result in loss of bone strength (De Puy, 2013).
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To provide a better anatomical GH articular surface to the prosthesis, the posterior-
superior quadrant of the implant was thickened (Fig. 4.4). The implant thickening was done
by increasing the RoC of the region by 3mm. This increase was in the same order as the
thickness of the prosthesis (3 mm), which is a constant for all the sizes, and hence the possible
bone loss. The bone loss takes place during the reaming process, though the extent of glenoid
reaming is surgeon specific, the reaming depth considered here was within the accepted limits

(Yongpravat et al., 2013a).

Increased
Radius
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Figure 4.4 The bi-radial glenoid. (a) The skeleton of the design showing the guide curves to control the curvature.
(b) The final model.

4.3.3.2 The Pear-shaped design

The conformity index of the GH articulation ranges between 0.63 and 0.78 (Dey et al., 2018;
McPherson et al., 1997). The margins posterior pegs on the glenoid prosthesis (control models)
were found to be 23.5 mm apart. The average ratio between the overall height of the glenoid
prosthesis and the peg margins were found to be 0.67. Hence, from the above observations, it
could be inferred from this that to achieve concentric loading the contact centroid of the GH
articulation should lie within the 70% area of the glenoid prosthesis surface, to maintain

stability and transfer a majority of the load into the bone through the pegs.
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To investigate the point of contact on the glenoid prosthesis during different RoM, the
surface of the glenoid control prostheses was divided into a concentric and an eccentric region
of contact as shown in (Fig. 4.5). The contact centroids for the motions studied in Massimini
et al., 2010 were plotted on the surface of the prostheses. Massimini et al., 2010, used the
Anatomical Shoulder System (Zimmer, Warsaw, Poland) which closely resembles the

geometry of the Global AP prosthesis (Zimmer, 2009).

60% of the plotted GH contact points were found to lie within the limits of the concentric
area and the remaining 40% of the contact centroids were found to be lying in the eccentric
loading region (Fig. 4.6 a). This distribution of contact centroids changes when the force shift,
due to friction, is considered. The GH articulation is achieved by a combination of rolling and
translative motion creating moment and friction respectively. The point of force transfer
between the GH surfaces was shifted from the contact centroid by a distance equal to the ratio

of the moment and the frictional force (Bergmann et al., 2007).

Figure 4.5 Schematic representation of the concentric (green) and the eccentric (red) regions of a glenoid prosthesis.
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On an average, this shifting occurred by 3mm. To plot the point of force transfer between
the surfaces, the contact centroids were shifted by the average value and it was found that
74% of the RoM produced eccentric loading while the rest were still within the concentric
loading region (Fig. 4.6 b). Hence a need was realized to develop a prosthesis with the
potential to reduce the eccentric loading, especially in the superior region. The most probable
anatomical glenoid prosthetic design that could achieve this functionality could be pear-
shaped. This kind of designs has been previously reported in the literature (Hopkins, 2004;
Schrumpf et al.,, 2011) and hence could not be considered an original design concept.
Modifications to this design would be made, on the AP axis, and testing this glenoid design

would also aid in validating the study explained in Chapter 6.

Distribution of the contact centroids Distribution of the point of GH force
according to Massimini et al. transfer according to Bergmann et al.
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Figure 4.6 (a) The position of the contact centroid on the glenoid cup during RoM (b) The positions of the contact
centroid when the force was taken into account, for every RoM.

In order to reduce the surface area through which the eccentric load may get transferred
and to reduce the overhang of the prosthesis around the glenoid it was essential to truncate
the edges of the glenoid component. Truncation of the prosthesis created a pear-shaped
structure which resembled the anatomical shape better than the existing prostheses (Fig. 4.7
a-b). The average anatomical difference between the superior and inferior AP margins was

found to be 7.1lmm and the ratio between the same was observed to be 1.44 (Mamatha et al.,
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2011). To provide higher AP stability, the difference between the AP margins was increased
to 11mm and the ratio was increased to 1.55. These dimensions are subject to vary in the future

according to the observations made during the future tests.

Reduction in the available translation region on the superior aspect glenoid might be a
concern for this implant. This feature has been linked with reduction of GH RoM (Williams &
Abboud, 2005). The aim of this implant was to reduce eccentric loading. By providing
adequate thickness to the implant this aim could be achieved. It would be interesting to
observe any signs of reduction in RoM during the musculoskeletal study. If any reduction was
observed necessary design changes would be made both to the GH mismatch in order to

provide more room for the humeral head prosthesis to translate on the glenoid.

Pear Profiled
Cut

(a) (b)

Figure 4.7 The cutting profile used to convert the spherical shape of the glenoid was modified into the (a) pear
shape to create the (b) final model.
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4.3.3.3 The Compartmental design

The GH forces transverse radially outwards, from the point of contact, on the surface of the
glenoid component (Buchler et al., 2002; Wang et al., 2005; Zhang et al., 2013). Hence, the
prosthesis periphery is subjected to eccentric loading caused by a component of the GH joint
force. To reduce this eccentric load transfer sections of the glenoid cup were removed to create
a glenoid component best representing both the healthy (pear shaped) and the OA glenoid

fossa (oval shaped)

Compartmentalising the prosthesis separated the surface into pear-shaped concentric
and oval-shaped eccentric articular regions. The designed gap between these two regions was
kept at Imm, subjected to change based on further tests. The device was continuous in the
anterior, posterior and the inferior aspect, while the eccentric transfer was restricted in the

superior and the PI and the Al regions (Fig. 4.8 a-b).

Compartmental

Gap

(a) (b)

Figure 4.8 The original design of the oval glenoid was modified using (a) a pear-shaped cut around the superior
and inferior pegs to create (b) the compartmental glenoid design.
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4.4 An Overview of the Planned Testing Process

A schematic representation of the testing process is described in Chapter 1.5. All the designed
prostheses, described in the current chapter, would be subjected to in-silico kinematic testing
described in the following chapter. The observations made with the novel prosthesis designs
would be compared to the control models of similar size. If the novel prostheses were found
to significantly alter the GH kinematics, they would be redesigned. On the other hand, if no
kinematic variations were observed after the introduction of the novel glenoid designs, these
prosthetic cups would be subjected to a Finite Element (FE) analysis in Chapter 6. The glenoid
cups are more susceptible to failure, in comparison to the humeral component, due to edge
loading and hence the performance of the designed cups would only be investigated. It would
have been interesting to study the effect of the force characteristics of the humeral head
prosthesis with PP, but it is out of the scope of this thesis. It should also be kept in mind that
the designs presented here are the first versions of the novel design concepts and appropriate

recommendations would be provided after the FE analyses.
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Chapter 5 — Musculoskeletal performance post TSA

In-Silico Kinematic Testing of the
Designed Prostheses

5.1 Introduction

Application of mechanical principles to the human body has been proven essential in
understanding its functionality. Computerised musculoskeletal models enable the
implementation of mechanically driven algorithms to study specific characteristics of
biological joints. Muscle moment arm, joint forces, muscle moments etc. during a motion, are
few of these characteristics that could be studied using in-silico biomechanical models

(Holzbaur et al., 2005; Kontaxis, 2010).

Post-surgical kinematic changes are common. Investigating the extent to which these
changes alter the joint biomechanics might be essential in limiting the risks of revision
surgeries. Biomechanical models aid surgeons to make informed, engineering driven, changes
to surgical practices and prosthetic designs. These changes are often intended to increase the
mechanical advantage of the joint. There exists several shoulder and elbow musculoskeletal
models, such as the Stanford VA Upper Limb Model (Holzbaur et al., 2005), the Delft Model

(Nikooyan et al., 2010) etc., which allow an in-silico study of shoulder kinematics.

This chapter initially focuses on the development of a biomechanical model for a healthy
shoulder. A previously validated upper arm model — Newcastle Shoulder Model (NSM)
(Charlton & Johnson, 2006) was modified to create the patient-specific model. This chapter
further describes the method to transform the healthy shoulder model into a post-TSA
shoulder model. Basic overview of the normal functionality of GH joint and the roles played
by various muscles is also described. This would be necessary to comprehend the pre — and
post — surgical kinematics reported by this study. The current chapter reports on the muscle

moment arms observed for the healthy and all the post — TSA models developed.
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5.2 Movements of GH Joint

The Sagittal, Coronal, and Horizontal/Transverse planes equally divide a human body (Fig.
5.1). These static planes could also be used to describe the movements of the upper limb,

originating from the GH joint.

Sagittal plane

Coronal plane

Figure 5.1 Cardinal planes of the human body. sourced from (Marras et al., 2010).

The GH joint, by the virtue of its osseous geometry, is the most mobile articulation in a
human body. The humeral head translates and rolls on the glenoid cavity surface. The
articulating surfaces are held in position by the soft tissues surrounding the bones. Apart from
this, it has been observed that the negative intra-articular pressure inside the GH joint, under

loading, also contribute towards the stability of the joint (Halder et al., 2000; Kent, 1971).

In the Coronal plane, the abduction and the adduction of the arm could be observed.
During this motion, the scapula moves upward and outward and the humerus elevates by an

arc of 120° - 164° (Culham & Peat, 1993; Gill et al., 2006; Kent, 1971). Adduction could be
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defined as the motion that is opposite to that of abduction and hence, its range depends on

the arc made by the humerus during depression from the highest point of abduction to the

anatomical position (Fig. 5.2).

Forward flexion and extension of the upper arm occur in the Sagittal plane. During
flexion, the scapula slides anteriorly outwards and the humerus elevates within the range of
120° - 159° (Gill et al., 2006; Kent, 1971). The maximum range of extension movement
(hyperextension) has been reported to be 55°. A combination of the abduction, adduction,
flexion, and extension is called circumduction (Fig. 5.2). The internal and external rotation of
the humerus also known as medial and lateral rotation takes place on the Transverse plane.
The maximum observed range for medial rotation lies between 65° and 90° and the maximum

range for lateral rotation lie within 85° and 90°.
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Figure 5.2 The movements allowed by the GH joint. sourced from (Drake et al., 2015)

5.3 Muscles of the GH joint

5.3.1 The Rotator Cuff Muscles

The rotator cuff muscles (Fig. 5.3) play a major role in the dynamic stabilization of the GH

joints and appropriate loading of the humeral head, aiding it to rotate or translate on the
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glenoid fossa. The rotator cuff group constitutes of the supraspinatus, the infraspinatus, the
teres minor and the subscapularis (Halder et al. 2000). Among the four rotator cuff muscles,
the subscapularis lies anteriorly with respect to the scapula and attach to the lesser tuberosity
of the humerus while the other three muscles lie posterior to the scapula and attaches to the
greater humeral tuberosity. The supraspinatus muscle runs superior to the scapular spine
while the infraspinatus and the teres minor muscles run inferior to the scapular spine (Drake

et al., 2015; Halder et al., 2000).

. Acromion
Supraspinatus ,
Coracoid process

Spine of scapula

Infraspinatus

Teres minor

Subscapularis

Figure 5.3 Rotator Cuff group of muscles. sourced from (Drake et al., 2015)

This group of muscle enables forward flexion and abduction. The activity of the
infraspinatus and the teres minor were observed to peak during the end of abduction and the
early and last phases of flexion. They also prevent posterior dislocation of the humeral head.
The force required to produce external rotation was found to be shared by the infraspinatus
and teres minor in a ratio of 3:2. The supraspinatus works as force couple with the deltoid. It
assists in initiating the forward flexion and also facilitates abduction after it has been initiated

by the deltoid. It further reduces the superior translation of the humeral head. The
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subscapularis muscle was found to be most active during the middle phases of forward
flexion and abduction. Being anterior to the scapula, this muscle was found to produce high
internal rotation forces and also played an important role in preventing inferior and anterior

dislocation of the humeral head (Halder et al., 2000; Kent, 1971).
5.3.2 The Deltoid

The deltoid muscles (Fig. 5.4) could be divided into three parts; the anterior deltoid, the
middle deltoid and the posterior deltoid. The middle and the posterior deltoid originate from
the scapula and the anterior deltoid originate from the clavicle. All the parts converge and

insert into the lateral aspect of the humeral shaft (Drake et al., 2015).

Spine of the
scapula
Clavicle

Deltoid

Deltoid tuberosity of humerus

Figure 5.4 Deltoid group of muscles. sourced from (Drake et al., 2015).

The line of action of the deltoid muscles is similar to that of the supraspinatus muscle.
The deltoid contraction results in superior humeral head translation. To prevent the humeral
head from superior impingement and to provide continuous articulation of the glenoid and

the humerus, the teres minor, the subscapularis and the infraspinatus balance vertical pull of
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the deltoid. The deltoid is the primary abductor of the GH joint. The middle deltoid initiates
the abduction motion which is then taken over by the anterior and the posterior deltoid. The
anterior and the middle deltoid also perform a majority of the adduction. The anterior deltoid

and the posterior deltoid contribute to the motion of flexion and extension respectively

(Culham & Peat, 1993; Halder et al., 2000).
5.3.3 Other Muscles

A synergy of muscle movements enables the GH joint to achieve its complete RoM. The
scapulohumeral rhythm (SHR) is one of the examples of this synergy. The SHR could be best
observed during the flexion and abduction. In these two motions, the ST joint was always
observed to begin the motion and, in adults, it shared the motion with the GH joint in a ratio
of 1:2 (Halder et al., 2000; Kent, 1971). Alongside the rotator cuff and the deltoid muscle
groups, which are responsible for most of the GH movements, there are other muscles which

are essential for GH motion and stability.

The pectoralis major and the latissimus dorsi connect the thoracic cavity to the humerus.
These two muscles anchor the bone on the thoracic cavity and take part in extension, internal

rotation and the adduction of the GH joint (Jeno & Bhimji, 2018; Kent, 1971).

The levator scapulae, rhomboids, serratus anterior, and trapezius join the thoracic cavity
and the scapula. The serratus anterior attaches to the inferior aspect of the anterior scapula
providing horizontal stability and the trapezius, rhomboids, and levator scapulae attaches to
the superior and medial aspect of the medial scapular margin providing vertical stability.
Collectively, these muscles prevent the winging of the scapula. The serratus anterior muscle
draws the scapula anteriorly while the superficial trapezius and the deep-seated rhomboids

& levator scapulae elevate the scapula (Gilroy et al., 2008; Kent, 1971).

The teres major, coracobrachialis, biceps, and triceps join the scapula and the humerus.
The teres major originates from the posterior scapula and inserts near the intertubercular
groove of the humerus. It facilitates adduction, internal rotation, and extension of the GH joint

(Halder et al., 2000). The long head of the biceps superiorly stabilizes the GH joint as it passes
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through the humeral intertubercular groove inserting into the supraglenoid tubercle (Culham
& Peat, 1993; Halder et al., 2000). The coracobrachialis originates from the coracoid process
while the triceps long head originates from the infraglenoid tubercle. Though both of these
muscles take part in the adduction of the joint, the triceps also allows extension while the

coracobrachialis muscle allows flexion of the GH joint (Halder et al., 2000).
5.3.4 Muscle Moment Arm

During any movement of the GH joint, muscles change in length by extending or shortening.
This depends on the effect the muscle has on that movement. Clinically, muscle moment arm
could be defined as the factor with which the efficacy of a muscle’s potential to generate
movement in a joint could be measured (Ingram et al., 2015; Sherman et al., 2013). The muscle
moment arm is a scalar ratio measure using the tendon excursion method (An et al., 1983).
This method, as implemented in OpenSim, calculates the displacement of the muscle tendon,
at the point of attachment, for every degree of movement produced (Ackland et al., 2008;

Sherman et al., 2013).

5.4 The Motion Testing Pipeline (MTP)

To investigate the effect of the designed implants on GH kinematics, an in-silico
musculoskeletal study was designed. This involved developing an OpenSim shoulder model
using 3D reconstructed bone models. This model was further used to implant the control TSP
and the designed prostheses. To these models, a set of pre-defined RoM was applied and
muscle moment arms were measured. The overall set-up was based on the original Newcastle
Shoulder Model (NSM) (Charlton & Johnson, 2006), the access to which was facilitated by the

collaboration with the Hospital for Special Surgery (HSS), New York City, New York, USA.

5.4.1 Developing the Control Musculoskeletal Model

A CT scan belonging to a healthy subject was selected to create the solid model of the upper
thorax. The model consisted of 6 bone segments, i.e., the thorax, the scapula, the humerus, the

radius and the ulna. The reconstruction of the bones was performed in Materialize Mimics®.

83



Chapter 5 — Musculoskeletal performance post TSA

Since there are no OpenSim model that accurately represents a post-TSA GH joint, it was
necessary to build a musculoskeletal model from scratch which can be later modified into a

post-TSA articulation by introducing the prosthesis designs.

These bones were assigned independent coordinate systems. To assign these coordinate
systems a combination of recommendations provided by the International Shoulder Group
(ISG) and the ISB were used (Charlton & Johnson, 2006; Kontaxis, 2010; van der Helm, 1996;
Wu et al., 2005). SolidWorks® was used to generate the coordinate systems for each section of
the model. The thoracic cavity (Fig. 5.5) origin was placed on the center of the superior most
arc of the manubrium, the Incisura Jugularis (I]). The Y-axis was defined as the perpendicular
line joining the centers of the lines connecting the Processus Xiphoideus (PX) to the spinal
process of T8 and IJ to the spinal process of C7. The X-axis was defined as the line drawn
parallel to the plane perpendicular to the plane formed by the C7, I] and the center of T8 &

PX. The common perpendicular line to the X and the Y-axis was defined as the Z-axis.

Y-axis

Z-axis

N D
Figure 5.5 The thoracic co-ordinate system.

The origin for the clavicle was selected as the SC joint (Fig 5.6). The line connecting the
SC and the AC joints was defined as the X-axis. The common perpendicular line to the
clavicular X-axis and the thoracic Y-axis was defined as the clavicular Z-axis. Finally, the line

perpendicular to both the Z and the X-axes was defined as the Y-axis.
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Y-axis

Z-axis

Figure 5.6 The clavicular co-ordinate system.

The origin of the scapula (Fig. 5.7) was defined as the Angulus Acromialis (AA), the
most latero-posterior point of the bone. The extension of the line joining the medial point of
origin of the scapular spine, Trigonum Spinae Scapulae (TSS), was defined as the X-axis. The
posteriorly directed perpendicular line to the plane containing the AA, TSS, and scapular
Angulus Inferior (AI) was defined as the Z-axis. The common perpendicular line to the Z and

the X-axes was defined as the Y-axis.

Z-axis

X-axis

Figure 5.7 The scapular co-ordinate system.
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The center of rotation (CoR) of the humeral head articular surface sphere was selected
as the origin for the humerus (Fig. 5.8). The perpendicular line joining the CoR with the center
of the line connecting the lateral edge (EL) and the medial edge (EM) of the humeral
epicondyle was defined as the Y-axis. The perpendicular line to the plane consisting the CoR,
EL, and EM was defined as the X-axis. Finally, the Z-axis was defined as the common

perpendicular line to the X and Y-axes.

The center of the ulnar joint with humerus was defined as the origin for the bone (Fig.
5.9). The line joining the most medial point on the distal ulna, the Ulnar Styloid (US), to the
center of the line joining the EL and EM was defined as the Y-axis. The perpendicular line to
the plane consisting of US, EL, and EM was defined as Z-axis and the common perpendicular

line to the Y and the Z-axes was defined as the X-axis.

Y-axis

Figure 5.8 The humeral co-ordinate system.

The center of the radial head was defined as the center of the radius (Fig. 5.10). The line
joining the most latero-distal point on the radial styloid (RS) to the EL was defined as the Y-
axis. The X-axis was defined as the line perpendicular to the plane consisting of RS, US, and

EL. Finally, the Z-axis was the common perpendicular line to the X and Y-axes.
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Y-axis

X-axis

Z-axis

Figure 5.9 The ulnar coordinate system.

X-axis

Figure 5.10 The radial coordinate system.

To create the final shoulder model (Fig. 5.11) a background OpenSim script (Appendix
C) was generated. Biological joints were created using this API. A parent-child arrangement
was designed, in between bones, to obtain an anatomically acceptable movement pattern. The
topological view of the bone-to-bone interaction is displayed in (Fig. 5.12). The thoracic cavity
was fixed to the default “ground” object of OpenSim platform. Further rotation and translation
of the remaining bones were performed in accordance with Gilroy et al., 2008, to obtain

acceptable upper body joints.
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Figure 5.11 The complete healthy shoulder OpenSim model

Ground
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Thorax
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Figure 5.12 Topology of the OpenSim Shoulder model.

5.4.2 The Muscles Studied

The shoulder model (Fig. 5.11) consisted of all the muscles of the shoulder. For kinematic
evaluation, the deltoid and the rotator cuff muscle groups were considered, in this study, as
they are the principal contributors to the GH RoM. Although the other muscles were not
deactivated, they were not considered for the study. To obtain anatomically coherent

positions of the above muscles and to cover an acceptable area that the whole volume of
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muscle would have otherwise covered, these elastically modeled structures were subdivided
into fascicles. The division of each muscle into its fascicles was done according to Johnson et
al., 1996. The anterior & posterior deltoid were divided into 2 fascicles and the middle Deltoid
had a single fascicle. Among the rotator cuffs, the supraspinatus & teres minor had one fascicle

each and the subscapularis & infraspinatus were divided into 3 fascicles each.

In a human body, every musculotendinous follows a certain path around bones etc.,
which affects its shape and functionality. To mimic this, wrapping objects (Marsden et al.,
2008; Zarifi & Stavness, 2016) were introduced in the OpenSim model. Different geometrical
shapes, such as cylinders, spheres, and ellipsoids, were used to mimic particular shapes of

bone (Fig. 5.11).

5.4.3 Introducing the TSP to the Musculoskeletal Model

The prosthetic 3D models of the glenoid cup and the humeral head were introduced within
the scapula and the humeral head models in the OpenSim setup (Fig. 5.13). The in-silico
surgery to introduce the humeral head and glenoid prostheses were performed in a 3D

modeling software, Materialise 3-matic® v 8.0.

The control prosthesis size of 56 mm (head and cup) with a height of 21 mm was found
to best fit the resected healthy humerus and glenoid used to create the healthy
musculoskeletal model. These bones were imported into the Materialise Mimics®
environment and their coordinate systems were redefined to calculate the final rotation and

translation sequences of the prostheses.

\ 4

A 4

A 4

Ground Thorax Clavicle Scapula

Y

Glenoid
Cup
Prosthesis

Humeral |
Radius < Ulna < Head < Humerus

Prosthesis

Figure 5.13 Schematic representation of the OpenSim TSP model topology.
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The bones and their respective prosthesis replacements were manually superimposed
in the most accurate manner. These combined structures were transferred from the Materialise
Mimics® platform to the Materialise 3-matic® as a non-Manifold Assembly (NMA).
Generally, the NMA feature allows Boolean operations to be performed between entities of
the assembly (Gursoz et al., 1991). In both the cases, the bones were defined as the primary
objects and the prostheses as the intersecting objects creating the NMA. To create the resected
bones, intersecting objects were subtracted from the assembly and the remaining resected

bones were re-imported into the Materialise Mimics® environment (Fig. 5.14 & Fig. 5.15 a-b).

The 3D prostheses models were re-introduced to calculate the rotation and translation
required to accurately place them on the resected bones. For the glenoid prosthesis, the
translation distance, in 3D, was calculated between the AA and the glenoid center (GC). The
humeral head translation was the distance between the prosthetic sphere center and the
humeral head articular surface center. For both the cases, the rotational matrix was calculated
using a MATLAB script (Appendix D) which used the SI and AP edges of the prostheses as

input.

Figure 5.14 The glenoid resection process. The grey scapula represents the original scapula model while the yellow
scapula represents the reamed scapula shifted according to its own coordinate system centered at AA.
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(@) (b)
Figure 5.15 The humeral resection. (a) The process of resection using a cylindrical object propagated from the
prosthetic base. (b) the resected humerus with its coordinated system with its origin at the center of the humeral
head sphere.
The final post-surgical OpenSim model (Fig. 5.16) was created by including the

prosthetic parts. The orientation of the prostheses was edited in the background code

(Appendix E). The translation was introduced in millimeters and the rotation in radians.

Figure 5.16 The final OpenSim TSA model with the articulating prosthetic surfaces.
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5.4.4 The Induced RoM and Calculation of the Kinematic Parameters

The GH movements introduced to all the OpenSim models were generated using regression
equations describing healthy scapular and clavicular RoM (Barnett et al., 1999; Marchese &
Johnson, 2000). This has been previously implemented in a study by A Kontaxis & Johnson,
2009, analyzing post-RTSA kinematics. Four sets of standard GH RoM were induced this
included abduction (0° to 150°), forward flexion (0° to 150°) and lateral to medial rotation (-
90° to 60°) with the arm held at 20° & 90° of abduction. The kinematic parameter calculated

was the muscle moment arms of the deltoid and the rotator cuff muscles.

A custom MATLAB script was generated to induce the motion and calculate the
momenta arms using inverse kinematics. Appendix F provides an example of the code for a
single motion (e.g. abduction) induced to calculate moment arms for middle deltoid muscle.
A dummy joint was introduced in all the OpenSim models. This joint was placed in the same
orientation and location as the GH CoR. This dummy joint was used as the fixed point, from
where the moment arms were calculated while the humerus moved in accordance to the

induced motion.

5.5 Observations from the Musculoskeletal Models

The objective for developing the anatomical shoulder OpenSim model was to investigate if
any kinematic differences were induced in the joint by the population-specific prosthetic
heads or the newly designed prostheses. In the real world, muscle moment arm variations are
more prominent in RTSA2than in TSA, as the ATSP is designed to maintain the biological GH
joint geometry (Ackland et al., 2012, 2010; Kontaxis, 2010). This section would, in detail,
discuss the observations from all the OpenSim model created. The long-term aim of this
research endeavor is to generate prosthetic models to reduce the RHE. The results from the
current kinematic study could be used to validate any future cadaver testing rig in the future

where one or more of the designed prostheses” kinematic performance could be investigated.

2 Majorly in deltoid in the absence of a rotator cuff muscle group.
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Table 5.1 Maximum values of the muscle moment arms observed in this study and comparable values described in the literature. The positive moment arm values indicate

that the muscle had the highest effect towards the motion at that corresponding angle. Negative moment arm depicts that no effect by the muscle, on the motion, was
observed. Negative angles represent external rotation

Maximum muscle moment arm in mm (GH angle)

Muscles Abduction Flexion Internal rotation at 20° abduction®> Internal rotation at 90° abduction*
43.72 (150°) a 21.01 (70°) a 4.95 (60°) a 3.48 (-90°) a
Anterior Deltoid
30.2 (120°) b 40.0 (120°) b 0.5 (-90°) ¢ 0.9 (45°) ¢
35.01 (75°) = 42.1 (150°) = 2.59 (-90°) a 3.38 (-90°) a
Middle Deltoid
29.1 (86°) b; 32.0 (90°) < 12.2 (120°) b 1.0 (-90°) d 4.6 (-90°) ¢
9.80 (55°)a 32.37 (150°) 2 -0.86 (60°) « -1.70 (60°) =
Posterior Deltoid
2.00 (120°) b -16.3 (120°) b 0.0 (-90°) ¢ 7.5 (-90°) d
22.52 (150°)a -1.17 (0°) 2 -7.23 (-90°) a 9.98 (60°) =
Teres Minor
5.10 (120°) b 2.2 (120°) -10.0 (-90°) ¢; -6.0 (45°) ¢ -4.5 (-90°) ¢; -16.0 (-90°) ¢
0.11 (0°)= 25.41 (150°) 2 23.29 (10°) = 22.1(0°) 2
Subscapularis
4.25 (2.5°) b; 8.8 (0°) © 23.3 (2.5°) b 20 (-10°) ¢ 7.12 (30°)
22.85 (60°) 14.78 (0°) = 13.17 (60°) = 13.17 (60°) =
Supraspinatus
25.0 (6°) b; 30.0 (30°) © 425 (2.5%) b 5.0 (45°%) ¢ 2.0 (45°) ¢
20.85 (150°)a -1.15 (0°) a -1.88 (-90°) 2 -6.33 (-90°) a
Infraspinatus
12.5 (53°) b; 10.0 (15°) ¢ 5.65 (76.5°) b -6.0 (-90°) ¢; -2.0(45°) ¢ 0.01 (-90°) ¢; -9.0 (45°) ¢

ccurrent study; b(Ackland et al., 2008); <(Liu et al., 1997); 4(Ackland & Pandy, 2011); ¢(Langenderfer et al., 2006)

3 Current study observations compared to internal to external rotation performed at 430° and ©10° abduction.

* Current study observations compared to ®60° abduction.
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5.5.1 Model Validation

The observed healthy muscle moment arms of the rotator cuff and the deltoid groups for the
four different motions were plotted (Fig. 5.18, Fig. 5.20 - 5.22) and compared to previous
studies (Ackland et al., 2008; Ackland & Pandy, 2011; Langenderfer et al., 2006). As the GH
joint goes through the induced motion, the instantaneous muscle moment arm changes. Table
5.1 reports the maximum moment arm observed in the current study and from previous ins-

silico and cadaver musculoskeletal studies.

The instantaneous muscle moment arms, when plotted against the respective joint angle
provides a moment arm profile for each muscle. In all the graphs, described below, a positive
moment arm represents a higher influence of that muscle on the induced movement. Whereas,
a negative moment arm indicates that the muscle would be more effective in reversing that

motion (e.g. adducting after abduction).
5.5.1.1 Moment arms during Abduction

The middle deltoid, anterior deltoid, and the supraspinatus muscles were observed to have
the largest increase in moment arm with the increase in abduction joint angle. The middle
deltoid was found to have the most influence (90" percentile = 34.85mm) on the motion
between 65° to 85° abduction with the peak moment arm of 35mm at 75°. This observation
was in-line with the middle deltoid moment arms observed in a cadaver study by Ackland et
al., 2008, where they reported a maximum middle deltoid moment arm of 29mm measured at

86° abduction (Fig. 5.17).

The initial reduction of the middle deltoid moment arm, from 0° to 15° abduction, was
due to the unwrapping of the muscle from its respective spherical wrapping object. Increase
in the anterior deltoid moment arm was observed above 35° abduction (Fig. 5.18). The peak
moment arm for anterior deltoid was 44mm at 150° with the major influence between 130° to
150° (90* percentile = 40.2mm). Ackland et al., 2008, observed the anterior deltoid moment
arm to be highest at 120° with a value of 30mm. In the current study, the moment arm for

anterior deltoid at the identical joint angle was observed to be 33mm.
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Observed Moment Arms (in mm)

Moment Arms of the Deltoid and Rotator Cuffs during Abduction
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Figure 5.17 The observed moment arms of the deltoid and the rotator cuff groups during the arm elevation
movement in the coronal plane represented by the solid lines. The pyramids represent the highest moment arm
magnitude recorded during the same motion by Ackland et al., 2008, for a particular muscle (colour coded).

(@) (b)

Figure 5.18 Schematic representation of (a) wrapping of the middle deltoid muscle around the humeral head to
resemble its anatomical shape and line of action. (b) straightening of the middle deltoid as it overcomes the
influence of the wrapping object during abduction.
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The differences found between the current study and literature could be, firstly, due to
the fact that the earlier studies used a mechanical measurement device with freshly frozen
cadaver arms while the current study aims at calculating the moment arms from the best
possible representation of the GH musculoskeletal model using inverse kinematic
representations from OpenSim. Secondly, the study by Ackland et al., 2008 induces a
maximum of 120° abduction, hence they reported the abduction moment arm for anterior
deltoid to be maximum at 120° whereas in the current study the maximum anterior deltoid

moment arm was reported at 150° as it was the maximum abduction joint angle.

The supraspinatus muscle was found to have an almost constant moment arm during
the motion with a difference between the highest observed moment arm and the moment arm
at the start of the motion being ~2mm. The observed peak moment arm was measured to be
22.85mm at 75° abduction. This observation does not match with the reported mean maximum
value of 25mm at 7° (Ackland et al., 2008). The study from the literature divides the
supraspinatus muscle into its anterior and posterior aspects and reports a reduction in
moment arm prior to 20° abduction. This also varies from the observations of the current study
and the reason for these set of mismatching observations could be boiled down to the
inaccurate SHR employed by the previous study. The previous study, did not consider the
elevation of the scapula along with the humerus which could have affected the observations

of the rotator cuff moment arms.

The teres minor, posterior deltoid, subscapularis and the infraspinatus muscles were
observed to have relatively reduced effect on the entire abduction movement. The
observations, in the current study, matches with the literature which reports minimal
activation of the infraspinatus during the starting phase of the motion. While the previous
studies reported an increase in infraspinatus moment arm between 15° to 25° abduction, the
current study was only able to observe positive moment arm for the infraspinatus beyond 60°

abduction (Ackland et al., 2008; Liu et al., 1997).

The infraspinatus moment arms were calculated, in this study, by measuring the

average individual moment arms of the 3 segments (superior, middle and inferior) of the
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muscle. The influence of the superior aspect of the muscle on abduction, was observed to
occur earlier than the inferior aspects of the muscle as the former unwrapped from its
spherical wrapping object earlier than the latter. Once unwrapped, the inferior aspect was
found to have an increase moment arms at higher degrees of abduction as reported by

(Ackland et al., 2008).

The moment arm profile of the teres minor was found to be identical with that reported
in the literature. The muscle was observed to possess more adductive potential initially, its
influence on abduction was more prominent beyond 110°. This transition was reported to
occur earlier in cadaveric models and the highest moment arm was observed to be at 120°
(5.1mm). The current study found the highest moment arm to be at 150° (22.5mm) and the
value of moment arm at 120° (2.73mm) was found to be comparable to a previous

musculoskeletal study by Ackland et al., 2008.

Posterior deltoid was observed to have an average abductive moment arm throughout
the motion. The muscle was divided into 2 aspects (medial and lateral). The medial aspect was
found have the least abductive moment arm compared to the lateral aspect of the muscle. No
such differentiation was made in the cadaver studies. The current study observed an increase
in moment arm between 20° to 40° abduction, this observation matches with the moment arm
profile for the muscle reported by Ackland et al., 2008. Liu et al., 1997, reported posterior
deltoid to be an adductor below 60° abduction, the study by Ackland et al., 2008, suggests that
the muscle could be expected to be a contributor to the abduction motion above 70° abduction.
Both the cadaver studies had more than one cadaveric specimen and the reported moment
arm data was an average of all the individual moment arms. As the current study is limited
to a single upper thorax model, it does not take into account the morphological variation

which could affect the muscle moment arm.

The subscapularis muscle exhibited a constant reduction in moment arm and the highest
ability to initiate adduction. The reported moment arms were average of 3 aspects of the
subscapularis muscle (superior, middle and inferior). The superior subscapularis was

observed to have the highest abduction moment arm among all the three. Literature suggests
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that the subscapularis” effect on the abduction lasts for, on an average, 63° (Liu et al., 1997)
and 15° (Ackland et al., 2008). The observations in this study suggest that the muscle was
acting as a potential adductor between 15° and 63° of abduction with moment arms of -0.5mm
and -2.3mm respectively. The overall bony geometry does play a role in determining the
overall moment arm of a muscle, which might be a reason for the observed difference among

the studies.
5.5.1.2 Moment arms during Forward Flexion

Apart from the infraspinatus and the teres minor muscles all the other muscles, under study,
exhibited flexion moment arm either throughout the motion or during certain parts of it (Fig.
5.19). This observation is supported by a cadaveric study by Kuechle et al., 1997. Amongst the
deltoid, the average anterior deltoid was observed to have the highest moment arm during
the initial phase of arm elevation. The moment arm decreased post 70° of flexion. The initial
observation was also reported by Ackland et al.,, 2008, but the subsequent reduction in

moment arm was not found to be reported in the literature.

Moment Arms of the Deltoid and Rotator Cuffs during Forward Flexion
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Figure 5.19 The observed moment arms of the deltoid and the rotator cuff groups during the arm elevation
movement in the sagittal plane represented by the solid lines. The pyramids represent the highest moment arm
magnitude recorded during the forward flexion by Ackland et al., 2008, for a particular muscle (colour coded).
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In the current study, the anterior deltoid moment arm was found to be higher during
the end of the abductive motion than flexion. The muscle was found to have the highest
average moment arm during 60° to 80° of flexion (90t percentile = 20.84mm), with the highest

value of 21mm at 70° of flexion.

Previous cadaveric studies reported the highest anterior deltoid during the end of the
induced flexion movement (Ackland et al., 2008; Liu et al., 1997). In both the studies, the
scapula was used only as the pathway to direct the line-of-action of the muscle force to cause
the movement. No anatomically correct scapular rotation was induced mimicking the SHR.
In the current study, it was observed that absence of SHR during arm elevation in the sagittal
plane, the moment arm profile of the anterior deltoid (Fig. 5.20) almost exactly similar to that

of the literature (Ackland et al., 2008; Liu et al., 1997).
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Figure 5.20 The changes in anterior deltoid moment arm observed during forward flexion with (blue solid line)
and without (orange solid line) scapulohumeral rhythm (SHR).

The middle deltoid moment arm was observed to be higher moment arm than the
anterior deltoid beyond 60° flexion. Liu et al., 1997, reported similar observations in their
cadaveric study. The maximum moment arm of the muscle was observed to be at the end of
the motion, 42 mm at 150° elevation. The middle deltoid moment arm, during flexion, was

found to be higher than its abductive moment arm as was reported by the above-mentioned
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cadaveric experiment. Positive moment arms were observed for the posterior deltoid above
60° flexion. This increase in moment arm occurred until the end of the motion and the highest
observed moment arm value was 32.4mm at 150°. These observations are supported by the
reported moment arm measurements by Liu et al., 1997, where sub-zero posterior deltoid
moment arms were recorded from 0° to 60° flexion. The profile of the moment arm change

also matches closely with the previous study mentioned above.

Subscapularis muscle moment arm was found to increase beyond 25° flexion with the
maximum observed value of 26mm at 130°. It was found to have the maximum contribution
to the movement 120° and 140° flexion (90 percentile = 25.9mm). These observations were
found to be in-line with the reported moment arm trend by Kontaxis, 2010. The cadaveric
studies reported a reduction in moment arm for the muscle during flexion (Ackland et al.,
2008; Liu et al., 1997). Consequences of neglecting the SHR was investigated for this muscle.
The subscapularis moment arm during flexion without SHR was found to increase by an
average of 4.9mm from 0° to 95° and decrease by an average of 7.5mm until the end of the
motion. This could be a potential cause of the observed difference between the current study

and the previous cadaveric ones.

The current study found that the range of inferior subscapularis moment arm was
higher than the superior aspect of the muscle. The inferior aspect also had higher moment
arm than its counterpart post 100° flexion. Wickham et al., 2014, found a higher volumetric
contraction of the inferior supraspinatus, compared to superior, muscle during flexion.
Whether this could be related to the higher moment arm demonstrated remains to be
investigated. The subscapularis and posterior deltoid were the only muscles found to have
both flexion and extension potential, this observation in line with past cadaveric studies

(Kuechle et al., 1997).

As observed during the abduction, the supraspinatus was found to have the highest
moment arm among all the muscles during the initial phase of the motion. This further

suggests that the muscle plays an important role in bringing the GH joint surfaces together.
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The highest value observed was 14.8mm at 0° of flexion, the moment arm value was further

observed to reduce during the motion and at 150° flexion, the observed value was 0.5mm.

This trend was also observed by Ackland et al., 2008. The average infraspinatus and
teres minor moment arm were found to have decreasing negative throughout the arm
elevation in the sagittal plane. A similar trend was observed by Andreas Kontaxis, 2010, for
infraspinatus. Ackland et al., 2008, reported increasing negative moment arm for teres minor.
It is not abnormal for teres minor to have decreasing moment arm as was demonstrated by
Liu et al., 1997, at certain angles of external rotation. The observations made in the current
study is further supported by the cadaveric study by Kuechle et al., 1997, where the posterior

rotator cuff muscles were found to have the highest depressing potential.
5.5.1.3 Moment arms during Medial Rotation

Internally rotating the humerus affected the rotator cuff moment arm more than the deltoid
moment arms, irrespective of the abduction angle (Fig. 5.21 & 5.22). Among the deltoid,
increasing the abduction angle from 20° to 90° increased the anterior deltoid by 9.65 mm at
90° external rotation. This observation is supported by our earlier records of increase in
moment arm during abduction motion. Internally rotating the arm increased the anterior from
-6.2mm to 5mm at 20° abduction, whereas at 90° abduction a decrease in moment arm was
observed for the same muscle from 3.48mm to -4.7mm. This change in moment arm pattern

for the anterior behavior has been reported in the literature (Ackland & Pandy, 2011).

Increasing the humeral elevation angle in the sagittal plane, during internal rotation,
did not have a major effect on the middle and posterior deltoid and they were observed to
decrease in both the cases. The posterior deltoid muscle was found to have the highest average
moment arm, by magnitude, amongst the deltoid group. While Ackland & Pandy, 2011,
reported a similar observation, Kuechle et al., 2000, reported anterior deltoid to have the
highest moment arm. The variation in observation might be due to the authors of the latter
study only considered deltoid moment arms during rotation at 90° abduction. At this instant,

the current study was only able to observe an increase in anterior deltoid moment arm.
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Figure 5.21 Rotator cuff and deltoid moment arms observed during maximum external rotation to maximum
internal rotation motion, at 20° GH abduction, represented as coloured solid lines. The pyramids and diamonds
represent the highest moment arm magnitude observed by Ackland & Pandy, 2011 and Langenderfer et al., 2006,

respectively for a muscle (colour coded).
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Figure 5.22 Rotator cuff and deltoid moment arms observed during maximum external rotation to maximum
internal rotation motion, at 90° GH abduction, represented as coloured solid lines. The pyramids and diamonds
represent the highest moment arm magnitude observed by Ackland & Pandy, 2011 and Langenderfer et al., 2006,

respectively, for a muscle (colour coded).

102




Chapter 5 — Musculoskeletal performance post TSA

The subscapularis muscle was observed to have the maximum internal rotation moment
arm among all the rotator cuffs. During the initiation of the internal rotation movement, from
the maximum external rotation, the muscle could be expected to have a very minimal effect
on the motion. Its effectiveness increased post 48° and 62° of external rotation for 20° and 90°
of abduction respectively. As the GH joint cross, the neutral rotation position, the muscle

moment arm was observed to have minimal changes.

During the neutral to maximum internal rotation, the subscapularis muscle was
observed to influence the motion mostly during the 5° to 30° internal rotation (90 percentile
= 22.7mm), combined for both abduction angles. Previous cadaver studies support the trend
observed for subscapularis during medial rotation for an abducted arm (Ackland & Pandy,
2011; Kuechle et al., 2000). Increasing the abduction angle reduced the average moment arm,

post the neutral arm position; Ackland & Pandy, 2011, reported a similar observation.

Supraspinatus, infraspinatus, and teres minor were observed to have negative moment
arm for most of the internal rotation, irrespective of the GH abduction angle. This suggest that
the main function of the posterior and superior rotator cuffs is to laterally rotate the humeral
head. The magnitude of the infraspinatus moment arm increased, at the point of maximum
external rotation, with the increase of abduction angle. A similar trend was observed for teres
minor while supraspinatus moment arm magnitude was observed to drop. Kuechle et al.,
2000, reported the highest negative moment arm for teres minor during internal rotation in
any plane, this observation matches with the current study where the teres minor moment
arm, at 90° external rotation, was found to increase in magnitude from -7.23mm to -16.11mm,

at 20° and 90° abduction respectively.

With the increase in abduction angle, infraspinatus moment arm at maximum external
rotation was found to increase in magnitude from -1.9mm to -6.3mm. The proof of this
increase in magnitude has also been provided by further cadaveric studies (Ackland & Pandy,
2011). From these observations, it could be concluded that during the initiation of lateral

rotation, infraspinatus has the highest moment arm during the conclusion of the motion, the
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teres minor and the supraspinatus muscles have the highest moment arm magnitude during

20° and 90° of abduction.

The current study was not able to observe any linear change in moment arm for any
muscle during any given motion as was reported by (Otis et al., 1994). During abduction and
flexion motions, the middle deltoid, anterior deltoid, supraspinatus and subscapularis were
found to have the most effect, while during the medial rotation the subscapularis muscle was
found to have the maximum effect on the motion. Hence, going forward, only these muscles

would be considered for comparison among different models.
5.5.2 Pre- and Post — TSA Kinematic Variations

Ideally, a TSA surgery replaces the glenohumeral articulating surfaces recreating the original
geometry of the joint. Post, in-silico replacement of the prosthetic model of the humeral head
the CoR for the biological and the TSA models were observed to be almost identical. This
observation was confirmed by fitting a sphere on to the healthy and prosthetic heads and

visually inspecting the CoR of the respective spheres.

The muscle moment arms for healthy and post-TSA models are represented in Fig. 5.23
for the abduction and flexion & Fig. 5.24 for internal rotation at 20° and 90° abductions. The
muscles did exhibit similar moment arm profiles for each motion tested. There were
differences observed in the values of instantaneous muscle moment arms, the average

percentage change for all the muscles considering all the tested motions was 2.6%.

During the abduction motion, the average variation between the healthy and TSA
anterior deltoid was measured to be 0.8 + 0.05mm. This could be described as a 3.3% increase
in anterior deltoid abduction moment arm in TSA OpenSim model compared to a healthy
model. An overall increase in abductive moment arm of 1.8 + 0.9mm, or 6.2%, was observed
for the middle deltoid in the TSA model compared to the healthy counterpart. In the case of
the supraspinatus, the TSA model exhibited an average reduction of 0.3 + 0.01lmm, or 1.33%,

in abduction moment arm compared to the healthy OpenSim model.
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Figure 5.23 Abduction (A) and forward flexion (F) moment arms for a healthy (solid lines) shoulder model (H) and
a model with its GH joint replaced (dotted lines) with control TSA prosthesis (T).
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Figure 5.24 GH internal rotation with 20° abduction (R20A) and 90° abduction (R90A) moment arms for a healthy
(solid lines) shoulder model (H) and a model with its GH joint replaced (dotted lines) with control TSA
prosthesis(T).
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Compared to the moment arm differences observed post-RTSA, the average differences
observed post-TSA could be considered to be minor. During abduction in a cadaveric model,
the reported average anterior and middle deltoid moment arm differences, between RTSA
and healthy, were 10.4mm and 15.5mm (Ackland et al., 2010). In an OpenSim RTSA
musculoskeletal model, the reported middle deltoid abduction moment variation was
20.4mm when compared to a healthy model (Kontaxis, 2010). These reported differences were,
on an average, >10 times the differences that were observed in a post-TSA musculoskeletal

model in the current.

Elevating the arm in the sagittal plane, during forward flexion, increased the post-TSA
anterior deltoid moment arm by an average value of 1.68 + 0.23mm or 10.8%. This was the
maximum muscle moment arm percentage variation, between the healthy and TSA models,
observed in this study. There was a 5.94% increase in middle deltoid elevation moment arm
due to an average difference of 1.41 + 0.38mm between the post— and pre-TSA models. The
least variation in moment arms was observed for subscapularis during forward flexion. The

average difference was 0.02 + 0.1mm or 0.14% for the muscle.

Previous studies, comparing the effect of RTSA on elevating moment arm of the middle
deltoid, have reported an average increase of 13.9mm (Ackland et al., 2010) and 16.7mm
(Kontaxis, 2010) in the post-RTSA moment arm of the muscle. This reported middle deltoid
moment arm variation was very large in comparison to the difference observed in the current
study. Ackland et al., 2010, reported a reversal of the subscapularis muscle functionality, post-
RTSA. In the current study the same muscle remained an active flexor pre— and post-TSA,
while post-RTSA, subscapularis was observed to convert into an extensor (Ackland et al,,

2010) or contribute to the flexion movement much later (in terms of GH joint angle).

Internal rotational moment arm for subscapularis was observed to decrease, post — TSA,
by an average value of 0.15 + 0.003mm, accounting for a 1.41% decrease. This observed
reduction in average moment arm was at 20° abduction. During 90° abduction, the post-TSA
average internal rotation moment arm of subscapularis was observed to increase by 0.02 +

0.1mm, accounting for a 0.2% increase. A previous study reported an increase of 7.8% in the
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subscapularis moment arm post-RTSA, during internal rotation at 90° abduction, when
compared to a healthy shoulder (Kontaxis, 2010). Comparing healthy and post-RTSA
shoulders, Ackland et al., 2012, reported significant differences in subscapularis muscle
moment arm during internal rotation ranging from 1.9mm up to 4.9mm. Performing the in-
silico TSA did not change the internal rotation moment arm as drastically as observed post-

RTSA.

It could be concluded that the post-TSA muscle moment arms observed in this study
during the abduction, forward flexion, and internal rotation at 20° and 90° abduction were
closer to the healthy shoulder control musculoskeletal model. Though there were average
differences observed, these were not as large as reported by post — RTSA models and
cadaveric, which are generally considered to be significantly (P < 0.05) different (Ackland et
al.,, 2012, 2010). This suggested that the in-silico TSA did not majorly affect the soft tissue line
of action, represented by the moment arms, of the musculoskeletal model which is similar to
the ideal scenario described earlier. The limitation of the current study was that only a single
musculoskeletal model was used to represent the healthy and the post-TSA shoulders. This
did not allow any traditional statistics tests to be performed to validate the significance of the

differences observed between the models compared in this study.
5.5.3 Interpopulation Kinematic Variations

Replacing the standard TSA prostheses with the population specific anatomical shoulder
implants induced population-specific changes in muscle moment arms, as described in Fig.
5.25 and Fig. 5.26. This is the first study comparing post — TSA musculoskeletal models, in
OpenSim, representing three different populations. Therefore, validating the observed
differences with literature was not possible. The Chinese (CHI) shoulder model had the
smallest humeral head and the Swiss (CH) model had the largest humeral head. The

dimension of the South African (SA) humeral head lay in between the CHI and CH models.

Average anterior deltoid, middle deltoid, and subscapularis moment arms, during

forward flexion, for the SA model was lower than the CH post-TSA model by 4.0%, 2.95%,
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and 1.66% respectively. When the SA and CH average anterior deltoid flexion moment arms
were compared to the CHI, the former models exhibited an increase of 5.02% and 8.68%
respectively. A similar increase in average subscapularis moment arm, by 8.63% and 10.12%,
was observed for SA and CH models respectively when compared with the CHI average
musculoskeletal model, during forward flexion. Middle deltoid moment arm during forward
flexion was found to decrease by an average of 6.55% and 3.49% for the SA and CH models

respectively in comparison to the CHI model.

The CHI population model, exhibited a large variation in instantaneous anterior deltoid
moment arm during 0° to 40° forward flexion, compared to the SA and CH models. These
instantaneous variations occurred due to the reduction in the diameter of the wrapping object
used for the muscle. Closer inspections showed a sudden sliding of the lateral strand of the
anterior deltoid causing the spike reduction in moment arm during the initial stages of the
motion. Comparing the same strand of muscle in the other two models, it was observed that,
due to the increased diameter of the wrapping object the lateral anterior deltoid muscle slid

at a slower rate than the CHI model.

The average muscle moment arm for anterior deltoid and middle deltoid during
abduction for the SA model was found to decrease by 4.83% and 2.3% compared to the CH
shoulder model. During the same motion, an average moment arm increase of 0.4% was
observed in the SA model when compared to the CH model, for supraspinatus. When the
average anterior deltoid abductive moment arm for the CHI model was compared to the SA
and CH models, an average increase of 5.86% and 10.2%, respectively was observed. Similar
comparisons were done for average abductive moment arms for middle deltoid and
supraspinatus. It was observed that the average middle deltoid moment arms decreased by
2.7% and 0.38% for SA and CH models respectively and the average supraspinatus moment
arm increased by 11.17% and 10.8% for the respective models when compared to the CHI
OpenSim model. This is the same trend that was observed during the forward flexion motion.
The CHI model exhibited the highest middle deltoid average moment arms for forward

flexion and abduction motions. This might have been due to the change in head shape, as the
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middle deltoid bulge around the lateral edge of the humeral head is greatly influenced by the

size of the head.
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Figure 5.25. Comparing the interpopulation variation in muscle moment arms during abduction (A) and forward

flexion (F) among the average South African (SA), Swiss (CH) and Chinese (CHI) prostheses.
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Figure 5.26. Comparing the interpopulation variation in muscle moment arms during external to an internal
rotation at 20° abduction (R20A) and 90° abduction (R90A) among the average South African (SA), Swiss (CH) and

Chinese (CHI) prostheses.
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During the abduction motion, the average variation between the healthy and TSA
anterior deltoid was measured to be 0.8 + 0.05mm. This could be described as a 3.3% increase
in anterior deltoid abduction moment arm in TSA OpenSim model compared to a healthy
model. An overall increase in abductive moment arm of 1.8 + 0.9mm, or 6.2%, was observed
for the middle deltoid in the TSA model compared to the healthy counterpart. In the case of
the supraspinatus, the TSA model exhibited an average reduction of 0.3 + 0.01 mm, or 1.33%,

in abduction moment arm compared to the healthy OpenSim model.

Compared to the moment arm differences observed post-RTSA, the average differences
observed post-TSA could be considered to be minor. During abduction in a cadaveric model,
the reported average anterior and middle deltoid moment arm differences, between RTSA
and healthy, were 10.4mm and 15.5mm (Ackland et al., 2010). In an OpenSim RTSA
musculoskeletal model, the reported middle deltoid abduction moment variation was
20.4mm when compared to a healthy model (Kontaxis, 2010). These reported differences were,
on an average, >10 times the differences that were observed in a post-TSA musculoskeletal

model in the current.

During the internal rotation of the humeral head, the CHI average post-TSA model was
observed to have the lowest average subscapularis moment arm. This observation was not
influenced by the GH abduction angle. At 20° of abduction, the SA and CH models exhibited
an average increase of 5.51% and 5.48%, in subscapularis moment arm, compared to the CHI
model. This increase was higher at 90° abduction. At this angle of elevation, the average

increase was found to be 9.0% and 7.1% respectively, between the groups.

The subscapularis muscle in the CHI model was observed to peak later than the SA and
the CH models. At 20° and 90° abduction, the maximum muscle moment arm for the CHI
model was observed to be at 50° & 40° internal rotation respectively. In contrast to the CHI
model, the SA and the CH models exhibited a maximum subscapularis internal rotation
moment arm during the initial phases of the internal rotation. Between the SA and CH average
post — TSA models the average increase in subscapularis moment arm, for the SA model, was

found to be 0.03% and 2.1% at 20° and 90° abduction respectively. This decrease in the average
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rotational moment arm of the subscapularis, with the reduction of head size, was expected. A
smaller head reduces the perpendicular distance between the joint CoR and the subscapularis

muscle which has a medial to lateral line-of-action.

The average percentage difference in muscle moment arms, combined for all muscles
and every motion, was the highest between the CH and the CHI models, 7.03%. This might
have been due to contrast in humeral head sizes used in these models. While the CH model
had the largest head the CHI model was implanted with the smallest size head, representing
the population. The lowest average difference was observed between the CH and the SA
models, amounting to 2.27%. The difference in humeral head articular geometry was the
minimum, but significant (P < 0.05) between the SA and CH populations. An intermediated
average difference in muscle moment arms was observed between the SA and the CHI

models, amounting to 6.81%.

The results in this section demonstrate that the average inter-population muscle
moment arm differences could be linked to the average morphological variations of the
population-specific humeral heads. Whether these, observed correlations, could be
considered as significant causative factors for the moment arm differences remains to be seen.
Multiple population-specific musculoskeletal models need to be analyzed in a similar manner
to find the significance of the inter-population muscle moment differences observed and drive

forward the quest for population-specific shoulder implants for TSA.
5.5.4 Performance of Novel Implants

A total of five new designs of TSA prostheses, introduced in Chapter 4, were tested using
OpenSim. Out of the prosthetic parts tested, 3 were glenoid cups and 2 were humeral heads.
The design features introduced to create the novel models of TSA prostheses did not influence
the overall RoC and thickness of the glenoid and humeral components. Furthermore, the
humeral head base diameter, the glenoid height, and the GH articulation were not affected by
the design changes. Each of the new glenoid cups was introduced to replace the control

glenoid prosthesis to create their respective post-TSA musculoskeletal model. The humeral
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heads, designed with population-specific peak points, were made to replace the humeral

heads in the respective population-specific musculoskeletal models.

The introduction of the novel prostheses did not change any parameters which could
potentially alter the articulating CoR. The in-silico TSA parameters, the translation, and
rotational sequences, implemented to create the musculoskeletal models were identical to
their parent models. No shift in the muscle attachment points or muscle profile were induced
by the implantation of the new prostheses. Therefore, the observed muscle moment arms for
all the muscles in the musculoskeletal models implanted with the novel designs were identical
to the control and the population-specific models. Reviewing the GH articulation during the
induced RoM, no visible signs of impingement or articular dislocations were observed.
Increasing the inferior width of the pear-shaped prosthesis and reducing its superior surface
area did not adversely affect the GH articulation. This confirmed that the new glenoid cup

implants were not going to induce any uncharacteristic post-surgical kinematics.

A study by Wang et al., 2005, it was reported that there was no significant difference
between a hybrid glenoid prosthesis and the commercially available implants in post-surgical
kinematics. The hybrid glenoid was structurally similar to the commercial prostheses and the
in-silico surgical implantation followed the standardized process (Zhang et al., 2013). The
glenoid designs, under study in the current chapter, did not have significant structural
variance from the control glenoid cup and they were also implanted identically. Hence it
could be argued that without drastically altering the glenoid prosthesis design such that the
CoR of the GH articulation significantly changes, post-surgical kinematic variations might not
be observed. Going forward only these implants would be undergoing further investigated

using Finite Element (FE) analysis protocol explained in the next chapter.

5.6 Conclusion

This chapter explains the musculoskeletal modeling of a healthy shoulder joint and analyses
the effect of replacing the articular surfaces with TSA prostheses. The observed changes in the

muscle moment arms between the pre—and post-TSA models were minimum. Hence it could
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be concluded that the in-silico shoulder biomechanical model developed in this chapter is
robust in its nature and the computerized surgery was a good representation of the real-world
TSA. Hence, it could be concluded that the further moment arm variations observed after
introducing the population-specific humeral heads and novel glenoid cups were only due to

the geometric properties of the implants.

The inter-population differences in muscle moment arms were useful in establishing the
fact that the populations having bigger humeral head size variation also exhibit larger
moment arm differences when compared to a population with a smaller humeral head size
variation. Replacing the respective average inter-population humeral heads with another
variation designed with population-specific peaks points did not alter the muscle moment
arms for any muscle. This study did not take into account the muscle volume, the height or

weight to create the biomechanical model. This could be a limitation in the current study.

When the novel glenoid components were made to replace the control glenoid cup
absolute replication of muscle moment arms was achieved. The novel glenoid prostheses were
designed to investigate their effects on “rocking horse” effect. Including them in the
musculoskeletal study provides an in-silico validation that the designed implants would not
alter the post-TSA muscle moment arms if implanted using the standard surgical approach
and paired with a matching humeral head prosthesis. Therefore, no further design changes
would be made to the glenoid prostheses before performing the FE analysis which is detailed

in the next chapter.
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Performance of the Glenoid Designs
under Compressive and Tangential
Loading

6.1 Introduction

Radiologic evidence of radiolucent lines behind the glenoid prosthesis is the most accepted
indication for aseptic glenoid loosening (Boileau et al., 2002; Matsen III et al., 2008; Strauss et
al., 2009; Walch et al., 2002b). It is impossible to accurately predict from a radiograph the exact
interface where the loosening occurs. This is where mechanical testing of the glenoid
prosthesis is being used to better understand the glenoid loosening phenomenon. American
Standard for Testing and Materials (ASTM International, 2012) provide guidelines for such
mechanical studies involving anatomic glenoid prosthesis (Fig. 6.1). One such study by Junaid
et al., 2010, was able to demonstrate the mechanics of glenoid implant failure for keeled and
pegged cups. The separation between the UHMWPE glenoid cup and the reamed glenoid
fossa was observed to occur at the PMMA (bone cement) — polyurethane (bone substitute)

interface (Junaid et al., 2010).

Designing a mechanical test rig was not within the scope of this thesis and hence the
investigation of glenoid loosening due to rocking horse effect was performed using Finite
Element (FE) Analysis. Several FE studies on anatomic shoulder prosthesis have been
performed adhering to the guidelines provided by ASTM, at various degrees. As the majority
of the GH articulation occurs at the posterior-superior (PS) region of the glenoid cavity
(Massimini et al., 2010), it could be expected that the inferior loosening of the glenoid cup is
caused by the upward shearing force from the head. This fact was accurately predicted by
Hopkins et al., 2004, using an FE study. The effect of ATSP design parameters, on its stability
and cyclic wear, was provided, as an FE modeling study, in Hopkins et al., 2006a, Hopkins et

al., 2006b and Hopkins et al., 2007.
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Junaid et al., 2010, validated inferior loosening of the glenoid prosthesis in an FE model
using a thick glenoid cup with an axial loading of 1800N. More recent studies have
implemented FE approaches to evaluate novel prosthesis designs. Zhang et al., 2013,
compared the von Mises and shear stresses developed on the glenoid prosthesis, cement and
bone using constrained, bi-radial and unconstrained glenoid cups. Gunther et al., 2012,
compared edge displacement between fully constrained and inset glenoid designs using

region-based static loading FE models.
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Figure 6.1 The standard ASTM glenoid testing set up. The prescribed loading is maintained constant in the axial
direction, normal to the glenoid cup center, while the humeral head is displaced in one direction with a constant
velocity. sourced from (ASTM International, 2012).

Observations from an FE model could be varied even if an identical problem scenario
was simulated. The variation in the solution could be due to individual skill, the platform
used to create the model, the numerical method implemented to achieve convergence, the
mesh parameters, and various other factors. The results obtained from the current FE model
should be viewed within the realm of the modeling approach explained in this chapter. Ideally

one might expect, that the literature should provide all the required details to adapt published
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models for new research study after required alterations. As this is not the case, FE model
validation becomes challenging. The details of the FE model generated and the observations
for the current study is reported according to the guidelines provided by Erdemir et al., 2012,

and Viceconti et al., 2005.

6.2 The Finite Element Analysis Pipeline (FEAP)

The Dynamic Glenoid Loosening (DGL) test is performed in two stages. The first stage
involves humeral head subluxation of a translating humeral head from the glenoid surface, in
the anterior, posterior, superior or inferior direction, under compressive loading (ASTM
International, 2012). Subluxation of the humeral head could be defined as the detachment of
the articulating surfaces resulting into complete GH dislocation (Hopkins et al., 2006b). The
second step of the DGL test involves cyclic translation of the humeral head, from the glenoid
center to the 90% of the subluxation translation, in the direction of subluxation and under

compressive loading.

FE studies by Zhang et al., 2013, have demonstrated that performing the first step of the
ASTM DGL test was sufficient for understanding the stress characteristics of a certain glenoid
design. In addition to this, if a limited movement is allowed between the bone-substitute and
the prosthesis, then the effect of stress on potential loosening, for a prosthesis design, might
be estimated. This chapter will be focusing on explaining the development and validation of
an FE model developed to perform humeral head subluxation. It will further describe the
model adaptations, performed, in order to study the stability characteristics of the novel
glenoid designs. Although cyclic tests are essential in understanding all-polyethylene glenoid
wear characteristics and edge displacement (Gunther et al., 2012; Hopkins, 2004), this analysis

was out of the scope of this thesis.

Abaqus/Standard v6.14 (SIMULIA, Providence, RI, USA) was used to perform the FE
analysis on the novel glenoid designs. Along with the FE models of the new designs, a
separate model of a commercially available glenoid was generated and was treated as the

control model. Post-TSA FE models employing implicit and explicit methods of solving have
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been previously reported in the literature (Allred et al., 2016; Hopkins et al., 2006b). From a
comparative study by Hopkins, 2004, it could be concluded from that there is no significant
difference in results between the two methods of solving and hence, for the current study, a
dynamic implicit method of solving was implemented. All the glenoid components under
study possessed non-linear geometrical features. To account for these non-linear geometrical

changes, the in-built NLGEOM feature of the software was implemented.

6.3 Generating the Control Glenoid Model

Adhering to the ASTM guidelines, the FE model consisted of following four parts: An
unconstrained glenoid prosthesis, a spherical humeral head with an attached load applicator,
a cement layer and a polyurethane block. Every component of the FE model, except for the
humeral head, were created, using standard quadratic tetrahedral elements (C3D10)

belonging to the 3D stress family.

The global size of the element was kept constant, at 1.3 mm, for each component. This
element size was within the limits of most of the previously reported FE studies, using TSA
prostheses (Lacroix & Prendergast, 1997; Yongpravat et al.,, 2013b) and enabled creating
meshes comparable to the literature (Hopkins, 2004). Tetrahedral elements were utilized in
this study as they were reported to perform better than hexahedral elements, such as C3D8,
in models used for analyzing shear loading (Tadepalli et al., 2011). Further details of the

designed parts and their interaction properties are provided below;
6.3.1 The Control Glenoid

In Chapter 4, the design process of the control glenoid, used in the current FE model, is
provided. When the humeral head is sheared in any direction on the surface of the glenoid
cup, the overall angle of constraint, provided by the cup geometry (43.07°) in that axis
becomes an important determining factor of the subluxation load and the point of subluxation

or the limit of translation for humeral head translation on the cup (Fig. 6.2 a).
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Figure 6.2 The control glenoid prosthesis created for this study (a) the geometrical features of the design as a solid
model and (b) the meshed model of the glenoid cup adapted for the FE model.

The design of the control glenoid was performed in SolidWorks® Dassault Systems
(Velizy-Villacoublay, France) and was exported into Abaqus platform as an ACIS (.sat) file.
The glenoid cup was modeled as a deformable solid with homogeneous properties. The total
number of tetrahedral elements used to form the glenoid prosthesis was 18411 resulting in the
formation of 29421 nodes (Fig. 6.2 b). The number of elements was based on a similar FE study

by Hopkins et al., 2006b. It was a conscious decision to make the number of elements higher

119



Chapter 6 — Loading characteristics of glenoid designs

for the current study as the prostheses components were larger in comparison to the earlier

study.

The material property of ultra-high molecular weight polyethylene (UHMWPE) was
assigned to the control glenoid and to all the glenoid models generated ahead. The Young’s
modulus, density and the Poisson’s ratio of the UHMWPE were set as 1260MPa, 1x10"!
tonnes/mm? and 0.4 respectively (Hopkins et al., 2006b; Junaid et al., 2010; Stone et al., 1999;

Zhang et al., 2013).

6.3.2 The Cement Layer
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Figure 6.3 The meshed model of the PMMA bone cement component.

The cement layer (Fig. 6.3) was also designed in SolidWorks® and was imported into
the FE platform as an ACIS file. Most of the design features, such as the RoC, height, and
width, of the cement component were identical to the glenoid cup. Gaps were provided in the
cement pegs for the insertion of the glenoid pegs (Fig. 6.4 a). The thickness of the cement was
1mm (Hopkins, 2004; Lacroix et al., 2000; Zhang et al., 2013), and was kept constant for all the
future models as well. Using identical meshing parameters, 6453 tetrahedral elements were

used to created cement mesh resulting into a total of 13139 nodes (Fig. 6.3). Material properties
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of polymethyl methacrylate (PMMA) were assigned to the homogenous cement part. The
material density, Young’s modulus, and Poisson’s ratio were 1.6x10-'° tonnes/mm?, 2200MPa
and 0.3 respectively (Chaplin et al., 2006; Junaid et al., 2010; Lacroix et al., 2000; Zhang et al.,

2013).

6.3.3 Glenoid-Cement Constraint

(@) (b)

Figure 6.4 (a) The bone cement (yellow) was designed to receive the glenoid (grey) pegs to form an assembly (b)
with a tie constraint (green) was specified between them.

Surgeons apply the bone cement into the holes created for glenoid pegs on the reamed
glenoid surface. As the glenoid gets installed into the peg holes, excess bone cement could be
observed to get released from the holes and coat the glenoid — bone interface. It is also a
common practice in FE modeling to fix the glenoid onto the scapula/bone substitute using
PMMA (Gunther et al., 2012; Hopkins, 2004; Zhang et al., 2013). Therefore, in this study, the
bone cement part was rigidly tied to the back of the glenoid after assembling the glenoid and

the cement components (Fig. 6.4 a, b).
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6.3.4 The Bone Substitute Block

Using a glenoid mounting object, to perform dynamic glenoid testing is a specific requirement
(ASTM International, 2012). A previous FE study, comparing bone substitute and 3D scapular
bone model as glenoid backing material, found no difference in the subluxation force ratio
between the two cases (Hopkins, 2004). For the current study, mounting the glenoid-cement
structure on a bone substitute was found essential for two reasons. Firstly, to maintain the
continued adherence to the ASTM guidelines and secondly, to create a realistic FE model
which could be used to observe material deformation and glenoid edge loosening under

loading as observed in mechanical studies (Junaid et al., 2010).

The bone substitute was designed as a three-dimensional deformable cylindrical block,
in Abaqus. The diameter of the cylindrical face was 60mm and its extruded length was 50mm
(Fig. 6.5 a-b). These dimensions were selected to make sure that the mounting block

accommodates for glenoids of different shapes and sizes.

() ()

Figure 6.5 The bone substitute (a) cross-sectional sketch performed in Abaqus and (b) the extruded solid model of
the deformable polyurethane block.
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A reaming object (Fig. 6.6 a) was designed in SolidWorks to create surgical slots, for the
implant pegs, into the mounting block. The reamer was imported into Abaqus platform as
described earlier and was mated with the bone substitute. The mating process inserted the
curved region of the reamer into the mounting block by aligning the rectangular face of the
former with the latter object. Boolean subtraction of the reaming object from the mounting

block was performed to obtain the reamed bone substitute (Fig. 6.6 b).

The meshing of this object was performed with 46107 tetrahedral elements resulting into
66131 nodes. Material properties of polyurethane bone substitute foam were assigned to the
glenoid mounting object. The Young’s modulus, density, and Poisson’s ratio were 193MPa,
1.13 x 10° tonnes/mm? and 0.3 respectively (Junaid et al., 2010; Lacroix & Prendergast, 1997;

O'neill et al., 2012).

l..

(@) (b)

Figure 6.6 (a) The reaming object designed with an identical geometry of the glenoid back and thicker pegs to
create slots in the bone substitute block to mount the glenoid-cement structure; (b) the post-reaming polyurethane
bone substitute object meshed with tetrahedral elements.
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6.3.5 Cement-Polyurethane Interaction

Most of the shoulder FE studies in literature treat the PMMA-polyurethane bones substitute
interface as a perfectly bonded surface (Hopkins, 2004; Junaid et al., 2010; Zhang et al., 2013).
Although this is true for a period immediately after TSA, reports of disassociation at the same
interface might suggest that certain slippage or movement in this region could be expected

right before glenoid loosening.

To mimic a glenoid prosthesis close to loosening, a friction coefficient of 0.6 was applied
between the posterior cement surface and the reamed surface of the polyurethane. Due to the
lack of information, in the literature, regarding the exact friction coefficient between the
PMMA-polyurethane, the above friction coefficient value was obtained from studies
performed on cement-bone interface to understand implant characteristics in hip and

shoulder (Pomwenger et al., 2015; Ramaniraka et al., 2000; Terrier et al., 2006).

Figure 6.7 The interaction between the posterior cement and anterior surfaces of the polyurethane has been
highlighted in green.
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6.3.6 The Humeral Head

The humeral head was modeled as a three-dimensional discrete rigid shell in Abaqus. The
shape of the head was spherical with a 28mm RoC and 21mm height. The humeral head base
diameter was 52mm in diameter and was connected to a load-applicator section which was a

40mm long cylindrical structure with a 20mm wide base (Fig. 6.8 a).

The humeral head and load applicator structure were meshed using the same number
of seeds as the glenoid. This resulted in a total number of 5471 R3D4 elements with 5417 nodes.

There were no material properties assigned to this discrete rigid structure (6.8 b).
6.3.7 Glenohumeral Interactions
A surface to surface contact was defined between the spherical surfaces of the humeral head

and the glenoid cup (Fig. 6.9). The friction coefficient of 0.07 was assigned between the contact

surfaces (Anglin et al., 2000; Hopkins et al., 2006b; Pomwenger et al., 2015).

(a) (b)

Figure 6.8 (a) The cross-sectional sketch representing the revolved shell structure of the humeral head and load
applicator and (b) The final meshed object with a reference point (RP) used for applying the boundary conditions.
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Figure 6.9 The glenohumeral surfaces selected assigned with interaction properties are highlighted in orange.

6.3.8 Assembly Loading and Boundary Conditions

To form the final assembly, shown in Fig. 6.10, the center of the humeral head surface was
positioned on the center of the glenoid cup. The external midpoint of the longest glenoid cup
peg was mated with the internal midpoint of the longest cement peg. Using a similar
technique, the reamed polyurethane block was placed behind the cement. The boundary

conditions and loads were determined from the previous experimental and FE studies.

Figure 6.10 The complete assembly of the FE model consisting of the humeral head (white), glenoid cup (blue),
cement backing (green) and the reamed polyurethane backing (red).
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ASTM does not specify any displacement value, up to which the humeral head should
be sheared in any direction. Scanning the literature carefully assisted in determining this
range of displacement along with the point of subluxation for the glenoid implants under
study. Unconstrained pegged glenoid prostheses studied by Hopkins et al., 2006b, observed
that for a glenoid constraint angle of 43° (43.07° in the current study) and a GH conformity of
0.88 (0.91 in the current study) the maximum permitted humeral translation was about 4.5mm.
Hence, a total displacement of 4.5mm was applied, to the humeral head, in the superior

direction (+Y axis).

Previous work by Anglin et al., 2000, and Hopkins, 2004, suggests that if the angle of
glenoid constraint or the GH mismatch is known along with the height of the prosthesis, the
humeral head point of subluxation could be predicted. For the control glenoid prosthesis, the
humeral head subluxation point was calculated according to the Rigid Body predictions
(Anglin et al., 2000) and the, more realistic, FE predictions (Hopkins, 2004) as shown below
(Fig. 6.11). The angle of constraint, GH mismatch and conformity were constant for all the
glenoid designs. Hence the overall humeral displacement and the point of subluxation were

kept constant for every glenoid model.

This approach was implemented to reduce the computational cost of the FE model and
also as a method to overcome the challenges (Junaid et al., 2010) to accurately predict the GH
subluxation point. As mentioned earlier, the glenoid length, GH conformity, and GH radial
mismatch for all the glenoids, under study, were 41mm, 0.91 and 2.75mm respectively. Using
Eq. 5.1 and Eq. 5.2, it was found that the maximum theoretical translation possible for the
humeral head was 1.8mm and according to the literature-based FE predictions, the
subluxation point was found to be 3.7mm. The displacement was applied at the back of the
load applicator using a reference point. The polyurethane bone substitute was constrained at
all the external points and it was only allowed to deform on the surface where the glenoid-

cement object was implanted (Fig. 6.12).
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Anglin et al., 2000, based on the GH geometry, had
proposed a theoretical relationship between possible
humeral translation (T), glenoid length (L) and the GH
conformity. This relationship is presented below;

Based on FE model predictions, Hopkins, 2004,
postulated a relationship between the head
translation (T) and GH mismatch, given below;

T =2 x (1 — conformity) (6.1) T = (0.69 x mismatch) + 1.84 (6.2)

Figure 6.11 The two models used to predict the maximum humeral head translation on the glenoid up to subluxation.

Figure 6.12 A schematic representation of the regions (green) of the assembly where boundary conditions were
assigned as Encastre and Load.
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Junaid et al., 2010, had implemented a different approach to calculate the vertical
subluxation load of the humeral head. They had observed the subluxation load curve to
transition from linear to a non-linear region and finally becoming flat until subluxation. The
average load at the transition (from linear to non-linear) region of the curve was assumed to
be 90% of the subluxation load, by the authors and was further used for cyclic loading. From
the graphical data presented by the authors, it is quite evident that the subluxation happened
when the humeral head had translated a distance >5.2mm, on the non-conforming glenoid
surface. The assumed 90% load was calculated at 2.5mm of humeral displacement. It was
reported in the study that this approach led to an error of 7% between the actual 90% load and
the assumed load. The non-conforming glenoid cups used by Junaid et al., 2010, had a radial

mismatch of 5mm.

By applying the regression formula prescribed by Hopkins, 2004, also implemented in
the current study, the exact point of subluxation could be predicted to be 5.29mm which
matches with the data presented by Junaid et al.,, 2010. This proves the accuracy of the
methods used to calculate the subluxation point for the prostheses under investigation in the
current study. The regression relationship (Eq. 5.2) has a limited effectiveness. Using the
relationship to predict humeral head translation presented, using experimental analysis, by
Anglin et al., 2000, it was observed that Eq. 5.2 failed to predict the exact subluxation point for
GH mismatches >9.6mm and when smaller heads were paired appropriately sized glenoid

cups (Table 6.1).

The compressive load and the shearing velocity were applied at the back of the load
applicator. The whole analysis was full-Newtonian and was divided into two steps. To create
stable contact between the GH surfaces, a compressive static load of 750N was applied,
ramping up from ON, for 1 second towards the glenoid surface (-Z). The second step was
defined as dynamic implicit. In this step, the head was sheared towards the superior edge of
the glenoid at a constant velocity of 0.1 mm/second while applying the 750N compressive load

on the cup surface.
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Table 6.1 Experimental translations as observed by Anglin et al. 2000, compared with the predicted translations.

Glenoid Humeral GH Observed

Glenoid ) ) Predicted Humeral
Tvpe Radius Head mismatch Humeral Translation (Eq. 5.2)
yp R) Radius (v) R-1 Translation q- >
Flat back 56 mm 26 mm 30 mm 13.5 mm 22.5 mm
with 2 pegs 40 mm 20 mm 20 mm 9.5 mm 15.6 mm

35.6 mm 26 mm 9.6 mm 6.1 mm 8.5 mm
Curved back | , o 26 mm 0.5 mm 2.2 mm 2.2 mm
with a keel
20.5 mm 20 mm 0.5 mm 1.5 mm 2.2 mm
Fl
?t back 29.5 mm 26 mm 3.5 mm 4.4 mm 4.3 mm
with 3 pegs
Cl,lrved back 29.5 mm 26 mm 3.5 mm 4.3 mm 4.3 mm
with 3 pegs

The compressive load was amplitude controlled as shown in Fig. 6.13. During the first
step, the humeral head was only allowed to translate in the Z-axis and during the second step,
the translation of the head was only restricted in the X-axis. The smallest step for loading was
1x10-¢ seconds and the maximum permitted step size was 1 second. The software was allowed
to determine the suitable step size increments between the minimum and maximum steps, in
order to achieve convergence of equilibrium. The step sizes used in the current study were
similar to that of previous FE analysis by Hopkins, 2004. The total force applied,
displacements, principal stress, von Mises Stress, tensile stress, and reaction forces were
calculated for the subluxation analysis. The calculated outputs were reported by Abaqus at
an interval of 1 second or every 0.lmm of humeral head shear. The results presented for this
analysis are applied vertical force (Fy), calculated at the point of compressive loading on the
back of the load applicator, and its ratio with the applied compressive load (Fz) called the

force ratio (Fy/Fz).

To investigate the performance of the FE model under different compressive forces and

shearing velocities, ten loading conditions were simulated (Table 6.2). The values of
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compressive loads and shearing velocities were within the range of the values used in
previous experimental and FE studies (Anglin et al., 2000; Gunther et al., 2012; Hopkins, 2004;

Junaid et al., 2010). This analysis was used for validating the control glenoid FE model.

800
750
700
650
600
550
500
450
400
350
300
250
200
150
100 Contact
50 Establishment
0 1 1 1 1 1
0 1 15 30 45

Analysis Time (sec)

GH Compressive Shear

Applied Load (N)

Figure 6.13 The loading amplitude applied to maintain GH contact while the head was allowed to displace a
distance of 4.5mm at a rate of 0.1 mm/sec.

Table 6.2 The various loading conditions applied to the humeral head. All the applied axial loads were applied
with the constant shearing velocity of 0.Imm/sec and the shearing velocities were applied under a constant axial

load of 750N.

Applied Axial Applied Shearing

Load (N) Velocity (mm/sec)
250 0.05
750 0.1
500 0.25
1000 0.5
1850 0.75

6.4 Validation of the Control FE model

Establishing the GH implant contact did not damage the glenoid surface but was found to be
an essential step to understand the influence of different compressive load on the produced
tangential or shear forces. Under a compressive load of 750N, the shear forces were observed

to increase linearly until 1.3mm of humeral translation. The shear forces increased with a
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higher rate post this point until about 3mm of humeral translation. Post this point the rate of
increase of the shear force decreased and almost became stagnant until the end of the
translation limit. A similar pattern of change was observed between the ratio of the shear and

the axial forces and the humeral head translation on the cup (Fig. 6.14).

Using the rigid body theory (based on load equilibrium Eq. 5.1) subluxation limit of
1.8mm, the force ratio and the shear force observed were 0.31 and 229.4N respectively. Higher
force ratio and higher shear force values (0.71 and 528.7N) were observed at the subluxation
point of 3.7mm, which was predicted using Eq. 5.2. This observation was in-line with the
previous experimental and FE studies (Anglin et al., 2000; Hopkins, 2004). Using a similar
glenoid prosthesis, in terms of size and constraint angle, Hopkins et al., 2006b, had reported
a superior subluxation force ratio of 0.71, 0.7 and 0.73 with reconstructed scapula backing,
polyurethane backing and without any backing material respectively. It further verifies that
the FE based predictive method of humeral head subluxation is better than glenoid implant’s

geometry-based predictions.

The similarity of the above findings with the literature suggests that using a truncated
translation of the humeral head, until a predicted subluxation limit and implicit method of FE
solving with increased mesh density did not affect the outcome. Henceforth, the point of
subluxation will be implying a humeral head translation of 3.7mm on the glenoid cup. The
induced shear forces and the force ratios were observed to change with the alteration in the
horizontal compressive load. Four compressive loading scenarios, apart from 750N, were
simulated. Two of the compressive loads were larger than 750N while the other two loading
cases were less than 750N. A decrease in the compressive load by 66% and 33% reduced the
induced superior shear force at the point of subluxation by 62.8% and 30.5% respectively (Fig.
6.14). Even though the magnitude of the applied compressive load and the observed
subluxation force decreased, the force ratio at subluxation increased by 11.3% (250N) and 4.2%
(500N) respectively (Fig. 6.15). On the other hand, increasing the compressive load by 33%

and 146.7%, raised the shear force at subluxation by 28.8% and 118.8% respectively (Fig. 6.14).
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With the increase in compressive load, the force ratio was observed to decrease by 4.2%

(1000N) and 12% (1850N) respectively (Fig. 6.15).

Effect of Axial Loading on Subluxation Ratio
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Figure 6.14 Ratio between the vertical (shear) and horizontal (compressive) force calculated for the humeral head

translation under various compressive forces
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Figure 6.15 Vertical (shear) forces induced by the humeral head under the influence of various compressive loads

as the head translated superiorly on the cup.

Such loading characteristics have been predicted by Anglin et al., 2000 and were

experimentally observed by Lippitt et al., 1993, who induced compressive loading of 50N and

100N. Although the force ratio, at subluxation, was comparably lower in the case of a humeral
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head loaded with a higher compressive force, this was not the observation throughout the
humeral translation. With the increase in compressive loading, the force ratio is initially
higher. This initial increase in force ratio might be occurring due to the “deep seating” of the
humeral head on the glenoid surface under higher compression. The effect of the glenoid
implant curvature or constraint on the humeral prosthesis, which is, under higher
compressive load is greater than the head under lower compressive force. It is evident from
Fig. 6.15 that the linear regions for the head under 1850N compressive load last longer,
compared to all the other curves, as the head had to overcome higher resistance from the

glenoid to reach the subluxation point.

A velocity of 0.1 mm/sec is recommended in the literature to avoid UHMWPE creep
(ASTM International, 2012). Translating the humeral head with higher or lower than the
prescribed shearing velocity did not affect the force ratios (Fig. 6.16) or the shearing forces. To
calculate the shearing forces, the total time of the humeral translation and the point of output
were altered for every simulated velocity. For instance, for 0.05mm/sec and 0.75mm/sec the
total time of displacement was 90 and 6 seconds respectively and the output points were 2
and 0.13 seconds respectively. The upward velocities used in this study were comparable to

Anglin et al., 2000.

In the previous study, as well, no substantial differences in the shearing load or force
ratio were reported due to change in shearing velocity. In the current study, it was observed
that increasing the humeral upward shearing velocity, to 2mm/sec, neither alter the
subluxation force nor the force ratio at the point of subluxation. These similarities in the
observations of the current model with previous experimental and FE studies might suggest
that the current model is efficient and robust in predicting the effects of the design changes
on the prosthesis and cement stresses and deformations. The force ratio and the superior shear
force at the rigid body predicted point of subluxation was always observed to be lower than
the FE predicted subluxation point (Fig. 6.14 & Fig. 6.16). At the point of GH contact, most of

the force was channelled through the center of the glenoid cup, at the point of contact (Fig.
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6.17 a). As the humeral head translated superiorly, the contact force between the surfaces was

observed to be more distributed.
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Figure 6.16 The force ratio calculated for the whole range of humeral head translation under various shearing
velocities of the humeral head.

As the humeral head translated superiorly by 1.8mm, the rigid body predicted
subluxation point, most of the applied load was still found to be concentric and there was no
established contact between the head and the glenoid edge (Fig. 6.17b). As the head continued
its superior translation, the applied load was observed to be more evenly distributed on the
glenoid surface when the head had translated an average distance of 2.5mm (Fig. 6.17 c). It
was only after the head had displaced >2.7mm that the eccentric loading was observed to
begin. The resultant load at the edge of the glenoid was found to reach a value of 917.6N at
3.7mm of humeral translation (Fig. 6.17 d), after which the resultant load and the shear force
had minimal increase and did not affect the load ratio until the end of translation (Fig. 6.14 &
Fig. 6.15). The observed resultant load, at the point of subluxation, was within the range of the
reported maximum resultant loads of 787N to 1050N (Anglin et al., 2000 (1); Anglin et al.,
2000), representing weight-bearing activities of daily living (ADL). The compressive

deformation of the loaded edge of the glenoid cup (Fig. 6.18 b) prohibited the increase in shear
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loading after the head had reached the subluxation point. At this point, maximum inferior

edge distraction was observed suggesting the typical case of force imbalance (Fig. 6.18 d).
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(a) (b)

(© (d)
Figure 6.17 A cross-sectional view of the GH components showing the region of the applied force. (a) At the
beginning of the analysis (0 mm of shear) the humeral head was in contact with the center of the glenoid cup, (b)
as the head sheared up to the theoretically predicted subluxation point of 1.8mm, the force was still being applied
in a region within the central and superior glenoid pegs. (c) The applied force was spread over the superior glenoid
surface when the head had translated, a distance between, 2.1 to 2.7 mm. (d) The applied force was found to be
only concentrated on the periphery of the glenoid cup above 3.7mm of humeral head translation, which was the
predicted subluxation point calculated in this study. At this point, superior glenoid deformation is also observed.
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Glenoid - Cement

Bone Substitute

(b)

Figure 6.18 (a) The initial unloaded state of the glenoid-cement-polyurethane component set. Upon loading the glenoid
component using a translating humeral head, (b) maximum deformation on the superior edge was observed at the
subluxation point and the glenoid-cement component set, which (c) was in full contact with the polyurethane, was
observed to (d) detach from the polyurethane surface (red circle) as was reported in (e)the literature by Junaid et al.,
2010, after cyclic loading.
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In a biological shoulder, the humeral head might be expected to roll after a certain
amount translation on the glenoid surface, due to the actions of rotator cuffs and the GH joint
capsule. As the ASTM test does not permit rotational motion of the head, physiologically
accurate results might not be achieved using the process. Moreover, as explained by Hopkins
et al., 2006b, the complete dislocation of the humeral head out of the glenoid cavity in
physiological fashion might not be accurately replicated by an FE study. Even if the head was
made to translate on the glenoid above and beyond the subluxation point, with inactive
freedom of rotation, deformation of the glenoid edge was induced along with a reduction in

load ratio as the resistance offered by the cup decreased.

subluxation point

translation end

translation start

Figure 6.19 Displacing the humeral head center to the glenoid edge deforms the glenoid rim. Beyond the subluxation
point the shear force and the load ratio decreases (inset).

Establishing a surface to surface interaction between the cement and polyurethane
displaced the inferior edge of the cement by a value of 0.07mm, at the point of humeral
subluxation. At the exact instance, the compression of the superior rim of glenoid was
observed to be 0.55mm. To evaluate the inferior distraction, firstly, the distance between the

most lateral edge of the glenoid cup and the edge of the polyurethane was calculated at 0Omm
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(Fig. 6.20 a) and 3.7mm (Fig. 6.20 b) humeral head translation. The relative difference between

the two distances, i.e. Y-X, was the final reported inferior distraction.

The superior compressive deformation was evaluated as the displacement of the most
superior element of the glenoid cup. This element was selected as it could be expected to
undergo the maximum compression under humeral load. The average displacement of every
node of this element, which was influenced by the displacement of the adjacent nodes, was
presented as the final value of edge compression. The distraction measurements calculated in
the current study was not found to be comparable to an FE study performed by vigorous

isolated cyclic loading of similar glenoids by Gunther et al., 2012.

(b)

Figure 6.20 Schematic representation of the (a) glenoid-cement object attached flush on the polyurethane backing.
X represents the distance between the edge of the polyurethane and glenoid cup. (b) The detachment of the cup
and cement from the bone substitute surface increasing the distance between the edges, measured as Y. The inferior
displacement was calculated as Y — X.
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An experimental study by (Anglin et al., 2000 (1)), had reported that pegged glenoid
components with curved posterior geometry demonstrated lowest inferior edge distraction
after 100,000 SI loading cycles. Although it would be not appropriate to compare the
distraction values of the current study, with the values obtained after cyclic tests, it is still
worth mentioning that the average post-cyclic inferior distraction was about 0.08mm. In the
same study, it was reported that the pre-cyclic inferior distractions were about 0.04mm which
are much lower than the observed values in the current study. The authors reported a post-
cyclic superior compressive distraction of 0.5mm. Hence, for a curved back glenoid with pegs,
it could be hypothesised that single dynamic subluxation of the humeral, with appropriate
cement-polyurethane interaction properties, could produce glenoid edge distractions
comparable to cyclic tests. Testing this hypothesis using cyclic FE analysis is outside the scope

of this thesis but would be performed in the future.

At the point of subluxation, the maximum von Mises stress was observed to be
concentrated on the rear of the glenoid. The value of the von Mises stress at the back of the
prosthesis was 25.4MPa (Fig. 6.21 a), which was above 21MPa, the yield strength of UHMWPE
(Hopkins et al., 2006b). At the same instance, the maximum von Mises stress on the surface
was 17.8MPa. Von Mises stress is a widely accepted indicator of material failure (Zhang et al.,
2013) as it represents the combined effects of the principal stresses in all the three principal
axes. The observed stresses in this study suggest that the posterior surface of the glenoid has
a higher probability of failure, under compressive shear forces, than its articulating surface.
The maximum principal stress was found to be 14.5MPa, concentrated on the edge of the
glenoid (Fig. 6.12 b). Investigating a curved back keeled glenoid prostheses, Terrier et al., 2012,
had reported von Mises stress of 28.3MPa on the surface of a 2mm thick glenoid subjected to
an average abductive load of 970N. Increasing the thickness of the prosthesis by 200%, to
6mm, reduced the von Mises stresses on the glenoid surface by 50%. This suggests that the
thickness chosen for the prosthesis in the current study falls within the acceptable limits and

would be able to sustain physiological loading conditions.
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Figure 6.21 At the point of subluxation (a) maximum von Mises stress on the posterior edge of the glenoid and (b)
maximum principal stress on the superior edge of the cup.

In the case of the PMMA bone cement, the maximum tensile stress at the point of
subluxation was observed to be 6.19MPa. The position of this stress was concentrated around
the superior edge of the cement mantle. Using Weibull distribution, a third order polynomial
relationship (Eq. 5.3) between the probability of hand-mixed bone cement surviving (Ps) 10
million (107) cycles under uniform tensile stress (o), which was provided by Murphy &

Prendergast, 2000.

P, = 1.8365 — 0.000503 + 0.02020% — 0.33040 (6.3)
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Superior translation of the humeral head prosthesis gradually increased the tensile
stress on the cement layer until it reached the maximum value at the point of subluxation. The
variation in Ps for the region experiencing highest tensile stress until subluxation is provided
in Fig. 6.22. The cement regions that could be expected to have the maximum survival
probability, under uniform tensile stress, were the areas between the central and the superior
pegs. The superior edge of the cement mantle and the edges of the pegs demonstrated least

survival probability and might be the regions of failure crack initiation.

The maximum cement tensile stress at the superior edge, at the point of subluxation,
was found to be lower than the metal-backed and all polyethylene keeled glenoid components
(Lacroix & Prendergast, 1997). If the whole cement mantle was under a uniform tensile stress
of 3.3MPa, its probability of surviving 107 loading cycles would be 95% (Allred et al., 2016;
Hopkins et al., 2004; Lacroix et al., 2000). The average percentage of the cement mantle, in the
current study, having a 95% chance of surviving 107 cycles of subluxation loading was 99.9%.
This was calculated by analyzing the tensile stress magnitude for each element in the cement
layer throughout the humeral head displacement leading to subluxation. The cement mantle
survival percentage is quite high and matches with previous FE studies on curved back

polyethylene pegged prostheses.

Cement survivability has been reported to depend on the glenoid cup alignment and
quality of the glenoid bone. A cement layer sandwiched between an all-polyethylene cup and
rheumatoid bone has lower chances of surviving 107 cycles than a cement layer connecting the
cup and normal bone (Hopkins et al., 2004; Lacroix et al., 2000). Altering the version and the
inclination of the glenoid cup has also been reported to reduce the cement mantle survivability
(Allred et al., 2016; Hopkins et al., 2004). A pegged glenoid prosthesis aligned centrally to a
glenoid vault consisting of healthy glenoid bone would have, on average, at least 94% of the
cement layer surviving 95% of the 107 cycles (Hopkins et al., 2004; Lacroix et al., 2000). This
suggests that the control glenoid implantation process and the combined material properties
assigned to the components, in this study, created an acceptable representation of the real-

world post-surgical TSA model.
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Figure 6.22 The survival probability of the cement regions (Ps), for 10 million cycles, under the direct influence of
superior humeral translation.

6.5 FE models of the Novel Prostheses
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Figure 6.23 The cement backing for the pear-shaped glenoid.

The underlying designs of the bi-radial and the compartmental glenoids were similar to the

control designs as far as the structural boundaries of the cup are concerned. The shape of the
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pear-shaped glenoid was significantly different from the control glenoid cup. While the
cement layer geometry was kept identical for the former two designs, it had to be altered for
the pear-shaped glenoid (Fig. 6.23). The respective FE models for each of the glenoid designs

were created as a variation of the control FE model.

In each of these models, only the glenoid component was altered except for the model
for the pear glenoid, where the cement structure was also replaced. The newly introduced
glenoid and cement components were re-meshed using the same global element size of 1.3, as
was used to create the control FE model. Utilising similar meshing method produced minimal

variations in the final number of elements and nodes as reported by Gunther et al., 2012.

Table 6.3 Mesh details of different glenoid and cement objects used in the current study.

Glenoid Prosthesis Cement Backing

Model Containing

Elements Nodes Elements Nodes
Control Glenoid 18411 29421 6453 13139
Bi-radial Glenoid 17874 28520 6453 13139
Compartmental 17738 28954 6453 13139
Glenoid
Pear Glenoid 18874 29989 6440 13079
Average (std. dev.) 18224 (452) 29221 (546) 6450 (6) 13124 (26)

6.6 Performances of the Glenoid Designs under Humeral Loading

The shear force applied by the translating humeral head were not identical for every glenoid
design. All the glenoids were observed to experience lower shear force and force ratio at the
rigid body predicted subluxation point than the FE predicted subluxation point (Fig. 6.24 &
6.25). Comparing the shear to compressive force ratios of the bi-radial, compartmental and
pear-shaped glenoid with the control prosthesis, the compartmental glenoid was found to

have identical ratios at the point of humeral subluxation.
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Figure 6.24 The ratio between the shear force and the applied axial loading (Fy/Fz) for all the glenoid designs. The
black and red lines represent the theoretical and FE predicted humeral head translation limits respectively.
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Figure 6.25 The shearing force (Fy) profile for all the glenoid designs.

The pear-shaped glenoid was found to have the lowest resistance to subluxation, as it
had the lowest force ratio (Fig. 6.26). This observation corroborates one of the conclusions
presented by Hopkins, 2004. The bi-radial glenoid design had the most varied force ratio

profile. The probable reasons for this observation are discussed later in this section.

145



Chapter 6 — Loading characteristics of glenoid designs

Subluxation Force and Ratio for each prosthesis design
750 r - 0.90
700 - ™™ Subluxation Force
650 | | ==—Subluxation Ratio - 0.80
600 L 0.70
550 |
~ 500 | - 0.60
o
% 450 + £
g 400 | L 0.50 i
L o
"= 350 - 040 £
._.Ej 300 | z
g 250 | L 030 =
= 200 | 020 &
& 150 -
100 - 0.10
50
0 0.00
Control Glenoid Biradial Glenoid Compartmental Glenoid Pear Glenoid

Figure 6.26 The applied shear force and the its ratio at the FE predicted subluxation point for all the glenoid designs.

The bi-radial glenoid was designed with an increased superior-posterior curvature and
this might have been the primary reason behind the reduction in the implant’s subluxation
ratio. This glenoid could not be categorized as unstable with higher chances of superior
dislocation, as the pear glenoid, because its force ratio or resistance to dislocation was
observed to rise beyond the subluxation point (Fig. 6.24). Due to the change in glenoid
geometry, higher loads were able to be transferred through the PS quadrant of the glenoid.
This was also evident on the surface of the humeral head prosthesis. On comparing the load
transfer regions on the head, it could be observed that the point humeral contact with the bi-
radial glenoid was predominantly on its posterior region (Fig. 6.27 a-c), throughout the
translation, while the point of contact was central to the humeral head loading the control
glenoid (Fig. 6.27 d-f). Shifting majority of the applied load posteriorly did not increase the
von Mises stress above the yield stress of UHMWPE until the subluxation point was reached.
At this instance, the maximum von Mises stress recorded was 25.7MPa. This stress value was
almost identical to that of the control glenoid and was located near the PS edge of the cup (Fig.
6.28 a). The maximum principal stress was observed to lie on the thickened PS edge of the
glenoid edge (Fig. 6.28 b). The maximum principal stress (13.2MPa) at the point of subluxation

was lower than the control glenoid.
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Figure 6.27 Representation of the GH contact regions for the bi-radial (a-c) and control glenoid designs (d-f). (a &
d) represents the areas under contact after 1.8mm of translation. (b & e) represents the areas under contact after
2.5mm of translation and (c & f) represents the area under contact at the point of subluxation.
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Figure 6.28 The maximum (a) von Mises stress and (b) principal stress on the bi-radial glenoid edge at the point of
humeral head subluxation.

The bi-radial glenoid demonstrated reduced the edge loading compared to the control
glenoid. Posterior loading of the glenoid has been reported to be the anatomic loading pattern
in the healthy and post-TSA shoulder (Bergmann et al., 2007; Massimini et al., 2010; Omori et
al., 2014; Westerhoff et al., 2009). Independent studies performed by Massimini et al., 2010 and
Bergmann et al., 2007, on the post-TSA subjects, suggests that 61.5% of the GH contact occur

on the PS quadrants of the articular surfaces (Fig. 6.29 a-b).

Moreover, the PS quadrant of the glenoid cavity has better strength characteristics and

highest stress modulus compared to other quadrants of the surface (Anglin et al., 1999).
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Hence, structurally it might be beneficial to channel the joint contact forces posteriorly,
through the bi-radial glenoid, into the glenoid vault to possibly increase osteointegration and

reduce glenoid edge loading.

13.9% 7.7%

(@) (b)
Figure 6.29 (a) GH contact centroids during abduction and humeral rotation, distributed along the various
quadrants of the glenoid surface. Modified from (Massimini et al., 2010). (b) Predicted humeral head contact points
using the force vectors recorded using an instrumented humeral prosthesis (Bergmann et al., 2007). The circle,

rectangle, square and triangle denotes the point of contact during the abduction, lifting a coffee mug, combing hair
and forward flexion respectively.

The possible challenges of implementing the bi-radial design of the glenoid cup might
arise if the patient has a posteriorly eroded, such as the B1 and B2 glenoids (Vo Ba et al., 2017).
In such a scenario, a combination of bi-radial glenoid design with augmented posterior
glenoid backing (Allred et al., 2016) could be the glenoid design of choice. Although the bi-
radial glenoid exhibited reduced inferior edge distraction, the separation at the edge
diagonally opposite to the superior thickened region of the prosthesis was 0.09mm. This value
was higher than the control glenoid inferior distraction. The superior edge compression for

both the glenoids was identical.
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The cement under the bi-radial glenoid was found to be exposed to higher tensile stress
than the control glenoid. The 95% probability for the Imm thick cement mantle to survive 107
loading cycles was reduced to 99.6%. There is a further room for optimizing this bi-radial
design to overcome these hurdles and future cyclic tests would be essential in predicting the
wear characteristic of the thickened region of the surface. Introducing compartments
throughout the superior and inferior sections of the glenoid cup were found to be beneficial.
The maximum von Mises stress was concentrated at the edge of the superior compartment
and not at the superior edge of the prosthesis (Fig. 6.30 a-b). Although the stress was 11.2%
higher, the location of the stress was within the concentric limits of the prosthesis. Moreover,
the minimum von Mises stress was observed to be concentrated at the edge of the inferior

compartment of the prosthesis (Fig. 6.30 b).

(a) (b)

Figure 6.30 The locations of the maximum (red circles) and minimum (green circles) von Mises stress were found
to be located on the (a) edges of the control prosthesis but within the (b) concentric zones of the compartmental
prosthesis. (c) The counter-acting force couple causing the rocking horse effect sourced from (Matsen et al., 2008).

These observations might suggest that such a compartmental glenoid has the potential
to reduce the rocking horse effects caused by the imbalance of edge loading (Fig. 6.30 c). The
compartmental glenoid also design exhibits delayed edge loading (Fig. 6.31 a-c). When
compared to the commercial glenoid design (Fig. 6.31 d-f), the maximum principal stress was
more concentrically distributed, throughout the humeral translation. At the point of

subluxation (Fig. 6.31 c), the maximum principal stress was concentrated around the superior
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compartmental gap and not of the edge. The value of the stress was 9.6% higher than the
control glenoid but well within the range of the UHMWPE yield limit.
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Figure 6.31 The maximum principal stress on the (a to ¢) compartmental glenoid and the (d to f) control glenoid
after (a & d) 1.8mm, (b & e) 2.5mm and (c & f) 3.7mm of humeral head translation towards the superior edge of
the respective glenoid models.

The stress on the glenoid cup was effectively transferred onto the cement layer due to
the presence of the compartmental gaps (Fig. 6.32). As the head translated superiorly the
tensile stress on the cement increased. The average increase in stress on the regions of the
cement under the direct influence of the humeral translation was 26.3% or 1.22MPa higher in

the compartmental design than the cement layer backing the control glenoid.

Higher stress induced into the cement surface might suggest an increase in the

probability of that stress to be transferred to the bone. The rise in the average tensile stress
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was not beyond the stress limit of the PMMA and did not reduce its theoretical probability of
surviving 10 million loading cycles. Both the superior edge compression and the inferior edge
distractions were reduced by 9.1% and 14.3% in comparison to the control glenoid. This might
have been due to the reduced and delayed edge loading in the case of the compartmentalised

design of the glenoid cup.

Figure 6.32 The increased cement stress on the lateral surface of the PMMA layer due to the superior gap in the
compartmentalised design.

The concentration of stress on the sharp edges of the prosthesis might be detrimental
for the prosthesis in the long run. A high rate of wear and tear might be expected in these
regions. One of the possible solutions could be rounding or filleting the corners. The
compartmental gap, between the concentric and the eccentric regions, could be further
optimized to avoid overstressing the polyethylene cup. To the best of the author’s knowledge,
there are no glenoid designs available commercially or otherwise which could have the ability
to diverge the GH joint forces concentrically and compressively towards the bone, using

compartmental features on the prosthesis surface, and reduce glenoid edge loading.

Apart from exhibiting lower resistance to superior subluxation, the pear-shaped glenoid

was experiencing 16.6% or 4.22MPa higher von Mises stress, at the point of humeral

152



Chapter 6 — Loading characteristics of glenoid designs

subluxation. Even though compared to the control prosthesis, the compartmental glenoid
experienced higher von Mises stress, the stress induced into the pear glenoid was spread over
a lower surface area. The effect of higher stress on the lower area of contact near the superior
edge of the cup might be an undesirable design feature for a glenoid prosthesis. Due to the
testing protocol applied to the subluxation study, the effect of increasing the AP width of the

glenoid could not be investigated.

Due to the insufficient area for force distribution, the pear glenoid experienced higher
deformation amongst all the glenoids studied. The superior and the inferior rims of the
prosthesis were compressed by 0.6mm and 0.12mm respectively, at the point of subluxation.

These were respectively 20% and 71% higher than the control glenoid edge deformations.

The shape of the cement layer was modified to match the posterior profile of the pear
prosthesis. The pressure on the superior cement edge was found to be 4MPa higher than the
control glenoid and spread over a smaller area. This influenced the survivability of the layer
of cement under the direct influence of the humeral translation. This survivability of this
region was reduced by 22.5%. The pear glenoid did not show any promising characteristics of
reducing the rocking of the prosthesis. The shape of the glenoid is still the most accurate
representation of the glenoid cavity. Few recommended techniques that could be employed
to better the performance of the pear-shaped glenoid could be; using it as an inset glenoid cup
or modifying its glenoid rim design to mimic the functionality of the glenoid labrum. These
alterations might take the glenoid cup design towards being more anatomic, in shape, whose

functionality should be investigated and verified in future studies.

A summary of the biomechanical and finite element observations is presented in the
Table 6.4. From these observations, it might be justified to propose a conclusion that the
compartmental glenoid could be a beneficial cup prosthesis. The design of this prosthesis is a
combination of the healthy pear-shape and the arthritic oval-shape of the glenoid fossa. The
introduction of separation, in the form of gaps, between the concentric and the edges of the
prosthetic glenoid cup exhibited higher load transfer towards the glenoid bone surface instead

of the implant edges.
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Table 6.4 A summarized interpretation of the observations from the biomechanical and finite element analysis for all the new glenoid design concepts.

Biomechanical Impact

Post-TSA Stability

Force Imbalance on the
Edges

Characteristics of
Cement Stress

Compartmentalised Glenoid

Constructing gaps between concentric
and eccentric regions did not alter
muscle moment arms.

Exhibited identical stabilization
characteristics as the control glenoid
cup, under humeral loading.

The maximum and the minimum loads
occurred at the edges of the concentric
region instead of the eccentric regions
of the cup.

Higher stresses were induced through
the gaps of the cup, within the yield
strength of the PMMA.

Bi-radial Glenoid

Introducing a separate radius in the PS
section of the glenoid did not change the
post-TSA kinematics.

Demonstrated higher posterior loading
and grater contact with the posterior
region of the humerus.

Due to the posterior shift of the humeral
forces the SI force imbalance was
reduced, while a component of this
imbalance was found at the diagonally
opposite edges.

The cement stress was higher in the PS
section, compared to the control model.
This could be considered a challenge
regarding the bi-radial model.

Pear-shaped Glenoid

As most of the motion involved humeral
head rotation, reducing the superior
surface area of the glenoid did not affect
the kinematics.

The ratio between the shear and
compressive forces suggest reduced
superior stability in maintaining the GH
articulation.

Force imbalance and superior edge
compression was observed to be the
highest amongst all the tested glenoid
designs.

Even though the pear-shaped cement layer
exhibited similar loading pattern as the
control cement layer, its long-term
survival was reduced.
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6.7 Conclusion

This chapter describes a computational FE model created to investigate the stress
characteristics of the glenoid designs using ASTM specifications. The FE model consisting of
an accurate model of a commercially available glenoid cup was compared and validated with
previous experimental and FE studies. The resulting shear force, its ratio with the axial force

and the stresses on glenoid and cement were found to be comparable to the literature.

Among the new glenoid designs, the bi-radial glenoid exhibited the most anatomical
GH force transfer as it shifted the articular contact posteriorly. The compartmental glenoid
displayed promising characteristics of reducing the counter edge loading of the cup. The pear-
shaped glenoid was found to higher chances of superior dislocation and also higher stress-
induced deformations. Regarding the cement stress and survivability, the PMMA edges were
found to be more susceptible to disintegration due to higher tensile stress concentration.
Although this was the case for all the glenoids tested, the pear-shaped prosthesis was found
to experience higher pressure on the edges due to a reduced superior surface area which
compromised the cement survivability. Highest concentric stress transfer, from the implant to
cement, was observed to occur for the compartmental glenoid due to the gaps separating the

concentric and eccentric compartments.

The primary limitation of the study presented in this chapter was that the performance
of only one instance for each design was investigated. As literature suggests that prosthesis
design features such as conformity and mismatch affect the stress on the implants and its joint
stability. Only one model belonging to each of the novel glenoid designs were tested using
the FE model. Hence, no statistical methods could be implemented to derive any significance
of the characterized differences. The second limitation of this study was that no cyclic testing
was performed on the glenoid cups as it was out of the scope of this thesis. The strength of
the current study was that it laid the foundation for future cyclic and mechanical studies
which could be performed on similar implants further characterizing their performance under

humeral loading.
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Conclusions and Future Work

The long-term success of the Total Shoulder Arthroplasty (TSA) has been reduced by several
factors. This has led to post-surgical discomfort, loss in RoM and revision surgeries. One of
the major causes of this failure has been the loosening of the glenoid component due to the
imbalance of the glenohumeral (GH) forces on its surface. The available Anatomical Total
Shoulder Prosthesis (ATSP) is modeled in accordance to the arthritic geometry of the GH joint
which increases the available surface area of the glenoid component and exposing it to the

“rocking horse” effect.

The main aim of the thesis was to develop conceptual designs of the ATSP prostheses
towards reducing the “rocking horse” effect. In the process of achieving its overall aim, this
thesis presented a study comparing morphometry of two geographically distinct populations.
Using the morphometric observations, the thesis described the design process of population-
specific humeral head prosthesis which was later examined for induced kinematic changes

using in-silico musculoskeletal models.

Finally, new conceptual designs of glenoid prostheses were introduced. These designs
were partly inspired by the original anatomical geometry of a healthy glenoid fossa. Finite
element models were used to investigate the possible effects of these novel glenoid designs
on the post-surgical survival characteristics, such as eccentric loading, implant to bone force

transfer, GH stability and cement stresses.

The overall conclusion culminating from the various chapters that are presented in this
thesis, could be framed as, “Introducing anatomical features, such as a compartmentalised pear-
shaped region into the current oval design of glenoid prosthesis, to restrict eccentric loading, could be
a favorable strategy to reduce the rocking horse effect.” This was a goal-oriented thesis and these
goals were briefly described in the section of Chapter 1.5. The final conclusions were also

segregated in a similar manner and are detailed in the following sections.
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7.1 Conclusion I

The initial goal of the thesis was to understand the GH morphometry of the native South
African population, as a representative cohort of the sub-Sahara Africa. The native
morphology was further compared to the GH joints of a European cohort. From this analysis,
it could be concluded that “The only statistically significant inter-population differences existed in
the humeral head size and the GH mismatch between the studied cohorts. Moreover, there is at least

9% of biological head sizes for which no optimum size of ATSP exists.”

Humeral head size plays a major role in converting the muscular forces into joint
moments and driving the GH motion. Improper sizing of the humeral head prosthesis may
lead to over-stuffing or under-stuffing of the joint space. So far, the current prosthesis designs
are based on studies that had not considered non-Caucasian GH morphometry. Hence, one of
the novel aspects of the current research was to study a set of GH joints belonging to the non-
Caucasian population and establishing morphometric variances between a different set of GH
joints belonging to the Caucasian population. The results from this study also suggested that
the humeral head shape is better represented by an asymmetric 3D ellipse than a sphere. This
was because the observed widths of the humeral head base and the circular radius of its

articular surface in the SI and AP directions were unequal.

Further investigating into this elliptical morphometry of the humeral head and its effect
on GH contact forces, it was realized that “A humeral head was thickest at an offset from its
geometrical center and the central thickness of the humeral head was found to be significantly smaller
than the peak thickness of the head. When the peak and the central thicknesses were adapted into
modeling two sets of elliptical humeral head prostheses, the heads modeled with peak thickness were

more likely to impart concentric forces than their counterparts.”

Ease of manufacturing an asymmetric elliptical humeral head implant might be one of
the possible reasons for adhering to the spherical shape of the humeral head prosthesis.
Altering the shape of the prosthesis base into an ellipse has been demonstrated to reduce

overhang and better fit the proximal humeral surface. The second novel aspect of the thesis
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was to introduce the biological asymmetric nature of the humeral head into its prosthesis
design and highlight the theoretical benefits of this redesigning approach. The asymmetric
heads were further subjected to only musculoskeletal testing. In-silico finite element testing
of the asymmetric heads were not performed during this thesis and the focus of the kinetic
investigation were the novel glenoid designs. Hence, future studies on evaluating the kinetic

implications of the asymmetric nature of humeral heads on the GH forces are recommended.

7.2 Conclusion 11

The surgical process of replacing the arthritic GH joint surfaces with ATSP does not involve
muscle damage. Hence, pre- and post-surgical kinematics should be almost identical in the
case of TSA. To achieve the second goal an in-silico musculoskeletal model was created. Post-
validation of the model, it was modified to investigate the kinematic changes induced by the
population-specific humeral prosthesis and the new glenoid implant designs. The study
involving the average population-specific humeral heads from three different populations
(Swiss, South African and Chinese), paired with a matching glenoid prosthesis, was used to

study the population specific changes in muscle moment arms.

On comparing the kinematic outputs for abduction, forward flexion, and internal
rotation, it could be concluded that “The maximum muscle moment arm variation existed between
the average Swiss and the average Chinese populations. This could be correlated to the fact that the
former population had a significantly bigger humeral head than the later. Integrating this, kinematic
variation, with the fact that not all head sizes in a population are catered for by the available ATSP
manufacturers there exists a need for a population-specific range of prosthesis.” The overall process
implemented to realize the above conclusion could be considered as the third novelty

presented in this research.

The prosthetic glenoid cup is the most vulnerable component in ATSP with the highest
failure rate. Majority of these failures have been associated with the “rocking horse” effect

causing progressive loosening of the polyethylene glenoid prosthesis. Conceptually new
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designs of the glenoid components were introduced with the aim to reduce the force

imbalance causing the prosthesis “rocking”.

By performing the same set of motions using the new glenoid cups it was concluded
that “Only altering the shape of the glenoid or its surface profile is not enough to change the post-
surgical muscle moment arms. Major changes in prosthetic thickness, which effectively lateralises or
medialises the humeral head, and changes in surgical methods, altering the GH positions, should be

avoided if identical post-surgical kinematics is to be achieved.”

7.3 Conclusion III

The final goal of the research was to study the performance of the glenoid prostheses under
standardized loading conditions. ASTM recommendations were followed and a finite element
(FE) was developed and validated using literature. The validated model was modified, and
the modifications included the introduction of the bi-radial, the compartmental and the pear-
shaped glenoid components. The cement layer was only modified for the pear prosthesis to
match its posterior profile. In each of the analyses the humeral head translation on the glenoid

cup, until subluxation, was performed under a constant axial load.

By comparing the performance of the control glenoid model with the new designs it
could be concluded that “The bi-radial glenoid with thickened superior-posterior aspect was able to
direct the GH forces towards the posterior region of the cup, reducing the superior edge loading. The
pear-shaped glenoid showed the lowest resistance to superior subluxation of the head. The
compartmental glenoid was designed as a combination of the pear (healthy shape of the fossa) and oval-
shaped (post-arthritic shape of the fossa) prostheses, separated by gaps. The gaps provided in the
compartmentalised glenoid were observed to reduce eccentric loading of the cup by channeling the forces

into the cement layer and by restricting the GH loads within the concentric regions of the prosthesis.”

Apart from the pear-shaped glenoid, the design and testing of the bi-radial and the
compartmental glenoids could be considered as the fourth novelty of this thesis. The novel

glenoid cups were able to reduce or delay the eccentric loading of the cup by altering the GH
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stress pattern or by containing the stresses into a region of the cup which has sufficient bone

backing and is supported by pegs drilled into the glenoid vault.

In summary, this thesis presents a research pipeline that was developed to transfer GH
morphometric features into ATSP designs, with an overall aim to reduce glenoid cup failure,
which could be tested using the standardized protocols. Before implementation, each step of
the pipeline was validated using available literature. This research had set out to achieve three
goals which resulted in the realization of four novel aspects. Based on the outcomes of the
project, recommendations for future studies to further the research and address the limitations

are detailed in the following section.

7.4 Recommendations for Future Research

The current thesis has laid the groundwork for determining population-specific variation in
GH morphometry. The studied populations were sourced from two geographically distinct
countries from where only ethnically different cadavers were selected. Ideally, increasing the
population-specific cohorts by including cadavers from other sub-Saharan and European

countries is recommended.

The overall effect of the limitations mentioned in this thesis is varied. The limitations
represent two aspects about the thesis, firstly they direct towards future research studies &
aid in determining their scope and secondly the limitations provide an idea of the possible
investigations that could have been included in the thesis which might have added valuable
information but would have steered the research in a direction different to which it had
initially set-out for. The second aspect becomes an important representation of the candidate’s
decision-making capability which is essential for completing a doctoral thesis which is both
time and resource bound. Therefore, the limitations mentioned in this thesis were essential to
maintain the focus of the research on its aims & objectives and complete it within the strict
doctoral thesis timeline. The initial drawback of having inadequate subjects for the
morphometric analysis was highlighted by the lower statistical power value of 0.7. The

following limitation of not comparing the 3D morphometric measurements using
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reconstructed CT scans with 2D radiographs did not majorly affect the investigation as the
former was well validated using the former studies from literature. Unavailability of the
height and weight information along with the subject specific muscle volume data reduced
the possibility to scale the musculoskeletal models according to the patient specific data. The
only physical variation among the musculoskeletal models was the size of the humeral head
which affected the motion-induced muscle moment arms. Hence it can be argued that not
having all the demographic information limited the musculoskeletal models from being closer
to real world, but the models were successful in predicting the kinematics variations induced

by changing humeral head dimensions.

The fourth limitation was due to investigating the inter-population kinematic variations
using a single average model representing each population. This limitation did not allow the
investigation of statistical significance among the population. This becomes a topic of future
study which is currently underway. A similar limitation existed in the Finite Element
Analysis, where only one size of each glenoid design was tested during the humeral head
subluxation analysis. Although, a wider size spectrum of glenoid prostheses would have
provided a broader understanding of the kinetic performance of the novel glenoid designs
but performing these tests would have been time intensive. Hence, the decision of performing
the subluxation tests using glenoid designs with 28mm RoC was made. This ensured that the
in-silico observations could be verified and validated with the existing Finite Element studies
in the literature involving similar sized prosthesis. The final limitation of this thesis was not
backing up the subluxation test with the cycling loading of the novel glenoid designs as
specified in ASTM F2028-08 guidelines. Performing the cyclic tests would have provided a
complete assessment of the novel glenoid designs but few studies in the literature have only
reported observations from humeral head subluxation tests as a valid test to determine
glenoid component’s force characteristics. Therefore, keeping in mind the timeline of the
thesis and the Finite Element approaches reported in the literature, even by not including the
cyclic dynamic glenoid loosening analysis this thesis was able to provide substantial kinetic

characteristics of the novel glenoid designs.
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Analysing the morphometries of larger representations of ethnically different inhabitants
would broaden the understanding of the variances observed between them. Future studies
should also focus on the inter-population variances in the angle of inclination and version of
both the glenoid fossa and the humeral head. Including these parameters would provide a
comprehensive understanding of all the prosthetic design parameters for ATSP. The cohort of
3D remodelled bones obtained during the course of this morphometric investigation could be
utilised in the future to create population-specific statistical shape models (SSM). Creating
SSM will aid in further quantifying the specific variances that exist between the GH bones of
sub-Sahara African and European cohorts. These models could also be implemented to create
population-specific musculoskeletal models with emphasis on particular morphological

variances.

In South Africa, there is limited knowledge regarding the exact number of shoulder
surgeries taking place annually and the TSA failure rates. The commercial manufacturers
often report the number of prostheses sold in this country with other developing countries.
This suggests that the number TSA and RTSA surgeries in South Africa is significantly lower
than the USA and UK, but the precise frequency is not well documented. It is proposed that
future researchers in the Orthopaedic Biomechanics Lab, UCT should work closely with the
South African Orthopaedic Association to determine the important statistics related to

shoulder surgeries, such as:

a. The number of TSA and RTSA performed annually.
b. The total number of revision surgeries performed.
c. Major indicators for revisions and reasons for failure.

d. The average cost of shoulder surgery and the demographic details of the patients.

Inter-population differences in muscle moment arms were observed during unloaded
ADLs. During the deltopectoral approach, the subscapularis muscle is detached from its
insertion and retracted medially to access the GH joint. This muscle is often attached back to

its original alignment using sutures after replacing the GH joint surfaces. Along with this, the
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joint capsule is also removed during the surgery. Future musculoskeletal models should
consider the implications of a having weak subscapularis during movements such as internal
rotation and adduction. This could be achieved by introducing a dynamic fatigue component
in the analysis (Ma et al., 2009). The loss of stability caused by the absence of the joint capsule

should also be mimicked, under loaded conditions, in the future studies.

Multiple discussions with shoulder surgeons have shed light upon the fact that there is
limited or no information regarding the most common areas of GH contact during ADLs.
Current knowledge of GH contact areas are based on static studies (Massimini et al., 2010;
Yamamoto et al., 2007), dynamic changes in these contact points have never been studied. As
shoulder replacements are common in older individuals, it could be argued that their use of
dominant and non-dominant upper are limited. Future studies are recommended to quantify
the GH areas under contact during the most common activities including, but not limited to,

eating, combing hair and performing desk jobs.

One of the recommended methods is implanting instrumented humeral or glenoid
components in patients undergoing TSA and continuously monitor the prostheses contact
points wirelessly. A non-invasive approach could be tracking bio-markers attached to the
upper body using motion capture methods and replicating them in computerized

musculoskeletal models to assess the contact points.

The weight of the humeral head prosthesis is very different from the resected humeral
head which is mainly constituted of cartilaginous and cancellous bone tissues. This variation
in weight might alter the tension on the surrounding soft tissues and has never been studied
before. Future musculoskeletal studies should aim towards factoring-in the weight of the

prosthesis in the analysis to achieve higher kinematic accuracy.

A study using FE models of the GH components was presented in Chapter 6. In this study,
the novel glenoid cup designs were loaded using standard physiological loads. Under a
constant compressive load, the humeral head was translated until subluxation. The next

logical step should be to perform cyclic loading of the glenoid prostheses until 90% of the
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subluxation distance. Different sizes of the novel glenoid prostheses paired with matching
humeral heads should be considered for future analyses for which the described FE model

could be modified.

Rigorous laboratory testing of the prostheses designs is highly recommended before
commercialization attempts. These tests should make use of the kinematic and mechanical,
test rigs that have been already presented in the literature (Ackland et al., 2008; Gunther et al.,
2012; Junaid et al.,, 2010). A part of these studies should also focus on finding out the exact
friction co-efficient of bone cement (PMMA) and bone substitute (Polyurethane) interface

using the pin on disc methods.

Manufacturing the prostheses might be a challenge in South Africa, as there are no
indigenous manufacturers in the country and using foreign commercial facilities for the same
would be highly expensive. To overcome this constraint, it is recommended to set-up future
collaboration with the Centre for Rapid Prototyping and Manufacturing (CRPM) which is a
specialized medical implant producing research laboratory hosted by the Central University
of Technology (CUT) in Free State. CRPM uses additive manufacturing to develop the
implants using composite materials. Introducing novel joint prosthesis often demands
surgical alterations. In order to quantify the possible alterations that might have been
introduced by the implants presented in the current research, future cadaver studies should

be considered.

Replacing the highly mobile GH joint with prostheses has been challenging from the
onset of TSA. Over the years, ATSP designs have been modified to achieve a better post-
surgical outcome. The observations presented in this thesis suggest that incorporation of
certain anatomical features in the ATSP design, especially in the glenoid cup, to contain the
forces within the concentric region of the glenoid cup might be essential to overcome current

post-TSA complications.
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7.5 Final Thesis Conclusion

In the light of the conclusions presented above, the take-home message from this thesis could
be summarised as “Biomechanical and anatomical variations exist between ethnically different
populations. Providing population-specific ATSP might catering for these differences. While
anatomical modeling of the humeral head prosthesis increases concentric loads, thickening the posterior
glenoid cup and providing gaps between its concentric and eccentric regions might diminish eccentric

loading, and aseptic glenoid loosening.”
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Appendices

Appendix A - MATLAB script for
measuring GH morphometry

clc;
clear all;
close all;

fid = fopen ('014 Left Head 1.stl', 'r');

if fid == -1
error ('Error opening file');
end
vnum=0; $Vertex number counter.

report num=0; %Report the status as we go.
VColor = 0;

while feof (fid) == 0 % test for end of file, if not then
do stuff
tline = fgetl (fid); % reads a line of data from file.
fword = sscanf(tline, '%s '); % make the line a character string
% Check for color
if strncmpi (fword, 'c',1l) == 1; % Checking if a "C"olor line, as "C"
is 1lst char.
VColor = sscanf(tline, 'S$*s %f $f %f'); % & if a C, get the RGB
color data of the face.
end % Keep this color, until the next
color is used.
if strncmpi (fword, 'v',1l) == 1; % Checking if a "V'"ertex line, as
"V" is 1st char.
vnum = vnum + 1; % If a V we count the # of V's
report num = report num + 1; % Report a counter, so long files

show status
if report num > 249;
disp (sprintf ('Reading vertix num: %d.',vnum));

report num = 0;

end

v (:,vnum) = sscanf(tline, '%*s S$f %f %f'); % & if a V, get the XYZ
data of it.

c(:,vnum) = VColor; % A color for each vertex, which
will color the faces.

end % we "*s" skip the name "color" and

get the data.
end
% Build face list; The vertices are in order, so just number them.
fnum = vnum/3; ENumber of faces, vnum is number of vertices. STL is
triangles.
flist = 1:vnum; $Face list of vertices, all in order.
F = reshape(flist, 3, fnum); %Make a "3 by fnum" matrix of face list data.

%Return the faces and vertexs.

fout = F'; %Orients the array for direct use in patch.
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vout = v';
cout = c¢';

fclose (fid) ;

F = fout;

V = vout*1000;

C = cout;

p = patch('faces',F, 'vertices',KbV);

set(p, 'facec', 'c"); % Set the face color (force it)
set (p, 'facec', [0.1 0.5 0.9]); % Set the face color flat
set (p, 'FaceVertexCDhata', C); % Set the color (from file)

set (p, 'facealpha',0.25); % Use for transparency

set (p, 'EdgeColor', 'none'); % Set the edge color

%set (p, 'EdgeColor',[0.9 0.5 0.1]); % Use to see triangles, if
needed.

set (p, 'Edgealpha',0.3);

light; % add a default light
daspect([1 1 11); % Setting the aspect ratio
view (3); % Isometric view

xlabel ("A-P axis'),ylabel('S-I axis'),zlabel('Height axis');
title ('Humeral Head');

drawnow; % axis manual

axis ([-30 30 =30 30 0 25]);

grid on;

hold on;

[rows,cols] = size(V);

disp (V) ;

o)

% Sampling and Segmenting the head

x =0; y=0; z = 0; %creating the origin
plot3 (x,y,z, 'k+',"'linewidth',8);

antpost = max(abs(V(:,1))); S%$scanning through the X-values A-P

ind = find(V == antpost | V== -antpost); %selects the highest value
irrespective of the sign

row = ind(1,1);

x1l = V(row,1);
yl V(row,2);
z1l = V(row, 3);
%plot3 (x1,yl,zl,'ko");

supinf = max(abs(V(:,2)));%scanning through the Y-values S-I

ind = find(V == supinf | V == -supinf); %selects the highest value
irrespective of the sign

row = ind(1,1)-rows;

x2 = V(row,1);

y2 = V(row,2);
z2 V(row, 3);
$plot3 (x2,y2,z2,'h");

height = max(abs(V(:,3))); %scanning through the Z-values Height
ind = find(V == height | V == -height); %selects the highest value
irrespective of the sign
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row = ind(1,1)-(2*rows);

x3 = V(row,1l);%center of the peak point
y3 V(row,2);%center of the peak point
z3 = V(row,3);

plot3 (x3,y3,z3,"'k*","linewidth',5);
plot (x3,y3, 'ro','linewidth',5);

stem3 (x3,y3,z3,'r-',"'linewidth',7);

box on;

xdiff = x3-0; %distance from the origin and peak - x-axis

ydiff = y3-0; %distance from the origin and peak - y-axis
disp(['separation from the origin = ', num2str(xdiff),',',num2str(ydiff)]);
disp(['height = ', num2str (height)]);

disp(['A-P = ', num2str (antpost)]);

disp(['S-I = "', num2str (supinf)]);

H = height;
Wap = antpost*2;

Wsi = supinf*2;

AP RoC = [(H) + ((Wap*Wap)/(4*H))];

SI RoC = [(H) + ((Wsi*Wsi)/(4*H))]1;

disp(['Anterior Posterior Circular RoC = ', num2str (AP RoC)]);
disp(['Superior Inferior Circular RoC = ', num2str(SI _RoC)]);

% Draw an arc between AP-Peak
1=[x1 y1 z1];
2=[x3 y3 z3];

% Radius
R = (AP RoC/2)

$Center
xc=x3;
yc=y3;
zc=height-R;

x=linspace (pl(1l),p2(1),200);
y=linspace (pl (2),p2(2),200);
z=zc+sgrt ((R"2) - ((x-xc) ."2) = ((y-yc) ."2));

splot3(x, y,z, 'k="',"linewidth',5);

splot3 (pl(l),pl(2),pl(3),'*"', 'MarkerSize',10);
$plot3 (p2 (1 ) r2(2),p2(3),'*", '"MarkerSize',10);
%plot3 (xc,yc,zc, '*', '"MarkerSize',10);

% Draw an arc between SI-Peak

pl=[x2 y2 z2];

p2=[x3 y3 z3];

% Radius

R = (SI RoC/2)

%Center

xc=0;
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yc=0;
zc=height-R;

x=linspace (pl (
y=linspace (pl (
z=zc+sqgrt ( (R"2

1),p2(1),200);
2),p2(2),200);
) - ((x-xc) ."2)-((y-yc)."2));

$plot3(x,y,z, 'c-','linewidth',5);
plot3(x,-y,z, 'c-','linewidth',5);

Splot3 (p (l),pl(2),pl(3),'*','MarkerSize',lO);
plot3 (p2(1l),p2(2),p2(3),'*", '"MarkerSize',10);
$plot3(xc,yc,zc, '*', '"MarkerSize',10);

$figure;

%subplot (2,1,1);

splot (V(:,2),V(:,3));
$xlabel ('S-I axis');
%ylabel ("Height');

$subplot(2,1,2);

%plot (V(:Il)lv(:l3));
$xlabel ("A-P axis');
%ylabel ('Height') ;

A =V(:,1); %$x values
B =V(:,2); %y values
C =V(:,3); %z values
j=1;

D(j) = 0;

D1 = 0;

D2 = 0;

$1if (rows >= 8000)
$for i=1:2:rows
$1if (A(1)<=1 && A(1)>=-1)
5D () = C(i);
$hold on;
Fif (B(i)>y3)
%$D1 = D1+D(73);
$stem3 (A(i),B(i),C(1i), 'b-=-");
%else
$D2 = D2+D(3);
$stem3 (A(i),B(i),C(i), 'k-=-");

$end
) = J+1;
%end
send
%else
% for i=1:1:rows
$if (A(1)<=1 && A(1)>=-1)
% D(3) = C(i);
% hold on;
% if (B(1)>y3)
% D1 = D1+D(J);
% $stem3 (A(1),B(1i),C(1i), 'b-");
% else

o\°

D2 = D2+4D(j);
$stem3 (A(i),B(i),C(i), 'k-=");
end

oe
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%end
%end
%end
$F = D1/D2;
%disp (F);
s = 0;
t 0;
r 0;
11 0;
12 = 0;
for i = 1l:1l:rows
if (C(i) <= 0)
s = supinf - Wsi/4;
if (B(i) >= s-10 && B(i)<= s+10)
r = r+l;
11(xr) = 2*A(1);
$plot3 (A(i), B(i), C(i), 'k*'");
end
end
end
if (r>1)
for 1 = 0:1:r
t = t+1l(r);
end
end

L =t/ (x-1);
= Wap/abs (L) ;

T
|



Appendices

Appendix B — Quantile-Quantile for plots all data sets

Normal Q-Q Plot of AP_Cir_Diameter Normal Q-Q Plot of SI_Cir_Diameter Normal Q-Q Plot of Humerus_Height
Es | |
= 2
2
5 ' s " k]
£ £ E
5 ] ]
z z z
T T H
° ° g
] @ @
% 4 -
d [T w
EE|
2 2|
E S e
T T T T T T T T T T T T T T T T T
3 0 45 50 55 60 0 5 EY B3 0 260 300 320 340 380 380
Observed Value Observed Value Observed Value
Normal Q-Q Plot of Humeral_Thickness Normal Q-Q Plot of Humeral_RoC Normal Q-Q Plot of Glenoid_RoC
Es 8| |
b2 2
o
5 ' 5 " "
£ E E
H s s
z = z
3 2 3
H B o 0
& 3 £
uo g ] I
e s 2
ES o
T T T T T T T T T T T T T T T T T T T T
125 150 175 200 25 250 18 20 2 24 % E 30 2 k) 5 0 35 o as
Observed Value Observed Value Observed Value
Normal Q-Q Plot of Conformity_Index Normal Q-Q Plot of Glenohumeral_Mi:
Es o
.
.
-
A 5
g £
S H
= =
3 7| T
3 ]
° g o
2 a
& 3
d o I}
S 2
ES
T T T T T T T T T
s 07 08 03 3 H o 5 B
Observed Value Observed Value

Vi



Appendices

Expected Normal

Expected Normal

Expected Normal

Normal Q-Q Plot of AP_Cir_Diameter

2

T T T T T
£ 40 45 50 55

Observed Value

Normal Q-Q Plot of Humeral_Thickness

T T T T T
150 175 200 25 250

Observed Value

Normal Q-Q Plot of Conformity_Index

Observed Value

Expected Normal

Expected Normal

Expected Normal

Normal Q-Q Plot of SI_Cir_Diameter

Normal Q-Q Plot of Humeral_RoC

T T
50 s

Observed Value

Observed Value

Normal Q-Q Plot of Glenohumeral_Mi

Vil

Observed Value

Expected Normal

Expected Normal

Normal Q-Q Plot of Humerus_Height

2

T T
300 E=3
Observed Value

Normal Q-Q Plot of Glenoid_RoC

T
350

T T
30 35

Observed Value




Appendices
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Appendix C — Background code to
generate the control OpenSim
shoulder model

1 <2?xml version="1.0" encoding="UTF-8" 2>
[-]<OpenSimDocument Version="30000">
<Mcdel name="NSM shoulder Healthy">

<defaults>
<!--Acceleraticn due to gravity.-->
15 <gravity> 0 -9.80665 0</gravity>
1a <!--Bedies in the medel.-->
17 <BedySet>
18 <cbjects>

<Bedy name="ground">

<Bedy name="thorax">

<Bedy name="clavicle">

<Bedy name="scapuladum">
<mass>0</mass>
<mass_center> 0 0 0</mass_center>
<inertia xx>0</inertia_xx>
<inertia_ yy>0</inertia_ yy>
<inertia_zz>0</inertia_zz>
<inertia_ xy>0</inertia_xy>
<inertia_xz>0</inertia_xz>
<inertia_ yz>0</inertia_yz>
<!--Joint that connects this body with the parent beody.-->
<Jeint>

<CustomJoint name="acromioclavicular">

4865 </Joint>

466 </Body>

467 <Bedy name="acapula'>

468 <mass>0</mass>

469 <mass_center> 0 0 0</mass_center>

470 <inertia_ xx>0</inertia_xx>

471 <inertia_yy>0</inertia_yy>

472 <inertia_ zz>0</inertia_zz>

473 <inertia xy>0</inertia_xy>

474 <inertia xz>0</inertia xz>
<inertia yz>0</inertia_ yz>
<!--Joint that connects this body with the parent body.-->
<Jeoint>

<WeldJeint name="scapula dunmy">
</Joint>
<VisibleObject>
</Bedy>
<Bedy name="scapula johnson">
<Bedy name="GCHdum">

<mass>0</mass>
<mass_center> 0 0 0</mass_center>
<inertia xx>0</inertia xx>

<inertia yy>0</inertia_ yy>
<inertia zz>0</inertia zz>

<inertia xy>0</inertia xy>

562

<inertia xz>0</inertia xz>

563 <inertia_yz>0</inertia_yz>
564 <!--Joint that connects this body with the parent body.-->
ses M <Joint>

n
0
oy

[ |

=

<WeldJcint name="Clenochumeraldummy" >
r </Jeint>
r </Bedy>

Xl
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1 <?xml version="1.0" encoding="UTF-8" 72>
2 =] <CpenSimDocument Version="30000">
3 <Mcdel name="NSM shoulder Healthy">
< <defaults>
14 <l--Acceleraticon due to gravity.-—->
15 <gravity> 0 -9.80665 O</gravity>
1e <!--Bedies in the mcdel.-—->
17 <BedySet>
18 <cbjects>
19 <Bedy name="ground">
31 <Bedy name="thorax">
143 <Bedy name="clavicle">
322 <Bedy name="scapuladum">
323 i i <mass>0</mass>
324 i i <mass_center> 0 0 0</mass_center>
325 i i <inertia xx>0</inertia xx>
328 i i <inertia_ yy>0</inertia yy>
327 i i <inertia zz>0</inertia zz>
328 i i <inertia xy>0</inertia xy>
323 i <inertia_ xz>0</inertia_xz>
330 : <inertia_ yz>0</inertia_yz>
331 k - <!--Joint that connects this body with the parent body.-—->
332 <Jeoint>
333 <CustomJeoint name="acromioclavicular">
465 </Jeint>
466 </Body>
467 <Bedy name="scapula">
4868 i i <mass>0</mass>
4859 i <mass_center> 0 0 0</mass_center>
470 i i <inertia xx>0</inertia xx>
471 i i <inertia yy>0</inertia yy>
472 i <inertia_zz>0</inertia_zz>
473 i i <inertia xy>0</inertia xy>
474 i i <inertia xz>0</inertia xz>
475 i <inertia_ yz>0</inertia yz>
476 i i <!--Joint that connects this body with the parent body.-->
477 <Jeoint>
478 <WeldJecint name="scapula dunony">
4395 </Jeoint>
4398 <VisibleObject>
524 </Body>
525 <Bedy name="scapula johnson">
555 <Bedy name="GCGHdum" >
556 i <mass>0</mass>
557 <mass_center> 0 0 0</mass_center>
558 <inertia xx>0</inertia xx>
559 <inertia yy>0</inertia yy>
560 <inertia zz>0</inertia zz>
Sel <inertia_ xy>0</inertia_xy>
562 <inertia xz>0</inertia xz>
563 <inertia_ yz>0</inertia yz>
564 <!--Joint that connects this body with the parent body.-->
565 = i i <Joint>
566 : : <WeldJeint name="Clenochumeraldumnny" >
583 : </Jeint>
584 </Body>
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1241 <ForceSet>

1242 <gbjects>

1243 <SchuttelS533Muscle Deprecated name="Bicep Short Humerus">

1293 <Schuttel353Muscle Deprecated name="Trapezius SN">

1335 <Schuttel353Muscle Deprecated name="Trapezius OC C3">

1377 <Schuttel353Muscle Deprecated name="Trapezius C3 C&">

1418 <Schutteld53Muscle Deprecated name="Trapezius C7">

1470 <SchuttelS533Muscle Deprecated name="Trapezius T1">

1521 <Schuttel353Muscle Deprecated name="Trapezius T2">

1572 <Schuttel3533Muscle Deprecated name="Trapezius T3">

1623 <Schuttel353Muscle Deprecated name="Trapezius T4">

1674 <Schutteld53Muscle Deprecated name="Trapezius T5">

1725 <Schuttel3533Muscle Deprecated name="Trapezius T6">

177¢ <Schuttel3533Muscle Deprecated name="Trapezius T7">

1827 <Schuttel3533Muscle Deprecated name="Trapezius T8">

1878 <Schuttel353Muscle Deprecated name="Trapezius T3">

1829 <Schutteld53Muscle Deprecated name="Trapezius T10">

1380 <Schuttel3533Muscle Deprecated name="Trapezius T11">

2031 <Schuttel353Muscle Deprecated name="Trapezius T12">

2082 <Schuttel3533Muscle Deprecated name="levator scapulae 1">

2124 <Schutteld53Muscle Deprecated name="levator scapulae 2">

21lee <Schutteld53Muscle Deprecated name="levator scapulae 3">

2208 <Schuttel3533Muscle Deprecated name="levator scapulae 4">

2250 <SchuttelS53Muscle Deprecated name="rhomboid mincr C&">

2292 <Schuttel3533Muscle Deprecated name="rhomboid mincr C7">

2334 <Schuttel353Muscle Deprecated name="rhomboid major T1">

2378 <Schutteld53Muscle Deprecated name="rhomboid major T2">

2418 <Schuttel3533Muscle Deprecated name="rhomboid major T3">

24¢0 <SchuttelS53Muscle Deprecated name="rhomboid major T4">

2502 <Schuttel353Muscle Deprecated name="rhomboid major T5">

2544 <Schuttel353Muscle Deprecated name="serratus anterior 1">

2585 <Schutteld53Muscle Deprecated name="serratus anterior 2">

2646 <Schuttel3533Muscle Deprecated name="gerratus anterior 3">

26387 <Schuttel353Muscle Deprecated name="gserratus anterior 4">

2748 <Schuttel3533Muscle Deprecated name="serratus anterior 5">

2799 <Schuttel353Muscle Deprecated name="serratus anterior &">

2850 <Schutteld53Muscle Deprecated name="serratus anterior 7">

2501 <Schuttel333Muscle Deprecated name="gerratus anterior 8">

2952 <Schuttel353Muscle Deprecated name="serratus anterior 9">

3003 <Schuttel3533Muscle Deprecated name="pectoralis minor 1">

3045 <SchuttelS53Muscle Deprecated name="pectoralis minor 2">

3087 <Schutteld53Muscle Deprecated name="pectoralis minor 3">

3129 <Schuttel3533Muscle Deprecated name="latissimus dorsi 1">

3180 <Schuttel353Muscle Deprecated name="latissimus dorsi 2">

3231 <Schutteld53Muscle Deprecated name="latissimus dorsi 3">

3282 <SchuttelS533Muscle Deprecated name="latissimus dorasi 4">

3333 <Schutteld53Muscle Deprecated name="latissimus dorsi 5">

3384 <Schuttel3533Muscle Deprecated name="pectoralis major clavicular 1">
3426 <SchuttelS53Muscle Deprecated name="pectoralis major clavicular 2">
3477 <Schutteld53Muscle Deprecated name="pectoralis major clavicular 3">
3528 <Schutteld53Muscle Deprecated name="pectoralis major clavicular 4">
3579 <Schutteld53Muscle Deprecated name="pectoralis major clavicular 5">
3630 <Schuttel3533Muscle Deprecated name="pectoralis major thoracic 1">
3681 <SchuttelS53Muscle Deprecated name="pectoralis major thoracic 2">
3732 <Schutteld53Muscle Deprecated name="pectoralis major thoracic 3">
3783 <SchuttelS53Muscle Deprecated name="pectoralis major thoracic 4">
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3834 <Schuttel333Muscle Deprecated name="pectoralis major thoracic 5">
3885 <Schuttel333Muscle Deprecated name="deltoid anterior 1">
3333 <Schuttel333Muscle Deprecated name="deltoid anterior 2">
3981 <Schuttel333Muscle Deprecated name="deltoid middle">

4029 <Schuttel333Muscle Deprecated name="deltoid posteriocr 1">
4077 <Schuttel393Muscle Deprecated name="deltoid posterior 2">
4125 <Schuttel333Muscle Deprecated name="supraspinatus">

4175 <Schuttel333Muscle Deprecated name="infraspinatus 1">

4225 <Schuttel333Muscle Deprecated name="infraspinatus 2">

4275 <Schuttel333Muscle Deprecated name="infraspinatus 3">

4325 <Schuttel333Muscle Deprecated name="subscapularis 1">

4375 <Schuttel333Muscle Deprecated name="subscapularis 2">

4425 <Schuttel333Muscle Deprecated name="subscapularis 3">

4475 <SchuttelS33Muscle Deprecated name="teres minor">

4525 <Schuttel333Muscle Deprecated name="teres major">

4587 <Schuttel333Muscle Deprecated name="coracobrachialis 1">
4509 <Schuttel333Muscle Deprecated name="coracobrachialis 2">
4651 <Schuttel333Muscle Deprecated name="bicep short">

4701 <Schuttel333Muscle Deprecated name="bicep long 2">

4763 <Schuttel333Muscle Deprecated name="tricep long 1">

4813 <Schuttel333Muscle Deprecated name="tricep long 2">

48863 <Schuttel333Muscle Deprecated name="tricep med 1">

4313 <Schuttel333Muscle Deprecated name="tricep med 2">

43963 <Schuttel333Muscle Deprecated name="tricep lat 1">

5013 <Schuttel333Muscle Deprecated name="tricep lat 2">

5063 <Schuttel333Muscle Deprecated name="brachialis 1">

5113 <Schuttel333Muscle Deprecated name="brachialis 2">

5163 <Schuttel333Muscle Deprecated name="anconeus 1">

5205 <Schuttel333Muscle Deprecated name="anconeus 2">

5247 <Schuttel333Muscle Deprecated name="brachioradialis 1">

5297 <Schuttel333Muscle Deprecated name="brachioradialis 2">

5347 <Schuttel333Muscle Deprecated name="supinator humeral head">
53897 <Schuttel333Muscle Deprecated name="supinator ulnar head 1">
5447 <Schuttel333Muscle Deprecated name="supinator ulnar head 2">
5487 <Schuttel333Muscle Deprecated name="pronator teres humeral head 1">
5547 <Schuttel333Muscle Deprecated name="pronator teres humeral head 2">
5597 <Schuttel333Muscle Deprecated name="pronator teres ulnar head 1">
5647 <Schuttel333Muscle Deprecated name="pronator teres ulnar head 2">
5697 <Schuttel333Muscle Deprecated name="pronator guadratus 1">
5739 <Schuttel333Muscle Deprecated name="pronator cuadratus 2">
5781 <Schuttel333Muscle Deprecated name="1l coatoclavicular">

5823 <Schuttel333Muscle Deprecated name="1l conoid">

5885 <Schuttel333Muscle Deprecated name="1 trapezoid">

5307 </cbjects>

5308 <groups>

5349 </ForceSet>

5350 <!--Markers in the mcdel.-->

5951 <MarkerSet>

5952 <cbjects />

5953 </MarkerSet>

5954 </Mcdel>

5955 </0OpenSimDoccument>
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Appendix D - MATLAB script to
calculate the rotational matrix of the
prosthesis

o

s Mimics.Output: outputl

Q

¢ Mimics.Input: inputl, input2, input3, input4

A = inputl.Points;

B = input2.Points;

C = input3.Points;

D = inputé4.Points;

% Calculations:

AB = (A'-B'); % Glenoid frame Y-axis

CD = (C'-D'"); % Glenoid frame Z-axis
T = [0;0;0;1];

Yg = AB/norm (AB) ;

Xg = cross(Yg,CD/norm(CD)) ;

7g = cross(Xg,Yq) ;

Xg = [Xg;0];
Yg = [Yg;0];

Zg = [Zg;0];

R = [Xg Yg Zg T]

Ri = [Xg Yg Zg]l';

Angs = (RXYZSOLV(R)); % GS Angle Solve
Angs = Angs(1,1:3);

Angs I = (RZYXSOLV(Ri));

outputl =

struct ('Type', '"Mimics.Medcad.Point', 'Name', 'RotationAngle', 'Points',Angs);

XVI
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Appendix

E — Modiefied Background

code to generate OpenSim TSA

model

1 <?xml version="1.0"

N

w

<defaults>

s

m

encoding="UTF-8"
[F]<CpenSimDeocument Version="30000">
<Mcdel name="NSM shoulder TSA">

2>

<Thelen2003Muscle name="default">

</defaults>

14

<!--RAcceleration
<gravity> 0 -9.80665 0</gravity>

due tc gravity.-->

1s <!--Bodies in the model.-->
17 <BodySet>
18 <ocbjects>
18 <Bedy name="ground">
31 <Body name="thorax">
<Beody name="clavicle">
322 <Bedy neme="scapuladum">
487 <Bedy name="scapula">
525 <Bedy name="scapula jochnson">
<Beody name="glenoid cup">

o0

<mass>0</mass>

<mass_center> 0 0 0</mass_center>
<inertia_xx>0</inertia_ xx>
<inertia_ yy>0</inertia_yy>
<inertia zz>0</inertia zz>

SE1 <inertia_xy>0</inertia_ xy>

562 <inertia_ xz>0</inertia_xz>

563 <inertia yz>0</inertia_yz>

5 <!--Jeoint that connects this bedy with the parent beody.-->
<Jeint>

<WeldJcint name="glenoid cup">

o

o

</Joint>
<VisibleCbject>

<Body

</Bedy>

name="GHdun" >

o

<Bedy

neme="headdun" >

<Body

name="humerus" >

<Beody

(7]
o

(7]
0

W
o
)

name="humeral head">

<mass>0</mass>

4 <mass_center> 0 0 0O</mass_center>
<inertia xx>0</inertia_ xx>
<inertia yy>0</inertia_yy>

97 <inertia_zz>0</inertia_zz>
<inertia_xy>0</inertia_xy>
<inertia xz>0</inertia_xz>
<inertia_yz>0</inertia_yz>

S01 <!--Jeint that ccnnects this beody with the parent bedy.-—->
s0z [ <Joint>
i = <VisibleCbject>
<!--Set gecmetry files and asscciated attributes, alleow .vtp, .stl,
[+ <GecmetrySet>

<!--Three scale fac scaleX scaleY scaleZ-->
<scale_factors> 1 1
<!--Whether to show a

<show_axes>false</show_axes>

</VisibleObject>
</Bedy>
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Appendix F - MATLAB script to
induce motion and measure
kinematic properties from OpenSim

clc
clear
close all

oo

%% Initialisation:

o\°

To 'install' the OpenSim API run the configureOpenSim.m

Location: OpenSim installation directory (typically: C:\OpenSim
.3\Scripts\Matlab)

In this folder are other examples that may prove useful. Their associated
tutorials can be found here: http://simtk-
confluence.stanford.edu:8080/display/OpenSim/Introduction+to+the+OpenSim+AP
I

e W oe

o\°

import org.opensim.modeling.*

% imports all the opensim API functions into MATLAB. Required in any .m
% API functions reference:

https://simtk.org/api docs/opensim/api docs/index.html

On the side menu bar click on Classes -> Class List -> OpenSim for
the full list of available classes.

o\°

o\°

o)

% Location of your OpenSim file:

modelPath = 'C:\Users\DYXROO001\Dropbox\Work\PhD\OpenS pipelines\NSM based
models for study\'; % laptop directory

modelFile = [modelPath, 'NSM shoulder TSA biradialglene.osim'];

smodelFile = [modelPath, 'NSM shoulder TSA biradialglene.osim'];

smodelFile = [modelPath, '"NSM shoulder TSA SWavg 40 15.osim'];

% < replace these strings with your own information >

osimModel = Model (modelFile); % this loads the model into MATLAR
state = osimModel.initSystem; % the current 'state' of the model

o\°

% Basic API Utilisation:
NB: OpenSim's API indexing start at 0, MATLAB's indexing starts at 1.
middle deltoid

o\°

oe

Nmusc_ant = 57;

muscles = osimModel.getMuscles(); % <show Class on website>
muscle = muscles.get (Nmusc_ant) .getGeometryPath(); % get muscle geometry
path <show in Notepad++>

o

char (muscles.get (Nmusc_ant) .getName()); % get muscle name

muscle name

currentPath = muscle.getCurrentPath (state);
origin M1 = currentPath.getitem(0) .getLocation();

Xvil
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% This 1s equivalent to:

% origin M2 =
osimModel.getMuscles () .get (Nmusc) .getGeometryPath () .getCurrentPath (state) .g
etitem(0) .getLocation();

% Convert OpenSim vector into MATLAB vector:
origin matlab = [origin Ml.get(0), origin Ml.get(l), origin Ml.get(2)];

% Convert MATLAB vector in OpenSim vector:
origin osim =
ArrayDouble.createVec3 (origin matlab(l),origin matlab(2),origin matlab(3));

% Other variables we can extract about the muscle:

% Origin/Insertion Bodies:

BodySegl = muscle.getPathPointSet.get (0).getBody(); % origin body segement
BodySeg2 = muscle.getPathPointSet.get (1) .getBody(); % insertion body
segment (for muscles with only 2 path points)

% Number of points along muscle path:

N = currentPath.getSize(); % For a regular muscle: 2 = no wrapping, 4 = 1
wrapping object, 6 = 2 wrapping objects

Origin = currentPath.get (0) .getLocation () ;
MOrigin = [Origin.get (0), Origin.get(l), Origin.get(2)1]1;
OriginBody = char (currentPath.get (0) .getBodyName () ) ;

if N ==
WrapPtl = currentPath.get (l) .getLocation();

MWrapPtl = [WrapPtl.get(0), WrapPtl.get(l), WrapPtl.get(2)];
WrapBodyl = char (currentPath.get (1) .getBodyName ()) ;

fprintf ('Muscle Origin: $son the %$s\n',sprintf('%$.5f
', MOrigin),OriginBody) ;
fprintf ('Wrap Point 1: $son the %$s\n',sprintf('%$.5f

', MWrapPtl),WrapBodyl) ;
elseif == 6

WrapPtl = currentPath.get (1) .getLocation();
MWrapPtl = [WrapPtl.get(0), WrapPtl.get(l), WrapPtl.get(2)];
WrapBodyl = char (currentPath.get (1) .getBodyName()) ;

WrapPt2 = currentPath.get (2) .getLocation();
MWrapPt2 = [WrapPt2.get(0), WrapPt2.get(l), WrapPt2.get(2)];
WrapBody2 = char (currentPath.get (2) .getBodyName ()) ;

fprintf ('Muscle Origin: $son the %s\n',sprintf('%.5f
',MOrigin),OriginBody) ;

fprintf ('Wrap Point 1: %son the %s\n',sprintf('$.5f
' ,MWrapPtl) ,WrapBodyl) ;

fprintf ('Wrap Point 2: $son the %s\n',sprintf('%.5f

', MWrapPt2) ,WrapBodyl) ;

end

XIX



Appendices

%% Moving through a motion:

Import .mot file

5 load ('C:\Users\USER\Google

Drive\PhD\OpenSim\Z Setup\Tasks\Abduction.txt'); % UCT directory
load('C:\Users\DYXRO0O001\Dropbox\Work\PhD\OpenS pipelines\NSM based models
for study\motion\Motions detailed\Moment Arm Inputs\Abduction.txt');

eval ('angles=Abduction; ") ;

© o

Q

modelCoordSet = osimModel.getCoordinateSet(); % get the set of the model
co-ordinates (SC, AC, GH joint, etc)
nCoords = modelCoordSet.getSize(); % the number of model co-ordinates

[

for i = l:length(angles) % each step of the motion

Q

CurrentAngle = angles (i, :); % Joint Coords for each timestep

for j = 0:nCoords-1
modelCoordSet.get (j) .setValue (state, CurrentAngle(j+1))
end
muscl Inth = double(muscles.get (Nmusc_ant) .getOptimalFiberLength());

[

% <Do further calculations/measurements here>
end

%% Calculating Moment Arms:

oe

OpenSim uses Euler angles and intrinsic rotation sequences (co-ordinate
system changes orientation after the rotation of each element).
e.g.: GH joint rotation: x, -z', y'' (flexion, Abduction, rotation).

oe

oe

oe

Measurement of moment arms around the humerus are clinically measured
using an extrinsic rotation sequence (fixed co-ordinate system) relative
to the thorax (ground). GH joint: vy, z, vy

oe

o\°

o\°

Need to convert the GH rotation using the API:

[

% elemental rotations of the SC and AC joints:

angles = deg2rad(angles); % convert degrees into radians for calculations
SCy = angles(:,1
SCz = angles (
SCx = angles(:,
ACy = angles (:
(
(

S 7
ACz = angles
ACx = angles

’

~

~
o U W N

’

~

Joint = osimModel.getBodySet () .get ('GHdum') .getJoint(); % the dummt Jjoint
controlling GH motion in OpenSim

GSd_initial = Joint.get orientation in parent; % read in the
original/default joint orientation
GSd initial = [GSd initial.get(0), GSd initial.get(l), GSd initial.get(2)];

GSd_rot initial = rotx(GSd initial(l))* roty(GSd initial(2))~*
rotz (GSd _initial(3)); % calculate rotation matrix

for i = l:length(angles) % each step of the motion

Rsc = roty(SCy(i)) * rotz(SCz(i)) * rotx(SCx(i));

XX



Appendices

Rac = roty(ACy(i)) * rotz(ACz(i)) * rotx(ACx(i));

% GSd angs = deg2rad(RZYXSOLV (GSd rot initial*Rac'*roty(l.5)'*Rsc')); %
this 'corrects' the GH joint frame

GSd_angs = deg2rad(RZYXSOLV (GSd _rot initial*Rac'*Rsc')); % this
'corrects' the GH joint frame

GSd _rot = ArrayDouble.createVec3 (GSd angs(1l),GSd angs(2),GSd angs(3));

Joint.set orientation in parent (GSd rot);

if 1 == 10
xx = pi;
end

osimModel.initSystem; % update the state of the model to recognise the
change in frame

CurrentAngle = angles(i,:); % Joint Coords for each timestep
for j = 0:nCoords-1

modelCoordSet.get (j) .setValue (state, CurrentAngle(j+1))
end

GH beta = modelCoordSet.get ('GH abd');
GH gama = modelCoordSet.get ('GH flex');%
GH beta2 = modelCoordSet.get ('GH rot'")

% measurement moment arms relative to the three GH joint axes:
% beta (x) / gama (z) / beta2 (y)

MomentArm Beta (i, 1) = muscle.computeMomentArm(state,GH beta); % in m
MomentArm Gama (i,1) = muscle.computeMomentArm(state,GH gama); % in m
MomentArm Beta2(i,1l) = muscle.computeMomentArm(state,GH beta2); % in m

end

MomentArms Gama = MomentArm Gama*1000; % in mm

MomentArms Beta = MomentArm Beta*1000; % in mmMomentArms Beta 2 =
MomentArm Beta*1000;

MomentArms BetaZ = MomentArm Beta2*1000; % in m

o

fprintf ('Middle Deltoid: \n');

disp (MomentArms Beta);

steps = linspace(0,150,31)"';

hold on;

plot (steps,MomentArms Beta, 'b-', 'linewidth', 2);
plot (steps,muscl 1lnth,'b.',"linewidth', 2);
axis([-1,151,-60,601);

title ('Moment Arm During Abduction');

xlabel ('Abduction Range of Motion (degrees)');
ylabel ('Moment Arm (mm)');

XXI



Research Outputs and Achievements during the Doctoral Thesis

Publications

R. Dey, S. Patnaik, G. Nair, S. Steiner and S. Sivarasu. An intra-operative device (Pat-
Rig) for parallel drilling and femoral landmark estimation during MPFL
reconstructive surgery. Under Review at South African Orthopaedic Journal.

R. Dey, S. Roche, T. Rosch, T. Mutsvangwa, J. Charilaou, and S. Sivarasu. Anatomical
variations in gleno-humeral joint: an inter population study. Journal of Shoulder and
Elbow Surgery OA, 2(1), 1-7, March 2018. https://doi.org/10.1016/j.jses.2017.11.007.

R. Dey, S. Patnaik and S. Sivarasu. Novel Device to Accurately Locate Femoral
Insertion Landmark in Medial Patellofemoral Ligament (MPFL) Reconstruction.
ASME. Frontiers in  Biomedical —Devices, 2017 Design of Medical Devices
Conference ():V001T11A019. https://doi.org/10.1115/DMD2017-3500.

R. Dey, S. Patnaik, S. Steiner and S. Sivarasu. Low-Cost Three-Dimensional Printed
Surgical Drill-Guiding Device for MPFL Reconstruction (Pat-Rig)1. ASME. ]. Med.
Devices. 2016;10(2):020914-020914-3. https://doi.org/10.1115/1.4033205.

Conference Presentations

R. Dey, S. Roche, T. Rosch and S. Sivarasu. Effect of humeral head shape on the
contact radius, moment arms, and glenohumeral forces. 8" World Congress of
Biomechanics (WCB), Dublin, Ireland, July 2018. (Poster Presentation).

R. Dey, S. Roche, T. Mutsvangwa and S. Sivarasu. An inter-population study between
African and European glenohumeral articulating surfaces. 8" World Congress of
Biomechanics (WCB), Dublin, Ireland, July 2018. (Oral Presentation).

J. Charilaou, R. Dey, S. Roche, S. Sivarasu, F. Hansson, R. van Staden and S. Maqungo.
Quantitative fit analysis of acromion and clavicle plates using acromion fracture 3D
anatomical models. 8" World Congress of Biomechanics (WCB), Dublin, Ireland, July 2018.
(Oral Presentation).

R. Dey, S. Roche, and S. Sivarasu. Recent finding in glenohumeral contact kinetics
in Total Shoulder Arthroplasty. 3 South African Biomedical Engineering Conference
(SABEC), Stellenbosch, South Africa, April 2018. (Podium Presentation).

R. Dey, S. Roche, T. Rosch, T. Mutsvangwa, J. Charilaou, and S. Sivarasu. Are South
African shoulders different? An unique inter-population morphometric
investigation. 63rd Congress of the South African Orthopaedic Association (SAOA), Port
Elizabeth, South Africa,2017. (Oral Presentation).

XXII


https://doi.org/10.1016/j.jses.2017.11.007
http://proceedings.asmedigitalcollection.asme.org/proceeding.aspx?articleid=2661419
http://medicaldevices.asmedigitalcollection.asme.org/article.aspx?articleid=2522777

J. Charilaou, S. Roche, R. Dey, S. Sivarasu, F. Hansson, R. van Staden, S. Maqungo,
and C. Linden. Scapula fractures: Planning osteosynthesis using 3D printed
anatomical model. 38th International Society of Orthopaedic Surgery and Traumatology
(SICOT) Orthopaedic World Congress, Cape Town, South Africa, 2017. (Oral Presentation).

R. Dey, W. Inyang, T. Mutsvangwa, J. Charilou, S. Roche and S. Sivarasu. A
Comparative Shoulder Morphometric Study towards a Novel Metric — “Peak
Points”. 24th Annual Meeting of the European Orthopaedic Research Society (EORS),
Bologna, Italy, September 2016. (Oral Presentation). Published in The Bone and Joint
Journal.

A.O. Inyang, R. Dey, T. Mutsvangwa, S. Roche, S. Sivarasu. Morphometric
measurements of the South African proximal humerus. 24th Annual Meeting of the
European Orthopaedic Research Society (EORS), Bologna, Italy, September 2016. (Oral
Presentation). Published in The Bone and Joint Journal.

R. Dey, S. Patnaik, G. Nair, S. Steiner and S. Sivarasu, Performance evaluation of a
low cost 3D-printed drill-guiding device (Pat-Rig). MEIBIOENG ’16, Oxford, United
Kingdom, September 2016. (Poster Presentation).

A.O. Inyang, R. Dey, T. Mutsvangwa, S. Roche and S. Sivarasu. Investigating the
Three-Dimensional Geometry of the South African Proximal Humerus. 11%
Conference of the International Shoulder Group (ISG), Winterthur, Switzerland, July 2016.
(Oral Presentation).

R. Dey, T. Mutsvangwa, J. Charilou, S. Roche and S. Sivarasu. Determination of
morphological parameters of humeral articulating surfaces using Matlab. 2nd SU
Biomedical Engineering Conference, Stellenbosch, South Africa, February 2016. (Oral
Presentation).

Achievements

Travel Grant — Awarded 25000 ZAR (~ $2000) to attend and present research at the 8"
World Congress of Biomechanics 2018, Dublin, Ireland.

Innovation Most Likely to Find Markets by The Department of Science and
Technology (DST) Republic of South Africa. Representing the Additive Manufacturing
Team from The University of Cape Town (UCT) and the Innovation Bridge Award
2017.

34 Best Overall Free Paper Presentation by The South African Orthopaedic
Association (SAOA) for the paper Quantitative fit analysis of a scapula plating
system, which highlighted the current limitations of the current scapula fracture
fixation plates. (September 2017).

Best Clinical Study done in Laboratory Setting by Department of Surgery, Groote
Schuur Hospital, Cape Town, South Africa. (Nov. 2016).

XXIII


http://www.bjjprocs.boneandjoint.org.uk/content/99-B/SUPP_1/24
http://www.bjjprocs.boneandjoint.org.uk/content/99-B/SUPP_1/24
http://www.bjjprocs.boneandjoint.org.uk/content/99-B/SUPP_1/23
https://www.researchgate.net/publication/303936765_Investigating_the_Three-Dimensional_Geometry_of_the_South_African_Proximal_Humerus
https://www.researchgate.net/publication/303936765_Investigating_the_Three-Dimensional_Geometry_of_the_South_African_Proximal_Humerus
http://www.dst.gov.za/index.php/media-room/latest-news/2299-innovation-bridge-2017-award-winners
http://www.bme.uct.ac.za/bme/news-SAAO-2017
http://www.bme.uct.ac.za/bme/news-SRD2016

Innovation Doctoral Scholarship 2016 and 2017 by National Research Foundation,
South Africa.

Grant-holders Linked Scholarship 2015 by National Research Foundation, South
Africa.

Best Student Award by CARDEA Biomedical Technologies during a 3day workshop
on Biomedical Signal Processing using Matlab (VIT, 2010).

XXIV



“Imagination is more important than knowledge.
For knowledge is limited.

Imagination encircles the world.”

- Albert Einstein.
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