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Abstract

Baseplate fixation in a reverse shoulder arthroplasty depends on adequate bone stock. In
cases of severe glenoid bone loss and revision shoulder arthroplasty, deficiency of the
glenoid vault compels the surgeon to attain screw fixation in the three columns of the
scapula. The relationship of these columns demonstrated that the coracoid is closer to the
lateral scapular pillar in females than in males. Significant gender dimorphism exists between
the orientations of the three columns. The gender dimorphism is further evaluated by
anthropometric measurements of the scapular body and the glenoid. The clinical significance
lies in the ability to reconstruct the glenoid to its premorbid anatomy, thereby being able to

predict the glenoid dimensions from scapular body dimensions.

Adequate positioning of the glenoid baseplate requires it to be positioned orthogonal to the
scapular plane. Typically, calculation of the scapular plane relies on the glenoid being intact.
As such, the scapular plane cannot be recreated if the glenoid has an abnormal morphology.
This mandates the utilization of alternate planes that are independent of glenoid reference
points. A relationship between the various planes independent of the glenoid reference points

and the current scapular plane dependent upon the normal glenoid anatomy has been

established.
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Chapter 1- Introduction

Overview: Shoulder arthroplasty has become the gold standard to treat end stage
arthritis in the elderly. The clinical results and longevity of the procedure hinge upon
appropriate patient selection, implant design and recreating normal shoulder
anatomy; with the aim of restoring premorbid joint biomechanics. This requires a
detailed knowledge of anatomy, biomechanics and pathology of various arthritic
patterns affecting the shoulder. In this chapter, the anatomy of the normal shoulder
joint is reviewed. The development of the scapula is described and special emphasis is
paid to the development of the glenoid. In the second part of this chapter, the various
morphologic patterns of glenohumeral joint arthritis are discussed. Additionally, the
challenges of baseplate fixation in the setting of glenoid bone deficiencies are

discussed. Finally, the overall purpose and scope of the thesis are explained.



THE SHOULDER GIRDLE

The gleno-humeral joint (GHJ), anecdotally referred to as the shoulder joint, is the
articulation between the humeral head and the glenoid, and is the most mobile joint of
the human body. It is a synovial joint with a ball and socket type of articulation. The
articular surface is lined by hyaline cartilage. The only osseous link to the axial skeleton
is through the clavicle. Both the sterno-clavicular joint and acromio-clavicular joint have
developed with appositional articulations - ie. both are fibro cartilaginous joints with
interposed fibro cartilaginous discs. Further, the scapula is one of the only bones in the
body, which is mainly connected to the axial skeleton by predominantly muscular

attachments. This affords the shoulder a large range of motion.

1.1 ANATOMY OF THE SCAPULA'

The scapula is a flat triangular bone located at the dorsolateral aspect of the thorax. It
articulates with the shoulder at the gleno-humeral joint (GHJ) and the axial skeleton via
the clavicle at the acromio-clavicular joint (ACJ). It is suspended through muscle
attachments connected to the vertebral column, thorax and base of the skull. It has a
concave anterior surface due to the barrel shaped nature of the thorax, and a convex
posterior surface. It has three borders, commonly referred to as the medial or vertebral
border, the lateral border and the superior border. It has two bony projections: the

acromion with its spine and the coracoid.

The anterior surface is concave and is called the subscapular fossa. It is concave both
medio-laterally and supero-inferiorly. Most of the curvature arises due to the superior
one third of the medial border, which corresponds to the third rib, and the curved lateral

border/pillar, which provides a strong mechanical strut against buckling due to the



strong muscular forces across a weak thin bone. It has numerous ridges, which give
origin to the musculotendinous units of the subscapularis muscle. The large tendon of
the subscapularis muscle passes under the coracoid process and inserts onto the lesser
tuberosity of the humerus. The entire medial vertebral border on the ventral surface

provides attachment to the serratus anterior muscle.

Supraspinous Fossa

Medial Angle Of The
Scapula

Medial Scapular Border ———{

Groove Formed By The
<4—— Circumflex Scapular
Vessels

Infraspinous Fossa

Lateral Scapular
Border / Pillar

Inferior Scapular Point (ISP)

Figure 1.1 Dorsal Surface Of The Scapula

On the dorsal surface of the scapula (Figurel.1), the scapular spine divides the convex
surface into two fossae - the supraspinous fossa and an infraspinous fossa. They are
contiguous laterally where they meet at the spinoglenoid notch just medial to the
scapular neck. The supraspinous fossa is entirely occupied by the supraspinatus muscle.

The bulk of this muscle gives the fossa its shape. The supraspinatus muscle forms a



narrow tendon which passes under the arch of the acromion and inserts onto the greater
tuberosity of the humerus.” The suprascapular nerve and artery pass into the
supraspinous fossa through the suprascapular notch (via a small fibro osseous tunnel)
located posterior to the base of the coracoid. Numerous variations of this notch anatomy
have been described.” The suprascapular artery is the main nutrient vessel to the scapula.
It enters the bone through a nutrient foramen located on the lateral aspect of the
supraspinous fossa. The suprascapular nerve provides the motor nerve supply to the
supraspinatus muscle and through its infra glenoid branch provides the nerve supply to
the infraspinatus muscle. It gives out numerous sensory branches, which provide

sensation around the shoulder joint.

The infraspinous fossa is the larger of the two dorsal fossae. The majority of its convex
surface gives origin to the infraspinatus muscle. The teres minor muscle originates from
the lateral border of the scapula. Both these muscles form broad tendons that insert onto

the greater tuberosity of the humeral head.?

The lateral border of the scapula is formed of dense cortical bone and extends from the
glenoid to the inferior angle of the scapula. The junction of this lateral border or lateral
pillar to the glenoid is delineated by the infraglenoid tubercle, which is formed by the
insertion of the long head of the triceps muscle. Further caudally, the border gives origin
to the teres minor muscle, teres major and part of the latissimus dorsi muscle,
respectively. Most caudally, the lateral border meets the medial border of the scapula to
form the inferior angle of the scapula. This is a prominent part of the scapula and is easy
to palpate. The circumflex scapular artery turns from anterior to posterior hugging the
scapula in its course and forms a groove on the lateral border of the scapula. This is
roughly located midway along the length of the lateral border. This constant landmark
has been used for measurements in the study of the three columns of the scapula

(Chapter 4).

The medial border of the scapula lies adjacent to thoracic vertebrae 2-7. It has a shorter

superior segment and a longer inferior segment. The two segments meet at the medial



angle. The spine of the scapula intersects the medial angle to form a triangular ridge
formed by the attachment of the rhomboid minor. This is the most prominent part of the
medial border of the scapula and is easily palpated. The medial border has several
muscular attachments, including muscles stemming from the base of the skull, the
vertebral column, and from the thorax. These muscles assist in elevating and retracting

the scapula.

The superior border of the scapula is the sharpest and shortest of the three borders. It
slopes laterally towards the base of the coracoid process and terminates at the posterior
boundary of the suprascapular notch. It is completely covered by muscles. The junction
of the medial border and the superior border form the superior angle of the scapula. This

is completely covered by the trapezius muscle and is not palpable.

The spine of the scapula passes between the superior one third and lower two thirds
demarcating the supraspinous and infraspinous fossae. It is a strong dense structure
made up of cortico-cancellous bone. It runs from the medial vertebral border of the
scapula to the neck of the glenoid, forming the keel of the scapula. Analogous to that of
a ship, it provides structural integrity to this broad weak bone. It also gives attachment to

the trapezius and deltoid muscles and helps suspend the scapula.

The lateral free extension of the spine is referred to as the acromial process. Its name
originated from the Greek word acros meaning top, thus it is anecdotally referred to as
the top of the shoulder. It is a quadrilateral structure with its posterior surface forming a
distinct angle (Angular Acromialis). The acromion overlies the humeral head and the
rotator cuff muscles. It is connected to the coracoid by the thick coracoacromial
ligament. This complex of bone and ligament forms an arc above the humeral head and

rotator cuff.*

The coracoid process originates from the supero-medial surface of the glenoid. The root

of the coracoid is marked by a small tubercle called supraglenoid tubercle laterally and



by the suprascapular notch medially. The coracoid passes vertically from its root and
bends sharply at the coracoid tubercle to become almost horizontal. Its distal tip gives
the origin to the short head of the biceps and the coracobrachialis muscles (conjoint
tendon) and the body provides insertion to the pectoralis minor; the forces exerted by
these muscles alter the shape of the tip of the coracoid.*® The rough superior surface of
the coracoid attaches to the clavicle by means of strong ligaments (conoid and the

trapezoid ligaments) and helps suspend the scapula from the clavicle.

1.1.1 ANATOMY OF THE GLENOHUMERAL JOINT

The glenoid is the lateral extension of the scapula. It has a neck bounded by the
supraglenoid fossa medially and the glenoid fossa laterally. The size and shape of the
neck greatly varies amongst individuals.” The glenoid is composed of a dense cortical
rim which gives attachment to a large almost circumferential cartilaginous labrum. This
fibro-cartilaginous structure increases the depth of the glenoid cavity for articulation
with the humeral head. The capsule of the shoulder joint attaches from the glenoid neck

to the humeral head.

The glenoid fossa forms the socket of the GHJ. It is a pear shaped structure in the
majority of adults; however in 30% of adults, it may be elletical.® The length of the
glenoid is measured along the long axis of the glenoid from the supraglenoid tubercle to
the inferior cortical rim of the glenoid. The maximum width of the glenoid is measured
as the horizontal distance between its anterior and posterior cortical rim. It is the largest
anteroposterior measurement perpendicular to its longitudinal axis. The size of the
glenoid varies between men and women with the overall mean width 28 mm for men
and 24 mm for women. The mean height of the glenoid has been reported as 38 mm and
33 mm for men and women, respectively.” The ratio of the antero posterior
measurement from the superior half of the glenoid to the lower half has been reported as
1:1.08."° The superior inferior radius of curvature of the glenoid is on an average 2.3

mm greater than the superior inferior radius of curvature of the humeral head."



Glenoid Version

Glenoid version is measured as the angle between the
scapular plane and the anteroposterior axis of the glenoid

Glenoid Height

Glenoid Width

Figure 1.2 Measurement Of Glenoid Version And AP And SI Dimensions



The orientation of the glenoid articular surface is described in terms of version and
inclination (Figurel.2). Glenoid version is measured by the angle between the glenoid
fossa and a perpendicular line known as the scapular axis. It is defined by a line from the
center of the glenoid fossa to the medial angle of the scapula. This is measured in the
axial plane. It is termed as retroversion if the glenoid faces posteriorly and anteversion
if the glenoid faces anteriorly. The glenoid version in normal healthy adults varies from
anteversion of 2° to retroversion of 6° depending upon the method of measurement.
Further, the concave articular surface is noted to have a spiral twist with the cephalad
part being more retroverted than the caudal part. This differential version may be as
much as 11°."""'* Glenoid inclination is the angle between the glenoid fossa to the
horizontal in the coronal plane. Normal inclination varies betweenn-2° to +6° (negative

value indicating a downward facing glenoid)."

The humeral head articulates with the glenoid. The humeral head is spherical in the
center whilst is elliptical at its periphery. Head size ranges from 37 mm to 57 mm in
adults, though the vast majority of humeral heads have a mean diameter from 46-52 mm.
The mean radius of curvature for men is 23-28 mm whilst in females the mean is
between 19-22 mm.'® The mean inclination angle measured from the shaft axis is 130°
and the mean retroversion measured from the trans-epicondylar axis is 18°. However,
both values show high variance, with head inclination varying from 120°-135° and
retroversion varying from -7° to 48°. In addition, the humeral articular surface has a
posterior mean offset of 2.6 (1 to 6mm) and medial (mean offset 7 mm (3-11 mm) offset

relative to the long axis of the humeral shaft."



1.2 BONE FORMATION AND DEVELOPMENT

Intramembranous Ossification is defined as direct mineralisation of a highly vascular
connective tissue membrane. * In foetal life, a mesenchymal membrane causes
appositional growth; this later changes to a periosteal layer which remains actively
osteogenic throughout life. To simplify the mechanism, growth occurs in layers whereby
the surface (periosteum) keeps adding new layers of bone which mature and later
remodels to reach its adult form. Most of the flat bones in the body such as the skull, the
bones of the face, mandible, clavicle and the body of the scapula display growth by this

means.

Enchondral Ossification, as the name suggests, is development of bone within a
cartilage core (anlage). In this mechanism of bone development, bone forming cells
migrate into a developed cartilage and replace the cartilage over time with bone. This
kind of process is described to define the growth of long bones of the upper and lower
limbs. In the simplest of terms, two cartilage anlage develop at opposing ends of the
long bone and enchondral ossification occurs to form a long bone in foetal life. During
years of growth as a child, each end of the long bone grows by development of a growth
plate (physeal plate or physis) and the central diaphysis is formed by the transformation

of the cancellous metaphyseal bone to dense cortical diaphyseal bone.

When osteogenesis surpasses chondrogenesis, the process of physeal fusion commences.
The control and initiation of union is under the influence of hormones. Growth ceases
earlier in females than in males. It is well known that estrogen favours bone maturation

whilst testosterone is chondrogenic.

Primary Ossification Center- The connective tissue precursor of future bone generally

commences osteogenesis in a constant locus. This osteogenic precursor will expand in
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size until the whole locus is replaced by bone. These primary ossification centres are

generally found in embryonic/foetal life.

Secondary Ossification Center- The primary ossification center is usually not sufficient
to form bone in the whole cartilaginous anlage. In such a scenario, secondary
ossification (epiphyseal) centres develop and grow rapidly by means of the physeal

growth plate.
1.2.1 DEVELOPMENT OF THE SCAPULA"

The scapula arises in the neck and descends to the 5™ costal cartilage by day 52 of
embryonic growth. The principal primary center of ossification of the scapula arises in
the ventral surface in the vicinity of the neck of the scapula towards the end of the 2™
month of foetal life. Bidirectional expansion of the ossification leads to the formation of
two enchondral radiating cones - a medial vertebral and lateral glenoidal with its ends
undergoing epiphyseal formation. The growth of the medial vertebral cone is accelerated
compared to the lateral glenoid cone, resulting in a much larger medial border (Figure
1.3). The space between the two cones is filled by inter membranous ossification, which

forms the blade of the scapula (explaining its flat morphology).

{ (distal)

@ = Inita! ossification centre
G = Glenod

V = \Vertebral border

M= Membranous ossification
E = Endochondral ossification

Figurel.3 Development Of The Scapula. © Permission from © Developmental

Juvenile Osteology, Louise Scheuer, Sue Black, 2000 Elsevier
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At birth, the acromion, coracoid, glenoid articular surface, medial border and inferior
angle are cartilaginous. The supraspinous and infraspinous fossae are very flat. The
spinous process ends in a bulbous lateral extension with a dorsal epiphyseal surface
(later develops as the acromion process). The glenoid is oval and concave with articular
surface extending onto the superior and ventral surfaces to articulate with the coracoid
process. A ventral notch (formed by the passage of subscapularis tendon) delineates the

coracoid from the glenoid (Figure 1.4)

The Body of Scapula

Superior angle —«-—j‘;”

Articular site on spinous
process for acromion

Glenoid
fossa

Medial

Lateral
border

border

Articular site on Site for coracoid

spinous process

Dorsal

Glenoid fossa
Superior
border

Site for coracoid Superior

\\angle Lateral border
Articular site on «

spinous process

border Lateral

Ventral PR Right perinatal scapula

FIGURE 1.4 PERINATAL SCAPULA © Permission from © Developmental Juvenile Osteology.
Louise Scheuer, Sue Black, 2000 Elsevier
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The center of ossification for the coracoid develops from the 1 to 2™ year of life. The
hook shaped coracoid is recognised as a separate structure. The broad base has a large
surface for articulation with the scapula and a smaller postero lateral surface for the sub

coracoid center.

The coracoid usually fuses to the scapula around 14-15 years. Fusion commences

dorsally and the ventral sub coracoid center, next to the scapula is the last region to fuse.

The scapula has seven secondary ossification centres. Three for the coracoid, one for the
inferior glenoid, one for the acromion, one for the inferior angle and one (or more small

ones) for the medial border of the scapula.

To understand the development of the scapula, it is vital to look at the development of

the scapula and glenoid individually.

1.2.2 DEVELOPMENT OF THE GLENOID

The superior and the inferior part of the glenoid develop independent of each other. The

2 ossification centres fuse between 17-18 years to form the adult glenoid (Figurel.5)

The Subcoracoid Center (forms the base of the coracoid and the upper 1/3 of the
glenoid) is the 1*" secondary ossification center to appear (8-10 years of age). It appears
on the superior surface of the glenoid, dorsal to the base of the coracoid. Its double
epiphyseal surfaces allow differential union (this epiphyseal plate culminates to form a
tubercle upon fusion, which is referred to as the supraglenoid tubercle in the adult). The
superior part of this epiphyseal growth plate unites first with the base of the coracoid.
The inferior part of this ossification center continues to grow and forms the top 1/3 of
the glenoid. By the age of 16-17 year’s, complete fusion of the sub coracoid, coracoid
and scapular centres occurs, demarcated by a ventral indentation on the upper glenoid

rim (Figure 1.6).



13

The Subcoracoid Center and Glenoid Epiphyses

Coracoid Suboracoid

Glenoid Glenoid epiphyses

Approx. 12 yrs Male, 18 yrs

Epiphyseal cleft

Subcoracoid

Glenoid iy Ventd

Male, 18 yrs

Development of the right subcoracoid and glenoid epiphyses

FIGURE 1.5 - DEVELOPMENT OF THE GLENOID © Permission from

© Developmental Juvenile Osteology, Louise Scheuer, Sue Black, 2000 Elsevier
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FIGURE 1.6 DEVELOPMENT OF THE LOWER GLENOID © Permission from

© Developmental Juvenile Osteology, Louise Scheuer, Sue Black, 2000 Elsevier

1.2.2.1 Glenoid Center (forms the inferior circular part of glenoid)

The inferior aspect of the glenoid develops from islands of secondary ossification
located around the periphery of the glenoid. Each island grows with tongue like
projections and ultimately fuses with down growths from the sub coracoid center to
form the adult glenoid (Figure 1.6). Fusion occurs around 17-18 years of age (Figure

1.7). Delayed fusion or arrested development of this center results in glenoid dysplasia.
1.2.2.2 Development of the Coracoid

Secondary centres develop at the angle of the coracoid, apex of the coracoid and
accessory trapezoid islands. These epiphyses fuse amongst one another and then to the
sub coracoid epiphyseal plate to form the mature adult coracoid. Fusion is usually

complete by 20 years of age.
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Figure 1. 7 Times Of Appearance (A) And Fusion (F) Of Scapular Ossification
Centers© Permission from © Developmental Juvenile Osteology, Louise Scheuer,

Sue Black, 2000 Elsevier

1.2.3 DEVELOPMENT OF THE SCAPULAR BODY

The majority of the scapular body develops from the primary center of ossification
during foetal life. Further growth of this region is by intramembranous ossification and
depends upon the development of the surrounding muscles. Both the supraspinous and
infraspinous fossae are initially very flat. As the muscle bulk increases these fossae take

their adult shape.

1.2.3.1 Medial Border Epiphysis (forms medial/ vertebral border) is formed by the
coalescence of a number of small islands on the medial border of the scapula. Fusion is

complete by 23 years thus making it the last epiphysis to fuse.
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1.2.3.2 Inferior angle epiphysis (forms the inferior angle of the scapula) appears
between 15-17 years and fuses by 23 years thus forming the inferior angle of the

scapula.

Thus, the medial border of the scapula continues to grow until the third decade of life

whilst the coracoid and glenoid epiphysis usually cease growth by late teens.

1.2.3.3 Development of the Acromion

Medial Surface of the acromion including the angle of the acromion develops from

the primary ossification center, which forms the acromial spine.

Acromial epiphyseal center (forms the lateral edge of the acromion) Multiple small
island coalesce to form the lateral edge and anterior tip of the acromion. Fusion

generally occurs by 18-20 years.

Failure of fusion of the medial (spinous) and lateral (acromial ossification center) results

in the formation of a bi partite acromion (os acromiale).

Thus to summarise, scapular development is a complex process of origin and fusion of
various growth centres. However, it is clear that the scapular body and the glenoid
develop independent of each other and have very different mechanisms of maturation to
reach the adult shape. The medial and inferior part of the scapula continue to grow till
the early 3" decade; making them one of the last regions to cease growth in the human
skeleton. In addition, the glenoid develops from 2 very different growth centres, which
ultimately unite in late teens to form the adult glenoid. This explains the difference in

morphology of the superior and inferior part of the glenoid.
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1.3 BIOMECHANICS

1.3.1 NORMAL SHOULDER JOINT BIOMECHANICS

The gleno-humeral joint is a synovial enarthrodial ball and socket joint. It allows poly
axial movement of the humeral head relative to the scapula. Despite its ball and socket
morphology, translation of the humeral head onto the glenoid occurs with movement.
This is primarily due to the relative incongruence of the glenoid surface and the humeral

head.

Sahara et al using a vertically open MRI, evaluated 3D position of the glenohumeral
joint during abduction. The authors reported that in the supero-inferior direction the
humeral head translated slightly inferiorly from +1.9 mm at 0° to +0.8 mm at maximal
abduction. In the antero-posterior direction the humeral head translated anteriorly by
+2.4 mm from 0° - 90° and posteriorly by -1.4 mm from 90°- 150° of abduction.
Furthermore, the humeral head contact pattern with the glenoid changed from the central

to posterior part of the humeral head in mid range of abduction.'®

Normal kinematics of the shoulder are dependent on synergistic motion of the deltoid
and the rotator cuff. The deltoid is considered the engine of the shoulder joint. The
deltoid is the strongest abductor of the shoulder joint. Abduction is the key function of
this large triangular multi pinnate muscle. Its anterior fibres contribute to forward
flexion and internal rotation and whilst posterior fibres contribute to external rotation

and extension.
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Figure 1.8 Normal Shoulder 1.8(A)The Deltoid Is Tensioned and The Rotator Cuff Stabilizes
The Center Of Rotation (Balanced Force Couple). Figure 1.8(B) In A Rotator Cuff Deficient
Shoulder; The Compressive Effect Of The Cuff Is Absent (Unbalanced Force Couple)
Thereby Shortening The Deltoid Lever Arm

The rotator cuff is crucial for providing a balanced force couple, which compresses the
humeral head onto the glenoid whilst the deltoid exerts an abduction force. Joint
reaction forces of approximately 44% (335 N) — 85% (650 N) of total body weight are
experienced at the GHJ at full abduction. The joint reaction forces increase with
increasing abduction angle and peak at 90° of abduction. Forces at the GHJ vary
according to ratio of forces in the supraspinatus and deltoid. The supraspinatus with its
smaller moment arm generates a greater applied force (40% increase), to counterbalance
the mass moment of the upper extremity with a non-functioning deltoid. On the contrary
in a supraspinatus deficient shoulder a significantly larger deltoid force is required to

initiate abduction than to maintain abduction. This may be explained by the fact that the
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moment arm of the deltoid is short at the initiation of abduction and longer at the end of

. 17,18
abduction.'”

The subscapularis and the infraspinatus/ teres minor provide a transverse force couple
that is active during abduction of the shoulder; maintaining the center of rotation
through abduction (Figure 1.8a). The subscapularis has an internal rotation moment arm
of 23 mm in the resting position, making it the strongest internal rotator. Posteriorly the
infraspinatus and teres minor have external rotation moment arms of 24 mm and 17 mm,

: 15,19,20
respectively. >

Furthermore, it is well understood that both the subscapularis and infraspinatus
contribute to abduction of the arm with the humerus in external rotation and internal
rotation respectively. This is clinically evident in patients who have good elevation of
the arm with complete supraspinatus tears and therefore strengthening of the remainder

of the cuff is the focus of rehabilitation in such patients.*'

Joint reaction forces in the GHJ significantly decrease in the presence of rotator cuff
tears (Figure 1.8b). Isolated incomplete or complete tears of supraspinatus lead to a
marginal reduction in joint reaction force 296+83 N and 300+85 N respectively
compared to a normal joint (337+88 N) with all tendons intact. However, extension of
the tear beyond the supraspinatus, to involve the infraspinatus and or subscapularis leads
to a significant reduction of joint reaction force 126+31 N. In addition, the force exerted
in in a very different direction. The resultant force couple depends on the size and extent
of the remaining cuff. This leads to very abnormal GHJ kinematics. If the tear
configuration disrupts the transverse force couple, the deltoid force by itself is unable to
achieve maximal abduction. The loss of effective concavity compression prevents
abduction above 90 degrees due to the loss of a stable fulcrum. In addition, the loss of
the centring effect of concavity compression results in a decrease of the inferiorly
directed force vector. This effect is also noted in the antero posterior direction where the
head translates in the direction of the remaining cuff muscle. All these changes
exaggerate load transmission across the GHJ and lead to accelerated chondral and later

bony damage.*
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1.4 GLENOHUMERAL JOINT OSTEOARTHRITIS (GHJ
OA)

Primary osteoarthritis (OA) is idiopathic. Secondary OA may be caused by trauma,
infection, genetics or various other extraneous causes. Whatever the primary aetiology,
OA is characterised by sub-chondral sclerosis, reduced joint space due to loss of
articular cartilage, formation of osteophytes and sub-chondral cysts. Loss of articular
cartilage, abnormal kinematics and an inflammatory response leads to pain and
restriction of movement. This sets a vicious cycle causing further muscle weakness,

stiffness, pain and loss of function.

Loss of glenoid articular cartilage ultimately leads to glenoid bone defects. The glenoid
erosion might occur in a concentric or in an eccentric fashion. Eccentric glenoid erosion
further causes subluxation of the humeral head and progression of OA. It is unknown
whether primary humeral head subluxation leads to the erosion or vice versa; however,

the end result is the same.

CLASSIFICATION OF GHJ-OA

Samilson and Prieto radiologically classified shoulder OA as grade 0 or normal, grade 1
or mild OA (inferior humeral or glenoid osteophyte <3 mm in height), grade 2 or
moderate OA (slight GH irregularity with inferior humeral or glenoid osteophyte 3-7
mm) and grade 3 or severe (GHJ narrowing and sclerosis with inferior humeral or
glenoid osteophyte >7 mm).> This classification has been used in this thesis to establish
the inclusion criteria for the subjects. Only subjects with GHJ OA grade 0 to grade 2

were included for analysis.

Furthermore, advanced GHJ-OA classification systems exist, based upon the extent of

bone loss and aetiology of arthritis (i.e. cuff tear, trauma, inflammatory etc.).
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GLENOID BONE LOSS in OA

Primary OA

Walch et al. classified glenoid erosions in primary OA as Type A, B and C. Symmetric
glenoid erosion is classified as Type A (Al= Minor and A2 = Major). Asymmetric
glenoid erosion is classified as Type B (B1 = narrowed posterior joint space with no
signs of glenoid posterior erosion and B2 = posterior glenoid erosion with a visible
articular biconcavity). Dysplastic glenoids are classified as Type C (glenoid retroversion

>259). %

Cuff Tear Arthropathy

Chronic tear of the rotator cuff leads to altered joint mechanics. Depending upon the
extent of the cuff tear there is a loss of the balanced force couple. The loss of the
depressor effect of the rotator cuff results in proximal humeral head migration.
Abnormal joint mechanics leads to chondral injury and development of secondary OA.
Numerous classifications have been developed to define severity of cuff tear

arthropathy.

Based upon humeral head migration

Hamada Classification” - Used the Acromio Humeral interval (distance between the

humeral head and the acromion in a true anteroposterior shoulder radiograph)

Grade 1: Acromio Humeral interval >6mm

Grade 2: Acromio Humeral interval < 5mm
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Grade 3: Grade 2 changes + acetabularization of the acromion (concave deformity of the

under surface of the acromion caused by humeral head abutment).
Grade 4: Grade 3 changes + narrowing of GHJ

Grade 5: Bony destruction — humeral head collapse

Based Upon Glenoid Bone loss

Sirveaux et al.” classified cuff tear arthropathy as

EO was defined as a normal glenoid

E1 was defined by a concentric erosion of the glenoid.
E2 erosion of the superior part of the glenoid

E3 the erosion extended to the inferior part of the glenoid

Based upon Humeral head migration and Glenoid Bone loss

Seebauer et al.”’ have classified cuff tear arthropathy based upon humeral head

migration and glenoid bone loss as:

Type 1A - Centered stable, Minimal superior migration,
C-A arch acetabularization

Type 1B - Centered medialized, Minimal superior migration,
medial glenoid erosion, C-A arch acetabularization

Type 2 A - Decentered limited stable, superior translation,
superior-medial erosion

significant C-A arch acetabularization



23

Type 2 B - Decentered unstable, anterior superior escape,

C-A arch and anterior structures deficient
1.5 REVERSE SHOULDER ARTHROPLASTY (RSA)

Rupture of the rotator cuff causes a loss of the stabilizing fulcrum and results in an
unbalanced shoulder. This leads to proximal (superior) migration of the humeral head,
with deltoid contraction. The humeral head with time impinges upon the undersurface of
the acromion, which now becomes the new fulcrum for abduction. Neer in 1983
described this process in detail and described the term ‘cuff tear arthropathy.” He
proposed the ‘preferred method appears to be a resurfacing total shoulder replacement

with rotator-cuff reconstruction and special rehabilitation.’*®

Repair of the cuff in conjunction with a total shoulder replacement though; a rational
idea was often not possible. Poor quality or irreparable rotator cuff tendons led to early
failures of the total shoulder replacement.” Neer explored constrained shoulder designs,
as he believed that constraint would obviate the need for a cuff repair. In an effort to
create a fixed fulcrum prosthesis Neer developed the Mark I, Mark II and Mark III
prostheses. These prostheses lateralized the center of rotation, which often made repair
of the residual cuff difficult. Failure of these designs convinced Neer that rotator cuff

repair, not constraint, was critical for improving shoulder function.*

The concept of reversing the ball to the glenoid and socket to the humerus saw the
development of various prosthesis designs.”’ The most successful out of these was the

design proposed by Grammont in 1987. Grammont ***°

popularized his novel idea,
which was based upon 4 underlying principles: 1) the prosthesis must be inherently
stable, 2) the weight bearing part must be convex and the supporting part concave, 3) the
center of the sphere must be at or within the glenoid neck and 4) the center of rotation
must be medialized and distalized.’*** This led to the development of the Delta I, II, and
IIT prosthesis. These fundamental concept still holds true and are the foundation of all

the current reverse shoulder arthroplasty designs.**

The Delta prosthesis has been implanted in Europe since the early 1990°s and received
Heath Canada approval in 2003 and FDA approval in the USA in 2004. The Reverse
Shoulder Arthroplasty (RSA) was initially developed to treat cuff tear arthropathy. Due

to its widespread success, the pathologic indications and age limitations have decreased.
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The present indications for RSA now include Cuff Tear Arthropathy, irreparable rotator
cuff tears with or without glenohumeral arthritis, glenoid deformities, acute and chronic

trauma, tumor, systemic/inflammatory arthritis and revision arthroplasty.**
1.5.1 COMPONENTS OF AN RSA

A RSA consists of 4 main components (Figurel.9). A base plate that is fixed onto the
glenoid surface by varying configurations of screws. A glenosphere that is hemispherical
in shape and is fixed on to the baseplate (by a Morse taper construct), and may be
additionally, secured onto the baseplate with the aid of a central screw. The humeral
component consists of a humeral stem that may be a single unit (mono block) or made
up of multiple separate units, which can be assembled prior to insertion (modular stem).
Modularity increases the various options available to the surgeon and helps match each
prosthesis to the patient’s individual anatomy. The humeral stem is composed of an
epiphyseal component which fits into the humeral epiphysis and metaphysis and a
diaphyseal stem. The 4™ component is a polyethylene liner, which is inserted on the
humeral epiphyseal tray and forms the articulation between the glenosphere and the
humerus. Thus the RSA is a non-linked prosthesis relying primarily on the surrounding

soft tissue and muscular structures to provide stability and function.

Figure 1.9 Reverse Shoulder Arthroplasty (RSA)
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1.5.2 BIOMECANICS OF A RSA

Medialization of the Center of Rotation (COR), large glenosphere size and the use of a
155° humeral neck inclination, which tensions and lengthens the deltoid arm are the
hallmarks of the Grammont design RSA implants. To mitigate the problem of early
baseplate loosening and failure in the earlier generations of RSA’s, Grammont proposed
shifting the COR medially and inferiorly. This significantly reduces the shear forces on
the baseplate at the glenoid and prevents early implant loosening. In addition, this new
COR lengthens the deltoid muscle by 20% and increases the deltoid moment arm by
42% to compensate for loss of rotator cuff function. This restores stability by reversing
the envelope of joint contact forces and reacting to increased shear forces.” However,
the net force exerted by the deltoid is in a different direction compared to the anatomical
GHJ. This force is exerted as a superior pulling/ shearing force on the glenoid. The
overall compressive forces are reduced and cumulatively the total joint contact force is
reduced by 41% compared to a normal shoulder.”> This is a fine balance, which the
surgeon has to attain; the altered kinematics helps minimise implant loosening by
reducing total joint forces, but in turn can lead to dislocation and instability if the

balance is not struck right.

1.5.3 CURRENT BASEPLATE DESIGNS

There are 16 different RSA prosthesis which have FDA approval for use. The vast
majority of these prosthesis use a circular designed baseplate. Few prostheses employ an
elliptical baseplate design. Irrespective of the baseplate design utilised, the core
principle needs to be upheld: the glenosphere needs to be positioned as low as possible;
so as to allow overhang of the inferior part of the glenosphere over the scapular neck.

The aim is to prevent scapular notching and increase the deltoid lever arm.”
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Figure 1.10 Current Circular Baseplate Design

Rationale for a circular baseplate

The inferior glenoid is circular in shape in the majority of patients and is typically
preserved in cuff tear arthroplasty. Rigid primary fixation of the baseplate is therefore
attainable. The circular baseplate design employs a central peg with or without a large
central screw and an addition of 2 to 4 peripheral screw holes for fixation, by either
locking or non locking screws. The disadvantage is that the good quality bone on the

superior part of the glenoid face is not utilized (Figure 1.10).
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Rationale for elliptical baseplate design

An elliptical baseplate allows larger coverage of the glenoid surface by increasing the
surface area of the baseplate. Thus, the central peg/ screw can be of a larger diameter (up
to 6.5 mm central screw with a 10 mm central peg). This allows the superior screw to be
positioned higher, or allows the placement of > 4 screws for baseplate fixation. This
design resists higher torques subjected by a laterally offset glenosphere design and
provides stronger initial fixation.”® The down side is that the baseplate tends to be

bulkier and an eccentric lateralised glenosphere with inferior overhang needs to be used.

Screw positioning with the current baseplate designs

Fixation of the Current RSA Design

Primary base plate fixation and stability rely on the quality of bone in the glenoid vault
and the position and length of peripheral screws and the central peg or screw. Micro-
motion around the baseplate will increase as the surrounding bone density decreases.
Most RSA are performed in the elderly where the glenoid vault has reduced bone
density. Primary fixation by the central peg is imperative to attain initial implant
stability. The central peg along with the superior and inferior screws provides 77% of
the primary implant stability.”’ Finite element analysis (FEA) studies have demonstrated
that increasing the screw length has the maximal effect on primary implant stability.
Further increasing the angle of insertion of the screw fixing the baseplate to the bone

improves implant stability.*®



28

Three column concept

In 2008, Norris et al popularised the Three Column Concept for glenoid baseplate
fixation (Figurel.11) in RSA.*” The author conceptualised the scapula as 3 bony

columns attached to the glenoid. The 3 columns include:

1 The base of the coracoid
2 The scapular spine

3 The lateral / scapular pillar

Figure 1.11 The 3 Columns Of The Scapula With

Glenoid Subtraction

These columns of bone provide good quality bone stock for optimal screw fixation (ie.
longest screw with bi-cortical fixation). The authors described the screw trajectory to
target each column independently. They used a circular baseplate (Aequalis Reverse
Prosthesis, Wright Medical Inc.) with 2 variable and 2 fixed angle screws. The authors
defined the ideal screw trajectory for each column. The coracoid column ideal screw
trajectory was 19° superior and 5° anterior. The average trajectory for the scapular spine
was 14° superior and 13° posterior. The average trajectory for the inferior column/
scapular pillar was 7° anterior and 14° inferior. Using the current implant design, the
authors were unable to attain fixation in all 3 columns simultaneously.”” Most surgeons
in such a scenario would attempt screw purchase in the coracoid column and the
scapular pillar. The remaining 2 holes of the base plate would be used to insert small
screws into the glenoid vault. In addition, all the screw trajectories in the study are based

upon placement of the baseplate on a normal glenoid face with normal bone stock.
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Changes in glenoid morphology (version and inclination) or loss of bone stock would

significantly alter these trajectories.

Numerous other studies have tried to identify the best screw trajectory by positioning the

40-43 The aim of all these studies is to attain

glenoid baseplate onto a normal glenoid face.
ideal screw fixation in a safe manner, as to avoid injury to the neighbouring
neurovascular structures. Authors have concluded that fixation into all the three columns

of the scapula is not attainable with the current baseplate designs.***!

1.6 GLENOID BONE LOSS AND RSA

1.6.1 GLENOID BONE LOSS CAUSED BY CURRENT RSA DESIGN

Radiographic notching remains the commonest post-operative complication of the
current 155° RSA designs. Notching is defined as bone loss in the lateral pillar of the
scapula as a result of mechanical impingement of the medial surface of the humeral
epiphysis or polyethylene onto the lateral pillar of the glenoid, during maximal
adduction of the arm. Notching is classified from Grade 0 - 4 by Nerot **( Grade 0 No
Notch, Grade 1 Small Notch, Grade 2= notch with condensation, Grade 3= Erosion up to
the inferior screw and Grade 4 =erosion over the inferior screw and extension under the

baseplate).

In a systematic review of 782 RSA procedures with a minimum 2 year follow-up, an
overall notching rate of 35% was reported. It was as high as 48% in Grammont style
prosthetic designs. However, the authors reported an overall aseptic glenoid loosening
rate of only 3.5%.* The clinical significance of notching leading to poorer clinical

outcome is debatable. Some studies have implicated scapular notching to aseptic glenoid
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26,46-48

loosening. However, a large study of 337 RSA with a mean follow up of 47

months reported no such clinical effect.”’

1.6.2 MANAGEMENT OF GLENOID BONE LOSS USING THE CURRENT RSA
DESIGNS

Glenoid bone loss is often encountered in patients undergoing reverse shoulder
arthroplasty. Bone loss is encountered in patients with chronic gleno-humeral
dislocation, in the setting of cuff tear arthropathy with glenoid bone erosion, as a
consequence of failed prior arthroplasty, or as a result of failed proximal humeral

fracture fixation with glenoid erosion due to hardware penetration.

Glenoid defects can range from small defects, which can be managed by eccentric
reaming of the glenoid, to large complex centric and eccentric defects, which may
require cortico-cancellous grafts. Significant bone loss requiring bone grafting during

reverse shoulder arthroplasty is reported to occur in up to 38% of cases. "'

Bone grafting glenoid defects for total shoulder arthroplasty has demonstrated
unpredictable results.””>* A high rate of graft subsidence, graft resorption and instability
has resulted in early glenoid component loosening and early failure. Further, asymmetric

bone loss with retroversion beyond 15° cannot be managed by high side reaming.™

Reverse shoulder arthroplasty is a promising alternative.”>’ The geometry of the
prosthesis design along with a rigidly fixed base plate provide an axial compressive
force to the bone graft, which promotes graft incorporation. However, reconstruction of
the glenoid anatomy is a prerequisite for a successful RSA. Management of large
glenoid defects remains a challenge. Options vary from impaction bone grafting of
contained defects to large structural allografts for large vault defects, but graft

subsidence still remains a problem.”*>"*®

Fixation of the glenoid baseplate in the presence of large bone defects remains a
challenge. A paucity of bone stock available has led surgeons to search for bone stock
beyond the glenoid vault. The three columns of the scapula provide such bone for
glenoid baseplate fixation. The ideal screw trajectories for fixation have been described
above. However, the current baseplate designs do not provide the surgeon with the

flexibility to address all the above issues.
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1.7 SCOPE OF THE PROBLEM

The number of shoulder arthroplasties performed each year is steadily increasing world
wide. RSA has emerged as an alternative treatment for end stage GHJ arthritis. In 2002,
in the USA, 24,677 patients underwent shoulder arthroplasty, of which 10,125 (41%)
were Total Shoulder Arthroplasty (TSA) and 14,552 (59%) were Hemiarthroplasties
(HA). RSA was not available in the US market until 2004. In 2011, 66,485 patients
underwent shoulder arthroplasty procedures with 21,692 (32.6%) RSA, 29,359 (44%)
TSA and 15,434 (23%) HA. Per capita utilization of shoulder arthroplasty has more
than doubled from 2002-2011 from 24.5 per 100,000 people to 54.4 per 100,000.”

The Australian Orthopaedic Association National Joint Replacement registry, in its
analysis of 27,236 shoulder arthroplasties from 2008-2014, noted an increase of 71.9%
in the number of procedures performed annually since 2008. The number of
hemiarthroplasties is steadily declining. Most of the hemiarthroplasties were performed
for fracture. The cumulative revision rate at 7 years was 8% each for fracture and OA.
Of the revisions of HA, 92.4% were revised to RSA. Out of the 19,059 (8,906 TSA and
9,682 RSA) the reported cumulative revision rate at 7 years is 9.4% for TSA and 5.4%
for RSA. The registry highlights a higher revision rate for uncemented metal back TSA
glenoids, especially metal back glenoid with a modular insert (15.8% vs 3% for all poly

glenoids).*

As the global use of TSA and RSA increase the number of patients requiring revision
arthroplasties will steadily increase. Tackling glenoid bone loss and achieving primary
glenoid baseplate fixation are the challenges shoulder arthroplasty surgeons will
routinely have to encounter. The current baseplate designs in RSA need modification

and further development to face the demands of revision shoulder arthroplasty.
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1.8 PROJECT OBJECTIVES AND HYPOTHESES

The aim of this thesis is to develop a better understanding of scapular morphology and
its role in RSA design. We aim to study the effect of sexual dimorphism on scapular
morphology. To accurately study the orientation of the acromion, coracoid, glenoid and
the lateral pillar of the scapula, accurate analysis of the anthropometry is needed. A 3D

generated computer model is created using fine cut computerised tomographic images.

While the scope of this thesis does not include a specific design of an implant, the
objectives of this work were to establish the anatomical relationships that are relevant to
screw placement, peg placement and positioning of a baseplate for revision shoulder

arthroplasty.

The pursuit of understanding scapular morphology for RSA design led to 3 specific

objectives.

Objective 1 Analysis of the scapular body and glenoid firstly requires the development
of reference co-ordinate planes / axis. The three current scapular co-ordinate systems are
described to understand GHJ biomechanics. A discrepancy exists between the co-
ordinate planes described by the International Society of Biomechanics (ISB) and the
clinical plane used by the orthopaedic community. The clinically used scapular plane
depends on referencing the center of the glenoid. This may be an issue in situations of
glenoid bone loss where by this plane cannot be accurately recreated. Using the scapular
plane, accurate implant positioning is not possible. The 3 different co-ordinate planes are

evaluated and the relationship amongst them is established.

Hypothesis 1 A scapular co-ordinate system can be developed independent of glenoid

morphology.
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Objective 2 In chapter 3, scapular anthropometry is revisited and we aim to find
correlations between the scapular body and glenoid dimensions. With significant glenoid
bone loss, the restoration of normal glenoid anatomy remains a challenge. Clinically,
the surgeon has to rely on the contralateral shoulder or attempt to restore anatomy based
upon clinical judgement. The objective of this study is to study the anthropometric
relationship between the scapular body and the glenoid. This will aid in restoration of
glenoid bone stock and predicting the correct size and positioning of the glenoid

component.

Hypothesis 2 The glenoid dimensions can be predicted using the scapular body

dimensions.

Objective 3 In chapter 4, the three columns of the scapula are evaluated and the
relationship between them is analysed. Sexual dimorphism of scapular anatomy has been
reported, however, this has not translated into implant design. In this study, we attempt
to understand the anatomy of the 3 columns of the scapula and establish the relationship
of each column independent of glenoid anatomy. This will provide the foundation upon

which an RSA glenoid baseplate can be built.

Hypothesis 3 The location of the best bone stock beyond the glenoid vault varies

between sexes.
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1.9 THESIS OVERVIEW

Following the background information and general discussion of Chapter 1, Chapter 2
evaluates the various co-ordinate planes of the scapula and defines the relationships
between current scapular co-ordinate systems, so that a universal co-ordinate system can
be applied. Chapter 3 describes the various anthropometric measurements of the
scapular body and the glenoid, and sexual dimorphism is evaluated. In chapter 4, the
scapular body anatomy is utilised to develop reference columns for fixation of glenoid
baseplates, independent of glenoid anatomy, with the eventual aim to use these
references to attain baseplate fixation in primary and revision RSA. Finally, in chapter 5,
a general discussion about this work is undertaken in context with the current literature.
The significance, strengths and limitations of this thesis are summarised and

recommendations are made for the scope and future direction of work.
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Chapter 2- Comparison Of Three Scapular Co-Ordinate
Systems In The Context Of Glenoid Fixation In Shoulder
Arthroplasty

Overview: Currently there is a discrepancy between

the scapular plane used by the orthopaedic surgical community

and the planes suggested by the International Society of Biomechanics;
to evaluate shoulder biomechanics and guide implant positioning.

This chapter aims to compare the described scapular co-ordinate
planes to determine which should be used as the reference plane for all

future analyses in this thesis.
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2.1 INTRODUCTION

In 2006 the International Society of Biomechanics (ISB) defined a scapular plane in an
attempt to localise the gleno-humeral centre of rotation. The scapular plane was formed
by three points: the medial scapular point, inferior scapular point and the posterolateral
acromial point. This plane has been referred to as the New ISB scapular plane' ( Figure
2.1a). Prior to 2006, the scapular plane was defined as a plane formed by the medial
scapular point, the inferior scapular point and the acromio-clavicular (AC) joint point —
termed the Old ISB plane (Figure 2.1b). The gleno-humeral center of rotation is
calculated by regression analysis or by calculating the pivot point of instantaneous
helical axis of gleno-humeral motion. The new ISB was chosen to reduce the occurrence

of complications due to gimbal lock.'

In the clinical orthopaedic literature, the scapular axis has been described by Friedman
and Randelli’. This axis is defined in a 2D view, and is widely used in the orthopaedic
literature to determine glenoid version in the axial plane. It connects the center of the
glenoid to the medial angle of the scapula at the medial border of the scapula. This was
later modified by Kwon* who developed the concept of the ‘scapular plane’ by adding
the inferior point on the scapula (Figure 2.1c). Scalise’ and Budge® have demonstrated
that 3D analysis of the scapular plane allows for a more accurate estimation of the

glenoid version, despite differences in scapular positioning in the CT gantry.

The construction of the scapular plane is dependent on localising the center of the
glenoid. This is often not possible in cases with glenoid erosion or bone loss. Thus, the
surgeon faces the clinical problem of positioning an implant accurately without the

ability to estimate the scapular plane accurately.
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The purpose of this study was to investigate relationships among the old and new ISB
planes, as well as the currently used clinical scapular plane. Secondly, anatomical
gender differences were determined. Thirdly, of the planes compared, the most clinically
applicable plane was chosen, allowing for evaluation of patients with glenoid bone

defects.

2.2 MATERIALS AND METHODS

Computed tomography (CT) scans were obtained for 50 fresh-frozen cadaveric
shoulders (age 71 % 14 yrs; 25 males: 72 + 15 yrs, 25 females: 69 + 13 yrs). The CT
scans were acquired with a multi slice scanner with standardised clinical settings. The
CT scans were classified by fellowship trained orthopaedic surgeons according to the
classification proposed by Samilson — Prieto.” Shoulders with glenohumeral arthritis
with Grade 0-2 were included for analysis. Cases with Grade 3 arthritic changes and any
case with evidence of fractures, surgery or glenoid bone loss were excluded from

analysis.

The CT images were then uploaded in Digital Imaging in Communications in Medicine
format (DICOM) to Mimics medical imaging software (Mimics 17.0®, Materialise,
Leuven, Belgium). Thresholding was set to a minimum value of 200 Hounsfield Units
(HU) to preserve scapular anatomy during segmentation and to obtain both cancellous

and cortical bone models.®
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A B C

Figure 2.1 Scapular Co- Ordinate Systems A) New ISB, B) Old ISB, C)

Scapular Plane

Utilising the built in med-CAD module in Mimics® various surface points were
extracted from the scapula by multiple observers. Four standardised views were chosen
to extract the surface anatomy points: superior axial view, posterior view, sagittal view
(glenoid enface view), and inferior para axial view (parallel to the lateral pillar of the
scapula) (Figure 2.2). The superior (axial) view of the scapula was used to extract the
most medial point on the medial vertebral surface of the scapula - Medial scapular point
(MSP).This point, termed the Trigonum Spinae Scapulae, lies in the medial scapular
angle (attachment of the levator scapulae muscle) which corresponds to the intersection
of the scapular spine with the medial border of the scapula.' Additionally, in the superior
axial view the acromio-clavicular joint (AC Joint) was identified. The most prominent
antero-medial point of the articular surface within the joint was extracted as the ACJ

point.
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Medial
Scapular Point
( MSP)

Acromion Point

Inferior Scapular Point ( ISP)

B

Figure 2.2 A) Superior Axial View - Medial Scapular Point and ACJ Point Are
Established, B) Scapular Y View- Inferior Scapular Point And Acromial Point Are
Established
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i
Medial e

Scapular Point
(MSP)

Inferior Scapular Point ( ISP)

Figure 2.2 C Posterior View Demonstrating The Points

Various surface points were extracted on the sagittal (Y-view) of the scapula (Figure 2.2
b). The most inferior point of the scapular body was extracted; this was the lowermost
and most posterior projection of the inferior angle of the scapula - Inferior Scapular
Point (ISP).*’ The second point extracted was the most posterolateral point on the
posterior angle of the acromion (Acromial point). The MSP, ISP and Acromial Points
correspond to the most prominent landmarks felt during palpation of the medial, inferior

border of the scapula, and the postero-lateral margin of the acromion."*’
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Figure 2. 3 Calculation Of The Glenoid Center Point And SI Glenoid Axis (SI Axis
Of The Glenoid Is Formed By The Line Joining The Superior Glenoid Point And
The Glenoid Center Point And Intersects The Inferior Rim Of The Glenoid
Demarcating The 6 O’clock Position)

The inferior curvature of the glenoid (Figure 2.3) was evaluated on the enface view of
the glenoid. The circular inferior rim of the glenoid was marked by 10 surface points
placed on the inferior cortical rim. Custom code was developed in Matlab® (Math
works, Natick, MA, USA) to transform this semicircle to a complete circle, using a least
square circle fit, and the centre point of the circle was ascertained. This central point
corresponds to the centre of the glenoid (Glenoid Centre point). The superior (12
o’clock) point was identified as per the descriptions of Chuang '°, Saito'' and Kany'?
and its apex extracted as a the Superior Glenoid Point (SGP). A line was then passed
through the SGP and Glenoid centre. This line was extended until it intersected the
inferior glenoid rim. This intersection point was extracted as the Inferior Glenoid point
(IGP, 6 o’clock). This axis was used as the longitudinal axis of the glenoid (Superior-

Inferior —SI Glenoid axis).

The Scapular plane, as described by Kwon et al.,* was created. This was the plane
connecting the Medial Scapular point, the Inferior Scapular Point and the Glenoid

Center. This served as the (scapular) coordinate plane against which an orthogonal



46

glenoid plane was created. The points extracted were used to establish a scapular and

glenoid co-ordinate system. (Figure 2.4)

Next the New ISB scapular axis was created by extraction of the MSP, ISP and the
Acromion point (Figure 2.4b). Lastly the Old ISB Scapular axis was recreated by
extraction of the MSP, ISP and ACJ point (Figure 2.4c).

A B C

Figure 2. 4: Old ISB Plane (A), New ISB Plane (B), and Scapular
Plane (C).

An orthogonal plane to the scapular plane was created parallel to the glenoid face
and the three axes (Scapular axis, Old ISB axis and New ISB axis) were projected
onto this plane. The relationships of these axes with respect to the scapular axis
were calculated. The scapular axis was used as the index axis due to its widespread
use by the orthopaedic surgeons and prosthetic design engineers. The axis was
represented as (+) if it lay posterior to the scapular axis and (-) if it lay anterior to

the scapular axis.

Statistical analysis (SPSS software®, 15.0; IBM Inc. USA) was performed and mean

and standard deviations for each subgroup was calculated. Analysis to determine the
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difference between the orientation of each axis with respect to scapular axis was carried
out by performing a t-test for all cases and separated by subgroups. The relationship of
the orientation of each axis in males and females was analysed by t-test. All differences

were considered significant at a probability level of 95% (P<0.05).

2.3 RESULTS

There were 23 right and 27 left scapulae analysed. Our results demonstrate that the New
ISB is directed 17.0 + 2.0° posterior to the scapular axis. Subgroup analysis between
males and females demonstrates that the axis is 0.6° more posterior in males (17.3 +
1.7°) compared to females (16.7+ 2.3°). This was not significant (p=0.28) (Figure 2.9).
The Old ISB passes much closer to the scapular axis, being just 1.3°+ 2.2° anterior to the
scapular axis. Similar to the results of the New ISB, the Old ISB demonstrates a non-

significant (p=0.68) sexual variability.

Male (n=25) Female (n=25) Combined Mean | p value*
(n=50)
New ISB 17.3°£1.7° 16.7+ 2.3° 17.0 £ 2.0° p=0.28
Old ISB -1.2+ 2.4° -1.4+2.07° -1.3+£2.2° p=0.68

( (-)Denotes the Axis is anterior to the Scapular Axis)

* t-Test, significance is denoted by P<0.05

Table 2.1-Relationship to the Scapular Axis of the NEW ISB and Old ISB Axis



New ISB

Scapular Plane

Old ISB

Scapular old ISB

-1.34°+ SD 2.25°

Figure 2.5 The New ISB Is The Most Posterior Axis. The Old ISB Is The Most
Anterior Axis. The Mean For Male And Females Combined Is 17.0 + 2.0°
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2.4 DISCUSSION

Recreation of normal joint kinematics is the goal of anatomic TSA. With RSA the
mechanics of the joint are considerably altered. Both of these surgical procedures;
however, rely on correct positioning of the glenoid component. Malpositioning of the
components leads to abnormal biomechanics and altered joint loading, which may result

in early aseptic loosening and is often associated with poorer clinical results.">'* F

or
each degree of change in glenoid version there is a reported 0.5 mm displacement of the
humeral head in a anatomic shoulder arthroplasty.'” Farron in their finite element
analysis study reported an exponential increase in mean micro motion (669%) with
glenoid placement beyond 10 of retroversion.”” Ho et al have reported component
positioning in greater than 15 of retroversion correlated with early signs of radiographic

loosening of the glenoid implant.'®

Shoulder arthroplasty poses significant challenges to the orthopaedic surgeon. Difficult
surgical access, a large soft tissue envelope and a small amount of working bone stock
makes the procedure challenging. In addition, the surgeon is not able to visualise the
scapula and has to decide implant positioning by relying on the enface view of a
pathologic glenoid. This has led to the importance of preoperative templating and CT

guided analysis of the glenoid version and scapular axis.

The 2-D axial scapular axis is most commonly calculated by the method described by
Friedman® and Randelli’. Kwon et al* further elaborated on this by developing a 3D
plane called the scapular plane; this plane is currently used by the orthopaedic fraternity.
Suitable CT scanning protocols have been developed to scan the scapula parallel to the
scapular axis so as to enable the orthopaedic surgeon to accurately calculate the glenoid

6,17,18

version and guide positioning of the glenoid component. Utilising the scapular axis,

numerous studies have documented the ideal method to calculate glenoid version for

5,19,20

correct implant positioning. Budge etal have demonstrated the superiority of

glenoid version calculation by 3D CT scans rather than using a 2D axial image.°
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Even in experienced hands, accurate guide pin positioning in RSA has a large degree of
variability. Throckmorton etal in a multi surgeon study of 70 orthopaedic surgeons
demonstrated an average variability of 8° in version and 7° in inclination from the
target.”’ The accuracy further deteriorated in the presence of glenoid bone defects.** This
has led to the development of patient specific guides. These custom guides are based

upon preoperative CT templating of the patient’s scapulae.

Numerous recent studies have reported the superiority of patient specific guides over
traditional instrumentation.”*® Some implant companies have developed proprietary
software programs to develop patient specific guides. Despite the obvious advantage of
improving implant positioning, there are some disadvantages. Firstly, there is an
additional cost involved in producing and manufacturing these guides. Secondly, the
added logistics of generating, fabricating, and delivering guides can pose a challenge,
especially in public health systems with limited resources. Thirdly, the accuracy of each
software system is proprietary and details of axis calculation may be variable. Lastly,
most guidance software systems rely on the presence of a partially intact glenoid rim,
however, in cases of massive bone loss or revision, these local landmarks may be

distorted or absent.

The ISB has standardised the joint coordinate system used for all the joints of the human
body and describes the GHJ axis to be passing through a plane independent of glenoid
anatomy. The center of GH motion is calculated by regression analysis®’ or by
calculating the pivot point of instantaneous helical axes (IHA) of GH motions.”® The
IHA method is the preferred method due to its higher accuracy and because it has been
validated in patients with GH bone loss due to degeneration or a prosthetic implant.’
The rationale behind selecting this axis is that it is impossible to delineate GHJ motion
without accounting for scapula-thoracic motion and motion in the acromio-clavicular
joint and the sterno-clavicular joints. Unlike other joints in the body the movement in
the GHJ is reliant upon the movement of the pectoral girdle against the thorax. Thus
arbitrarily choosing just the glenoid and the humeral head to define motion is fraught
with errors. Thus the ISB axis is widely utilised in the biomechanical literature as the

GHJ / shoulder axis.
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The use of the Old ISB, as proposed by van der Helm®’, was aborted in 2006 due to
gimbal lock. However, many biomechanical papers refer to the use of the Old ISB.
Ludewig et al in their study compared the New ISB and the Old ISB and concluded that
The New ISB interprets the same scapular motion with less internal rotation and upward
rotation and more posterior tilting than the Old ISB. They also highlighted that the Old
ISB under represents the scapular plane and the New ISB over represents it. They,
however, concluded that the New ISB should be considered for measurements as

shoulder kinematic measurement evolves.

There is a mismatch between the scapular reference planes used by engineers and the
orthopaedic community. Our study is an attempt to fill this lacuna. We have
demonstrated that the New ISB has a mean 17.0° posterior deviation from the scapular
plane. As the New ISB is a biomechanical plane for GHJ motion, variations in gender
should not play a role. In accordance to this principle, in our study we did not find a
statistical difference between males and females (p=0.28). The Old ISB lies in very
close proximity to the scapular plane 1.3° anterior to the scapular plane. However, this
axis relies on a normal ACJ and this may be difficult to ascertain in all patients

especially patients with a prior ACJ arthritis or excision.

The strength of our study lies in describing the relationship between the New ISB and
the scapular plane, which may be utilised for templating and implant positioning. As the
New ISB is independent of glenoid morphology, it can be readily employed in
calculation of the scapular axis for implant positioning in cases of severe glenoid bone

loss or in revision arthroplasty.

One of the limitations of this study is that some of the specimens chosen did have ACJ
arthritis and thus the measurements of the Old ISB may be different if our entire cohort
had healthy ACJs. We compenstated for this problem by digitally subtracting anterior

and superior ACJ osteophytes. The articular surfaces were now deemed normal for
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measurement purposes and manual extraction of the ACJ point was then carried out as

per the protocol.

2.5 CONCLUSION

Our study demonstrates that the New ISB scapular plane can be reliably utilised as a
reference plane for glenoid implant positioning. The plane can be used in the presence of

glenoid bone loss and in revision shoulder arthroplasty.
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Chapter 3- Morphologic Analysis of the Scapular Body and
the Glenoid.

Overview: In cases of severe glenoid bone loss, glenoid size estimation is
important for accurate reconstruction and implant selection.

This chapter evaluates the anthropometric measurements

of the scapular body and glenoid and determines the

gender dimorphism between males and females. In addition,

linear regression analysis aims to ascertain the glenoid

dimensions by using the scapular body height.
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3.1 INTRODUCTION

The scapula has a large flat body with numerous muscular attachments and a lateral pear
shaped glenoid with its pyramidal vault. Degenerative joint disease results in alteration
of the glenoid morphology. Glenoid bone loss ranges from minor glenoid rim erosions to
complete destruction of the glenoid vault. Reconstruction of the glenoid in the setting of
bone loss poses a challenging problem. To restore the glenoid to its premorbid anatomy,
the contralateral scapula may be used as a template. Quite often, however, the
contralateral glenoid is diseased or has undergone an arthroplasty, and thus an accurate
estimation of glenoid dimensions is not possible. The current solution to this problem
remains the subjective reconstruction of the glenoid vault based upon the remaining
bony landmarks noted pre-operatively and intraoperatively. The development of patient-
specific guides has been shown to improve the accuracy of baseplate positioning' .
However, accurate recreation of a normal joint line remains a challenge in conditions of

severe bone loss.

The aim of this study was to determine the dimension of the scapular body and the
glenoid. Our second objective was to ascertaining whether glenoid dimensions can be
reliably predicted by the scapular body measurements. Thirdly, we compared

morphologic gender dimorphism between the male and female scapulae.
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3.2 MATERIALS AND METHODS

Computed tomography (CT) scans were obtained from 50 cadaveric shoulders (25 male
and 25 female; age 71£14 years). The CT scans were acquired with a multi slice scanner
with standardised clinical settings (120 to 140 kVp, 512X512 resolution). The CT scans
were classified by fellowship trained orthopaedic surgeon according to the classification
proposed by Samilson and Prieto.” Shoulders with glenohumeral arthritis with Grade 0-2
were included for analysis. Cases with Grade 3 arthritic changes, or any case with

evidence of trauma, surgery or glenoid bone loss, were excluded from analysis.

The CT images were then uploaded in Digital Imaging and Communications in
Medicine format (DICOM) to Mimics medical imaging software (Mimics 17.0®,
Materialise, Leuven, Belgium). Thresholding was set to a minimum value of 200
Hounsfield Units (HU) to preserve scapular anatomy during segmentation and to obtain

both cancellous and cortical bone models.’

Various osseous landmarks were located on the scapula using the Mimics® med-CAD
module. Four standardised views were chosen to extract the surface anatomy points;
superior axial view, sagittal view (glenoid enface view) and posterior view (Figure 3.1).
The superior (axial) view of the scapula was used to extract the most medial point on the
medial vertebral surface of the scapula - Medial scapular point (MSP). MSP, termed the
Trigonum spinae scapulae, lies in the medial scapular angle (attachment of the levator
scapulae muscle) which corresponds to the intersection of the scapular spine with the

medial border of the scapula.”



58

Superior
Scapular Point
(SSP)

Medial
Scapular Point
( MSP)

Superior Scapular
Point (SSP)

Inferior Scapular Point ( ISP)

Figure 3.1 Coronal View Of The Scapula And The Sagittal Y View Demonstrating
The Superior Scapular Point- SSP, Inferior Scapular Point ISP And Medial
Scapular Point MSP
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Various surface points were extracted on the sagittal or Y-view of the scapula. The most
inferior point on the scapular body was extracted, which was the lowest and most
posterior projection of the inferior angle of the scapula - Inferior Scapular Point (ISP).™
Next, the most cephalad point on the scapular body was extracted, which corresponds to

the superior angle of the scapula - Superior Scapular Point (SSP).

Evaluation of the enface view of the glenoid, the circular rim of the glenoid was
delineated and 10 surface points were extracted from the inferior cortical rim (Figure
3.2a). This defined the inferior curvature of the circular glenoid. Custom code was
developed in Matlab® (Math works, Natick, MA, USA) to transform this semicircle to a
complete circle and the centre point of the circle was ascertained. This point corresponds
to the centre of the Glenoid (Glenoid Centre point). The superior 12 o’clock point , was
identified as per the descriptions of Chuang ’, Saito® and Kany” and its apex extracted as
the Superior Glenoid Point (SGP). A line was then passed through the SGP and Glenoid
centre. This line was extended till it intersected the inferior glenoid rim. This
intersection point was extracted as the Inferior Glenoid point (IGP, 6 o’clock). This axis

was used as the longitudinal axis of the glenoid (Superior Inferior —SI Glenoid axis).

Glenoid width was calculated as the maximal antero-posterior width of the glenoid
perpendicular to the SI axis of the glenoid. Glenoid height was calculated as the distance
between SGP and IGP (Figure3.2b).
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Figure 3.2a Glenoid Enface View. Center Point Of Glenoid Is Calculated. Superior-
Inferior (SI) axis of the glenoid is calculated by connecting the Superior Glenoid
Point (SGP) and the glenoid center point (Green dot). The intersection of this line
to the inferior glenoid rim defines the 6 o’clock point. Figure 3.2 b defines the
maximal width and height of the glenoid. The width of the glenoid is calculated by

the maximal glenoid width measured perpendicular to the Glenoid SI axis.
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AB + BC = True Scapular Length
AC = Apparent Scapular Length
B- GC = Scapular Width

GC = Glenoid Center

Figure 3. 3 Posterior View (Coronal View) of the Scapula
A= Superior Scapular Point (SSP), B= Medial Scapular Point (MSP)

C= Inferior Scapular Point (ISP), GC = Glenoid center

Scapular body measurements were carried out (Figure 3.3). The Distance between the
superior scapular point and medial scapular point was defined as length AB. The
distance between the Medial scapular point and Inferior scapular point was defined as
BC. True scapular height was calculated as AB+BC. In addition, the traditional method
of calculating scapular height from SSP to ISP = AC (Apparent Scapular height) was
also calculated. The scapular width was calculated as the distance between MSP and

Glenoid Center = Medial Lateral Length (Figure 3.3)
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Statistical analysis (SPSS software®, 15.0; IBM Inc. USA) was performed and mean
and standard deviations for each subgroup were calculated. Analysis to determine the
difference in proportion between male and females was carried out by performing a t—
test separated by subgroups. Values were considered significant at a probability level of
95% (P<0.05). A Spearman rank order correlation was carried out to assess the
relationship between the scapular body and the glenoid. Data analysis was performed for

males and females and both sexes grouped together.

3.3 RESULTS

The male scapular body is much larger than the female scapular body in both height and
width (p<0.001)( Appendix B). The overall mean scapular height (the Superior Scapular
Point to the Inferior Scapular Point) was 152417 mm. The medial border of the scapula
(AB + BC) was 29 mm larger in the males (183.4+13.4 mm) than in the females
(154.1£10.9); p<0.001. The male scapula (114.5£6.0 mm) was noted to be wider than
the female (99.5+4.8 mm) by 14.9 mm. (Table 3.1) The angle between the upper one
third and lower two thirds of the medial border of the scapula was found to be 57°; there
was no sex difference of significance in this measurement (p=0.25). Thus the female
scapula was noted to be a scaled down version of the male scapula with statistically

significant differences in anthropometric measurements.
The male glenoid was 6.1 mm longer and 5.4 mm wider than the female (p<0.001).

Glenoid measurements were not normally distributed as measured by the Shapiro Wilk
test (p<0.05). Thus, a Spearman (rho) correlation test was performed to ascertain the
association between the scapular and glenoid dimensions (Appendix B). There was a
moderate positive correlation between the height of the scapula and the glenoid height
75,(98) = 0.750, p<0.001. Glenoid width was strongly associated with scapular height
75,(98) = 0.766, p<0.001.
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A linear regression was performed to predict glenoid height from scapular height. The

regression equation Glenoid Height = Constant + Slope x Value of Predictor (Glenoid

Height = 15.156 + Slope x Scapular Height) established that scapular height could not

reliably predict glenoid height (p value = ns) ( Appendix B). When an analysis for

males and females combined was conducted the R? value = 54.3% for the entire cohort.

However, on subgroup analysis of males and females the R reduced to 1.2% and 16%,

respectively. Similar results were obtained while trying to predict glenoid width by

linear regression. The R* value = 10.4% for females and 23.9% for males.

Table 3.1 Glenoid And Scapular Dimensions

Male (n=25) Female (n=25) Mean (n=50) P value*
Glenoid
Glenoid Height (SI) (mm) 42.46+2.14 36.38 £2.35 39.42+£3.72 P<0.001
Glenoid Width (AP) (mm) 30.77+£2.73 25.36 £2.35 28.06 +3.71 P<0.001
Scapular Body
AB Length (mm) 56.66 + 13.83 41.95+ 6.88 49.30+ 13.11 P<0.001
BC Length (mm) 126.74 £ 15.72 112.23 £ 8.67 119.49 £+ 14.54 P<0.001
AC Length (mm) 165.61 £ 11.57 138.61 £9.49 152.11 £17.19 P<0.001
AB + BC Length (mm) 183.40 £ 13.43 154.19+10.92 168.80 = 19.09 P<0.001
AB and BC Angle 56.10° + 6.44° 58.68° £9.06° 57.39° +£7.89° P=0.25
Medio-Lateral (ML) Length (mm) | 114.52 £+ 6.09 99.59 + 4.86 107.05 £9.30 P<0.001
Ratio
Glenoid Height/ AB+BC 0.23+£0.15 0.23+0.19 0.23+0.19 P=0.41

* t-Test
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Figure 3.4 Box Plot Demonstrates The Sexual Dimorphism In The Scapular Body
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Figure 3.5 Box Plot Demonstrates The Sexual Dimorphism In The Glenoid
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Scatter Plot Demonstrating The Correlation Between Estimation Of Glenoid

Height By Apparent Scapular Height (AC) R* = 0.54
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Figure 3.10 Scatter Plot Demonstrating The Poor Correlation Between Estimation
Of Glenoid Width By True Scapular Height (AC) R* = 0.05 And 0.26 For Females
And Males Respectively.

3.4 DISCUSSION

Sexual dimorphism between the male and female scapulae has been previously
reported.'”'? Studies have demonstrated a significant difference in the height of the
scapulae between male and females. von Schroder et al described the mean scapular
height as 155+16mm and the mean scapular width as 106 £ 8 mm. Our study found
similar results with the mean scapular height 152.1 + 17.1mm and the mean scapular
width 107.0 £ 9.3 mm (Figure 3.4). In addition to the above findings we measured the
true height of the scapulae, by individually measuring the superior one third and the
inferior two thirds of the medial border of the scapulae. The true height (AB + BC
measurement) measured 18 mm longer (mean 183.+ 13 mm) than the relative height

(mean 152 + 17mm) of the scapula (AC measurement). In accordance with previous
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reports our study identified significant variation in size between the male and females.
The male scapulae were 29 + 2mm larger in height and 15 +£1 mm in width than the

females (p<0.001).

The glenoid morphology demonstrated variation between sexes (Figure3.5) with the
male glenoid measuring 6 mm longer and 5 mm wider than the females (p<0.001)
(Tablel). The mean glenoid height of 39 + 4 mm found is similar to the report by
Tannotti" (glenoid height 39 + 3 millimeters). The mean glenoid width of 28 mm was
similar to the studies reported by von Schroder'? (28.6 + 3.3 mm) and Frankle etal'
(28.9 + 3.3 mm). Churchill et al® in their study of 172 cadaveric scapulae compared
glenoid dimensions between Africa-American and Caucasian men and women. They
reported statistically significant differences in the height and width of glenoid between
men and women(p<0.001), however they did not find any statistical difference in

dimensions between the two races.

Our results highlight that a family of glenoid baseplate sizes are needed both for total
shoulder arthroplasty (TSA) and reverse shoulder arthroplasty (RSA) designs. The
glenoid width varies from 23mm to 27 mm in females and 28 mm to 33 mm in males.
Thus the overall variability in dimension lies from 23mm to 33 mm. One standard
baseplate size is insufficient to provide adequate implant coverage to the whole glenoid
surface and design changes are needed to accommodate the male and female

anthropometric measurements.

The aim of this study was to find a correlation between the scapular body and the
glenoid morphology. Our analysis of the bony morphology of 50 scapulae failed to
demonstrate any significant correlation between the scapular body and glenoid
dimensions. The Spearman rho coefficient demonstrated moderately positive correlation
between the glenoid height and scapular height 7,,(98) = 0.750, p<0.001. Glenoid width
was strongly associated with scapular height 7.,(98) = 0.766, p<0.001. A linear
regression performed to estimate glenoid height from scapular height demonstrated an
R’ value = 0.54 for the entire cohort (Figure3.6). However, on further subgroup analysis
between males and females the R* value dropped to 0.012 for males and 0.016 for
females. (Figure 3.7). Further analysis to predict the glenoid height from the true
scapular height (AB+BC) demonstrated a R* value of 0.04 for males and 0.07 for
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females (Figure 3.8). Similar results were obtained whilst trying to predict the glenoid
width from true scapular height (R* = 0.26 and 0.05 for male and females respectively)
(Figure 3.9-3.10).

These findings may be explained by the development of the scapula. The scapula largely
develops by membranous ossification whereas the glenoid largely develops by
enchondral ossification. The secondary ossification centers in the glenoid contribute to
the growth of the glenoid. The superior one third of the glenoid (triangular part)
develops in conjunction with the base of the coracoid from the sub-coracoid ossification
center, whereas the bottom two thirds or circular part of the glenoid develops as a result
of fusion of numerous small islands of ossification. Fusion of the upper triangular and
lower circular part results in the adult pear shaped glenoid.'® This fusion occurs >16

. . 17-19
years in males and >14 years in females'’

thus accounting for the larger glenoid
dimensions in males then in females. The scapula body attains most of its growth by
intra membranous ossification; however, the medial border and the inferior angle grow
by secondary ossification centers, which appear in the late teens. These centers continue
to grow much beyond puberty both in males and females and fusion occurs by the age of
23 years making them one of the last ossific centers in the body to fuse.”” Thus, the
medial border of the scapula continues to grow long after the glenoid has attained
maturity. This can explain the inability in our study to predict the glenoid dimensions in

our cohort of elderly patients. Regression analysis if carried out before the age of 20

years may yield different results.

The strength of our study lies in the accuracy of measurements carried out by custom
code rather than mechanical methods. In addition, our study highlights that the true
length of the medial border of the scapula is 18 mm longer than the traditionally
measured distance from the SSP to ISP. Our study is one of the first that has
demonstrated that glenoid dimensions cannot be reliably predicted by the scapular body
dimensions and that the gender dimorphism has a significant role to play in scapular and

glenoid dimensions.

A weakness of our study is the small sample size of 50 patients. Most of the cadavers
were Caucasian in ethnicity thus our results may not be applicable to different races.
However, our results are quite similar to those reported by other authors with much
larger sample sizes and in studies conducted comparing anthropometric measurements in

African-Americans and Caucasians.
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3.5 CONCLUSION

Our study quantifies the gender dimorphism between the male and female scapular body
and the glenoid. Significant size variations of note are reported between the male and
female glenoids thus necessitating the need for a family of glenoid sizes for TSA and
glenoid baseplate sizes for RSA. Further regression analysis has demonstrated that the
glenoid size cannot be reliably predicted by the scapular body. Further studies are
needed to develop methods to accurately predict glenoid size from the ipsilateral

scapula.
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Chapter 4- Morphologic Analysis of the Three Columns of the
Scapula: Surgical Implications in Reverse Shoulder

Arthroplasty

Overview: Success of Reverse Shoulder Arthroplasty hinges
on attaining primary stability by rigid fixation of the glenoid
baseplate. This can be challenging when the procedure

is performed in osteoporotic bone or in the setting of severe
glenoid bone loss. In such a scenario, the surgeon relies

on adequate screw fixation beyond the glenoid vault. The
three columns of the scapula host dense bone for screw
fixation. This chapter evaluates the relationship

of these three columns of the scapula and the ability of the
screw holes in current baseplate designs to engage

these columns.
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4.1 INTRODUCTION

Reverse shoulder arthroplasty (RSA) was initially developed for the treatment of cuff
tear arthropathy."” Due to its widespread success, the indications and age limitations
have expanded. The indications for RSA now include cuff tear arthropathy, irreparable
rotator cuff tears with or without glenohumeral arthritis, glenoid deformities, acute and

chronic trauma, tumor, systemic/inflammatory arthritis and revision arthroplasty.’

In the setting of poor or limited glenoid bone stock, total shoulder arthroplasty (TSA)
has had disappointing results.*® Glenoid retroversion beyond 15-20 degrees has been
described as unsuitable for attaining primary fixation of a polyethylene glenoid
component without severely compromising glenoid bone stock.” This has led to the
development of augmented glenoid components, with recent studies showing
encouraging short-term results. However, long term data is necessary to establish the

efficacy of augmented glenoid components.'*"!

RSA is currently the implant of choice
for most revision procedures and is the current implant used to treat advanced glenoid
bone loss.*'*'® This is further highlighted in the Australian Joint registry, which reports

a steady increase in the number of RSA performed for revision arthroplasty.'’

Rigid primary fixation of the glenoid baseplate with correct positioning is a prerequisite
for a successful RSA outcome. It is widely accepted that the baseplate needs to be
positioned as low as possible on the glenoid to avoid notching.'® In addition, rigid
fixation of at least two angled screws with a well seated central peg is imperative for

19,20

primary stability of the baseplate.” " In the elderly population, the glenoid bone stock is

often poor and satisfactory screw purchase may be of concern.”’ This has led to

numerous studies attempting to locate the best bone beyond the glenoid vault.”***

The “Tri Pillar model” of the scapula proposed by Bhatia et al.> and popularised as the
“Three Column concept” by Humphrey et al.”® delineates the columns of bone beyond

the glenoid which may be utilised to attain rigid screw fixation. So far, the relationship
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of the coracoid base, the acromial spine and the lateral border/pillar of the scapula, has
not been clearly defined, especially in the setting of glenoid deficiency. Large variability
exists in the description of angular measurements due to the differences in the reference

planes utilised.

The purpose of this study is to quantitatively establish the relationship of the three
columns of the scapula by utilizing standardised, clinically applicable reference planes.
Secondly, we aim to ascertain the relationship of these columns with and without a
glenoid co-ordinate system and to find the relationship between the two methods.
Thirdly, we aim to evaluate gender dimorphism and its implications on current baseplate

design.

4.2 MATERIALS AND METHODS

Computed tomography (CT) scans were obtained from the shoulders of 50 cadavers.
There were 25 male and 25 female cadavers (age 71+14 years). The mean age of the
subjects was 71£14 yrs (men 72415 yrs and women 69+13 yrs). There were 23 right and
27 left scapulae analysed. The CT scans were acquired with a multi slice scanner with
standardised clinical settings (120 to 140 kVp, 512X512 resolution). The CT scans were
classified by fellowship trained orthopaedic surgeon according to the classification
proposed by Samilson — Prieto®’. Shoulders with glenohumeral arthritis with Grade 0-2
were included for analysis.”” Cases with Grade 3 arthritic changes and any case with

evidence of trauma, surgery or glenoid bone loss were excluded from analysis.

The CT images were then uploaded in Digital Imaging and Communications in
Medicine format (DICOM) to Mimics medical imaging software (Mimics 17.0®,
Materialise, Leuven, Belgium). Thresholding was set to a minimum value of 200
Hounsfield Units (HU) to preserve scapular anatomy during segmentation and to obtain

both cancellous and cortical bone models.*®

Utilising the built in med-CAD module in Mimics®, various surface points were
extracted from the scapula. Four standardised views were chosen to extract the surface

anatomy points; superior axial view, posterior view, sagittal view (glenoid en face view)
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and inferior para axial view (parallel to the lateral pillar of the scapula) (Figure 4.1). The
superior (axial) view of the scapula was used to extract the most medial point on the
medial vertebral surface of the scapula - Medial scapular point (MSP) this corresponds
to the Trigonum spinae scapulae. This point is localised to the medial scapular angle
(attachment of the levator scapulae muscle) which corresponds to the intersection of the

scapular spine with the medial border of the scapula.”

Medial
Scapular Point

ACJ Point

Inferior Scapular Point ( ISP)

Figure 4. 1 Superior Axial View, Scapular Y View And Inferior Para-Axial View.
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Various surface points were extracted on the sagittal “Y” view of the scapula. The most
inferior point of the scapular body was extracted. This was the lowermost and most
posterior projection of the inferior angle of the scapula - Inferior Scapular Point

(ISp).*%-!

Whilst evaluating the enface view of the glenoid; the circular rim of the glenoid was
delineated and 10 surface points were extracted from the inferior cortical rim (Figure
4.2). This defined the inferior curvature of the circular glenoid rim. Custom code was
developed in Matlab (Math works, Natick, MA, USA) to transform this semicircle to a
complete circle, using a least square circle fit, and the centre point of the circle was
ascertained. This point corresponds to the centre of the glenoid (Glenoid Centre point).
The superior 12 o’clock point, was identified as per the descriptions of Chuang™, Saito™
and Kany>* and its apex extracted as a point Superior Glenoid Point (SGP). A line was
then passed through the SGP and Glenoid centre. This line was extended until it
intersected the inferior glenoid rim. This intersection point was extracted as the Inferior
Glenoid point (IGP, 6 o’clock). This axis was used as the longitudinal axis of the

glenoid (Superior Inferior — SI Glenoid axis).

Figure 4. 2 Calculation Of The Glenoid Center Point And Establishment Of The
Superior Inferior (SI) Glenoid Axis
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The Scapular plane as described by Kwon et al.’® was created using the previously
defined points. This was the plane connecting the Medial scapular point, the inferior
scapular point and the glenoid center (Please refer to Chapter 2 Figure 2.1C). This
served as the (scapular) coordinate plane against which an orthogonal glenoid plane was

created.

To delineate the position of the coracoid and the scapular spine column, the coracoid
surface and scapular spine anatomy was evaluated on the sagittal enface view. Eight
points (4 points each from the acromion and coracoid) were extracted from the inferior
cortex of the coracoid and the scapular spine (Figure 4.3). Tangential views to the
inferior cortex of the coracoid and scapular spine were obtained. Fixed segmentation
angles were used in the Mimics® software so as to evaluate all specimens in a similar
fashion. This line was then projected to a sagittal plane perpendicular to the scapular

plane.

Inferior Para Axial View
delineating the lateral
scapular pillar

Scapular Y View
demonstrating the
Inferior edge of the
Scapular Spine

(with superior tilt)
demonstrating the
Inferior edge of the
coracoid column

Figure 4.3 The Images Demonstrate The 3 Standardized Views Chosen In All 50
Scapulae To Delineate The Posterior Cortical Edge Of The Scapular Spine, The
Inferior Cortical Margin Of The Coracoid Base, And The Lateral Scapular Pillar

(Inferior Para Axial Plane).
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The lateral scapular column was best evaluated from the inferior para axial plane. This is
a plane in line with the long axis of the lateral scapular pillar. The surface anatomy of
the proximal 7 cm of the lateral scapular pillar formed by the origins of the long head of
triceps and the origin of teres minor until the groove of the circumflex scapular artery
was demarcated.” Four points were extracted. The first point was located at the junction
of the glenoid rim and the lateral scapular pillar. The most caudal point was extracted 7

cm caudal (Figure 4.3).

The long axis of the three columns of the scapula, in the sagittal plane were calculated
using custom code developed in Matlab®. An orthogonal plane to the scapular plane
was developed parallel to the glenoid face (Figure 4.4). The axis representing each of the
three columns of the scapula and the SI axis of the glenoid, were projected onto this
plane. The relationship between each column was analysed with respect to each other
and with respect to the SI glenoid axis. Thus, measurements obtained gave the
relationships of the three columns of the scapula (independent of the glenoid) and their

relationships to the long axis of the glenoid (dependant on the glenoid).

Statistical analysis (SPSS software®, 15.0; IBM Inc. USA) was performed and mean
and standard deviations for each subgroup was calculated. Analysis to determine the
difference between the position and orientation of each column with respect to each
other and the SI axis respectively was carried out by performing a t—test for all cases and
separated by subgroups. The relationship of the orientation of each column, between
males and females was analysed by a t-test. All differences were considered significant

at a probability level of 95% (P<0.05).
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Figure 4. 4 Orthogonal Plane Developed Parallel To The Glenoid Face An
Perpendicular To The Scapular Plane Using Med CAD Algorithm

Inter observer reliability was used to assess the point selection in angle measurements of
the coracoid, acromion, and inferior spine by two independent observers (A.G & N.K.K)
using intra class correlation coefficients (ICC) with a 2-way random effects model and
absolute agreement. Classifications were interpreted according to Fleiss and Cicchetti
and Sparrow as poor (ICC < 0.40), fair (ICC = 0.40-0.59), good (ICC = 0.60-0.74), and
excellent (ICC > 0.74).
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4.3 RESULTS

The analysis of the relationship of the three columns of the scapula in relation to the
glenoid axis demonstrated a mean scapular spine SI glenoid angle of 48.4 +8.8°. The
angle between the lateral pillar and the SI glenoid axis was 1.1 +10.0°. The angle
between the coracoid pillar and the SI glenoid axis was noted to be 44.7+11.3°. No
significant sex difference was found between the acromial spine/glenoid axis (p=0.26)
and the inferior scapular pillar/SI glenoid axis (p=0.27) (Table 4.1). However, the
female coracoid was found to be more horizontal than the male coracoid in relation to

the SI axis of the glenoid (p=0.037).

Table 4.1: Relationship between the 3 Columns and SI- Glenoid Axis

Male (n=25) | Female (n=25) Total (n=50) p value
Acromial Spine-SI | 49.8+9° 46.9+8° 48.449° p=0.26
Glenoid axis angle
Lateral  Pillar-SI [ 3£9° -0.4+11° 1 £10° p=0.27
Glenoid axis Angle
Coracoid-SI 41 £13° 48 £8 ° 45 £11° p=0.037
Glenoid axis Angle

Negative values denote a posteriorly directed inferior column.

The mean angle between the acromial spine and the coracoid column was 93+13° with
no significant difference between males (91£15°) and females (95£10°) (p=0.29). The
angle between the inferior scapular column and the scapular spine was 6.5° greater
(p=0.03) in females (134£10°) than in males (128+11°). Similarly, the angle between the
inferior scapular column and the coracoid column was 11° greater (p=0.009) in males

(141£15°) than in females (130+12°) (Table 4.2) ( Appendix C).

Table 4.2 Relationship between the 3 Columns of the Scapula

Male (n=25) Female (n=25) Total (n=50) p value
Acromial Spine- | 91 £15° 95+ 10° 93 +13° p=0.29
Coracoid
Acromial Spine- | 128+11° 134+ 10° 131 +11° p=0.030
Lateral Pillar
Coracoid-Lateral 141 £15° 130 £12° 136 £14° p=0.009
Pillar
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Inter observer reliability was excellent for the acromion (ICC = 0.870, 95% CI: 0.464-
0.968), coracoid (ICC = 0.878, 95% CI: 0.371-0.972), and inferior spine (ICC = 0.938,
95% CI: 0.745-0.985) relative to the glenoid centre axis. Similarly, reliability was
excellent for the acromion (ICC = 0.832, 95% CI: 0.302-0.959), coracoid (ICC = 0.873,
95% CI: 0.352-0.970), and inferior spine (ICC = 0.933, 95% CI: 0.725-0.984) relative to
the glenoid SI axis. Interobserver reliability was also excellent for the acromion-
coracoid angle (ICC = 0.811, 95% CI: 0.306-0.952), acromion-inferior spine angle (ICC
=0.899, 95% CI: 0.586-0.975), and coracoid-inferior spine angle (ICC = 0.875, 95% CI:
0.528-0.968).

4.4 DISCUSSION

The shape of the scapula has been widely studied with osteology studies reporting
gender dimorphism between male and female scapular borders for forensic

identification.>®®

The female scapula has been reported as a scaled down version of the
male scapula.”® Scholtz reported that female scapulae have straighter lateral and medial
borders, and that the supraspinous fossae is more convex than in males.”® The coraco
acromial arch anatomy has been of recent interest. Alobaidy et al. reported on the
various characteristics of the bony morphology of the acromion and coracoid. They
evaluated the position of the coracoid column with reference to the glenoid face and
termed it as ‘scapular angle of the coracoid root’. They reported this angle to be
115+14°.* In our study we have found this angle to be 135 + 11 °. This difference may
arise in the different methodology of estimation of the SI axis of the glenoid and
calculation of direction of the coracoid column. However, the authors also found a

gender difference between men and women in regards to the position of the coracoid,

which agrees with the current study.

In their detailed analysis of coracoid geometry, Bhatia et al. noted statistically
significant gender dimorphism in the length, breadth, thickness and projections of the
coracoid, with the male coracoid being larger. However, they did not find any significant
difference in angular measurements. They reported a coracoid glenoid axis angle of

126.1 degrees.”
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This sexual dimorphism noticed may be attributed to the developmental anatomy.
Phylogenetic studies of the scapula demonstrate that the scapular body and the glenoid

develop relatively independent of each other.**

The acromial spine and the lateral
pillar of the scapula develop from the primary ossification center located in the scapular
neck in the foetus. After birth, the growth and development of the scapular body is
dependent upon the surrounding muscles. The scapular spine and lateral pillar develop

by intramembranous ossification, a characteristic of all flat bones in the human body.*”**

The development from two very different ossification centres thus explains the glenoid
pear shape. The superior 1/3 of the glenoid develops from the sub-coracoid center,
which is also responsible for the development of the base of the coracoid. This center is
located at the dorso medial aspect of the base of the coracoid and is visualised in the
adult as the supra glenoid tubercle. The body of the coracoid develops from an
independent nucleus and fuses to the root of the coracoid at maturity. Thus, the
development of the superiorl/3 of glenoid and coracoid base is mutually dependent. The
inferior circular part of the glenoid develops from two or more secondary ossific centres
which fuse amongst themselves and later to the upper 1/3 of the glenoid, forming the

mature adult glenoid.***’

Fusion of the physeal plate and completion of growth is dependant upon hormonal,
genetic and nutritive factors. Generally, between 15-17 years of age, the upper 1/3 of the
glenoid and the coracoid fuse whilst the lower 2/3 of the glenoid fuses by 17-18 yrs.
Earlier physeal fusion in women may lead to the more horizontal position of the female
coracoid compared to males. In keeping with our findings, we noted the angle between
the inferior scapular column and the coracoid column was 11° greater (p=0.009) in

males (141£15°) than in females (130+12°).

Previous radiographic studies have measured the angle between the acromial spine and
the lateral pillar of the scapula.***’ These studies were 2-dimensional x-ray based
radiographic studies and with a lack of consistency amongst studies in defining the axis
against which measurements are made. We have attempted to address this by using a
clinically applied and validated method for measurement of the SI axis of the glenoid,
using 3-dimensional models, which has been shown to avoid perspective errors caused
by 2D measurements. In addition to this, we have measured the relationship of each

column independent of the glenoid anatomy.
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Our study demonstrates that the measurements between the three columns are similar in
both of our subgroups (ie. using the SI glenoid axis or independent of the glenoid). This
may be attributable to our selection, where specimens with only normal glenoid and
scapular anatomy were used for this study. These findings may vary in the case of

glenoid bone defects and retroversion of the glenoid.

The triple pillar concept of Bhatia et al.”> or 3 column concept of Humphrey et al.*
alludes to the supportive bony framework of the scapular body which provides sufficient
mechanical stability to implant a glenoid baseplate, especially in cases with poor
glenoid bone quality and in glenoid vault bone loss. Di Setafno > quantitatively analysed
bone quality for screw placement for baseplate fixation in RSA. In their computer
modelling study of screw placement in commercially available base plate designs they
were only able to insert the superior and inferior screw in regions of good bone stock.
The posterior and anterior screw were unable to attain the desired trajectories and thus
were inserted in weaker bone.” Stephens et al.*® in their study found similar difficulties
in inserting screws into all the three columns. They found an optimal solution might be
to internally rotate the base plate by 11£1° to attain maximal peripheral screw fixation.
They reported the mean position for screw fixation from the 12 o’clock position as 6+2°
for the coracoid pillar, 198+2° for the inferior pillar, and 295+3° for the scapular spine
pillar. Both authors commented that implant design changes need to be made to allow
surgeons to safely insert screws in the regions of best bone stock. In a cadaveric study of
fixation of a custom baseplate beyond the glenoid, Codsi et al., were only able to attain
fixation in all three columns by by removing the central peg and enlarging all the screw
holes of a glenoid baseplate. The authors summarized that if the glenoid vault is

deficient the current implant systems cannot be implanted.”

Based on our study we have demonstrated that the mean angle between coracoid column
and the lateral pillar is 136 +£14° and coracoid and scapular spine is 93 +13 °. Using
commercially available baseplate designs with 90° screw constructs despite using
variable angle screws it would be very challenging to insert more than 2 screws in good
bone stock. Especially in women where the anatomy is considerably different. This may

not be of much concern in a primary RSA with sufficient bone stock however, this
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becomes a considerable problem in cases of glenoid bone loss which necessitate

structural bone grafts.

Our study evaluates the three columns of the scapula independent of the glenoid
morphology. The strengths of this study include: firstly, we used 3-dimensional
measurements and mathematical algorithms which improve accuracy. Secondly, a
standardized reference axis was used to analyze angular measurements. The scapular
axis utilized is currently the most clinically used axis for calculation of glenoid version
and serves as the platform for patient specific implant software. Lastly, this study
highlights the gender dimorphism in the human scapula and questions the need for

further implant design which caters to differences in male and female anatomy.

The limitations of our study are that it is a small cohort of 50 specimens. The majority of
the cadavers are of Caucasian ethnic origin and further research would be required to

evaluate the applicability of our findings to different racial subgroups.

4.5 CONCLUSION

Our study demonstrates that the 3 columns of the scapula demonstrate significant sexual
dimorphism. The female scapula the coracoid is positioned lower; as a result the
coracoid and the lateral scapular pillar are closer in females than in males. In addition,
the 3 columns of the scapula are positioned at an angle of 93° between the acromion and
the coracoid and 136° degrees between the coracoid and the lateral pillar and 131 °©
degrees between the acromion spine and the lateral pillar. This structural relationship

should be considered while inserting screws to fix a baseplate in a RSA.
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Chapter 5- General Discussion and Conclusion

Overview: This chapter evaluates the objectives and findings of
our research. The strengths and limitations are addressed.
Better understanding of the scapular morphology and its

impact on future implant design is discussed.
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5.1 SUMMARY

Shoulder arthroplasty has experienced an exponential rise in numbers since the last
decade. After hip and knee arthroplasty it is the most common joint replacement
performed worldwide. The current Grammont concept Reverse Shoulder Arthroplasty
(RSA) is entering its third decade of use. The primary total shoulder arthroplasty (TSA)
and RSA is entering a new era, whereby patients are requiring revision of their primary
arthroplasty. As our understanding of the biomechanics and long term complications of
TSA and RSA improves; the orthopaedic community is faced with new challenges
which revision shoulder arthroplasty poses. Aseptic glenoid component loosening in a
TSA remains the most common cause for revision and failure (infections excluded).
Prosthesis notching in a standard 155 degree RSA design is common and leads to
varying degrees of glenoid bone loss. Deficiency of glenoid bone stock is emerging as a
significant clinical problem. Poor glenoid host bone stock is a relative contra indication
for TSA and in severe bone loss primary baseplate fixation for a RSA remains a

problem.

The current clinical orthopaedic literature illustrates the native glenoid for estimation of
joint kinematics and implant positioning. Reference systems currently used (Scapular
plane) utilise the glenoid to estimate the amount of bone loss and guide implant
positioning. Estimation of the scapular plane in the presence of loss of glenoid bone

stock is inaccurate and often not possible.

Chapter 2 focused on development of a scapular co-ordinate system independent of the
glenoid morphology. The International Society of Biomechanics (ISB) has reported on
the ISB scapular plane to define shoulder joint kinematics. ISB believes that the gleno-
humeral joint kinematics cannot be studied independent of the contribution of the
scapula thoracic, acromio clavicular and sterno clavicular movements. In the chapter we
compared the scapular plane used by the clinicians with the New ISB and Old ISB
planes. Our study demonstrated that there is a constant relationship between the two

coordinate systems; scapular plane vs ISB. Also this relationship is independent of the
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sexual dimorphism which exists between male and female scapulae. This is one of the
first studies of its kind whereby a relationship between the various scapular co- ordinate
systems has been found. Thus a co-ordinate system independent of the glenoid

morphology can be reliably used to guide implant positioning.

Chapter 3 analysed the anthropometric measurements of normal scapulae to evaluate the
gender dimorphism and size of the scapular body and glenoid. Studies have highlighted
that even though the scapular body and glenoid are part of the scapula they develop
quite independent of each other. More importantly the development of the glenoid and
scapular body from infancy to adulthood follows very different physiologic processes.
Thus in fact these two parts of the same bone are 2 distinct units. This might explain the
why as postulated by the ISB the scapular body has a much more important role to play
in GH kinematics than previously thought. Our study found significant differences in the
morphology of the male and female scapular body and glenoid. This has been reported
by other authors as well. However, our study compared the true and apparent heights of
the scapular body and we found that the true height of the scapular body is 17.79 mm
longer then the apparent height reported by other similar studies. In this chapter we
attempted to calculate the glenoid dimensions from the scapular body dimensions by
using linear regression. However, this yielded a R* value of 0.04for males and 0.07 for
females. Our study has demonstrated that the glenoid and scapular body develop
differently and the glenoid dimensions cannot be reliably predicted by the scapular body

size alone.

The main underlying objective of this thesis is to establish methods to securely fix the
glenoid baseplate for a RSA onto a deficient glenoid. Chapter 2 has demonstrated that an
alternate co-ordinate system can be used to guide the baseplate position and chapter 3
establishes the appropriate size of the implant and bone graft can be estimated by the
gender of the patient and templating the contralateral shoulder if available. The aim of
chapter 4 was to find regions of best bone stock for fixation of the baseplate or baseplate
bone graft construct beyond the glenoid vault. Other studies have looked at screw
trajectories beyond the vault to provide dense bone for rigid fixation of the baseplate. In

our study we have defined the position of the three columns of the scapula with respect
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to the glenoid face (Superior Inferior glenoid axis) our findings are supported by the
recent literature. In addition, we have described the relationship of each column with
respect to each other. Our study has demonstrated that there is significant sexual
dimorphism between the male and the female scapulae and this impacts the relative
position of each column. This has a bearing on the screw trajectories for baseplate

fixation of as RSA.

The body of knowledge associated with our understanding of the scapular anatomy and
its clinical implications for shoulder arthroplasty has been improved by fulfilling the
objectives of this thesis. Better understanding of the relationship of biomechanics of the
GHJ and the Scapulo- Thoracic articulation has been highlighted in the use of the ISB
axis to implant a RSA baseplate. This beckons the surgeon to widen their horizon and
look beyond the glenoid to attain accurate baseplate positioning. The knowledge
disseminated from the published articles of this thesis may lead the path for the
development of implants which accurately match the patient’s anatomy. Accurate
implant positing tailored to each individual’s anatomy and biomechanics may lead to

better functional results and a longer overall prosthesis survival.

5.2 STRENGTHS AND LIMITATIONS

An important strength of this work is the relatively large patient cohort. 50 cadaveric
patients were analysed. Evaluation of a larger patient cohort allows for more robust
conclusions based on accurate characterization of bone morphology. This increases the
clinical relevance and the ability to positively impact surgical technique and implant

positioning.

Another strength of this thesis lies in the utilisation of 3D computer modelling using

Mimics®. Creation of virtual bone models permits accurate delineation of anatomical
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reference points. In addition, using standardized segmentation techniques and
thresholding set above 200 HU minimises soft tissue and cartilaginous artefact further
enhancing the accuracy of measurement. All the measurements were carried out using
custom code developed in MatLab ® this allows for precise anthropometric

measurements which were carried out using standardised reference planes.

Another strength of this thesis lies in the incorporation of knowledge from various fields
of medical and engineering literature. The embryology and anatomy of the scapula has
been studied in detail to better understand its development. This has helped us
understand the different process for developmental of the scapular body and the glenoid
and explains the significant of sexual dimorphism that exists. Further incorporation of
this knowledge and pairing it with the biomechanical literature highlights the importance
of understanding the movement of the scapula as a whole to predict GHJ motion.
Incorporation of these findings to the realm of clinical orthopaedics guides us towards
more accurate placement of implants with the overall aim of improving patient

outcomes.

A limitation of this thesis is that most of the cadavers were of Caucasian and African
American origin. Anthropometric measurements may vary considerably in patients of
different races and the results of the studies should be applied to patients of other races
with caution. However estimation of the scapular axis has been shown to be independent

of sexual dimorphism.

5.3 FUTURE DIRECTION

The studies completed in this thesis have highlighted some key issues. The aim of this
thesis was to develop tools to help the orthopaedic surgeon successfully perform a RSA
in the setting of glenoid bone loss. Firstly chapter 2 has highlighted that reliance on the
scapular plane to position a baseplate may suffice in a normal glenoid however the
scapular plane cannot be recreated if there is volumetric loss of the glenoid vault. Thus
the New ISB plane should be utilised for calculation of implant positioning. Utilization
of this plane is critical for baseplate positioning in glenoid vault deficiency. The current
industry standards utilise the scapular plane for navigation and patient specific implant
guides. The body of knowledge from this thesis beckons the development of navigation

software and patient guides which utilise the New ISB.
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Anthropometric measurements demonstrate significant size variations between the male
and female glenoid face. Size variations are well understood in the orthopaedic implant
industry thus a plethora of sizing options exist to match patient anatomy for hip and
knee arthroplasty. Shoulder arthroplasty has not seen a change in sizing of the baseplate.
Most implant companies still manufacture either a 28 mm or a 25 mm baseplate. This is
often insufficient to match the patient’s anatomy. Thus the results of chapter 3 beckon
the future development of a range of glenoid baseplate sizes which would match
different patient characteristics. This would enable better implant host bone contact and
avoid under reaming or over reaming of the glenoid thereby improving implant survival.
Secondly an appropriately sized baseplate will enable the surgeon to attain screw
purchase in the scapular columns. Significant baseplate and native glenoid size

mismatch leads to significant alteration of the screw trajectories.

Lastly chapter 4 has highlighted the need for modification of the current baseplate
design. The current screw configurations are insufficient to attain adequate screw
purchase in the three scapular columns. Based upon the results of this paper
modification of the screw hole position will enable better screw trajectories and enable

the surgeon to attain fixation of a baseplate beyond the glenoid vault.

Improved understanding of the internal cancellous bone density characteristics in each
of the 3 scapular columns needs to be evaluated. Improved understanding of the
volumetric analysis of bone stock in these columns will enable multiple screw to be
inserted. This would further lead to changes in the baseplate design for revision RSA.

This analysis was beyond the scope of this thesis but lends itself to future studies.

The thesis has highlighted the importance of the scapular body in shoulder
biomechanics. Thus it is imperative that further studies are carried out to understand the
positioning of the scapula in a patient with GHJ pathology. Future research may indicate
specific patterns of scapular dyskinesia which could help us understand the reason

behind various patterns for glenoid bone erosion.
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5.4 CONCLUSION

The work presented in this thesis demonstrates that the New ISB and Old ISB has a
constant relationship with the scapular plane and can be reliably utilised to guide
implant positioning (Chapter2). The different pathway of development of the scapular
body and the glenoid highlighted in chapter 1 is further highlighted by the inability to
predict the glenoid size by utilizing the scapular body measurements (Chapter3). Further
considerable differences in size of the scapula body and the glenoid face has been
demonstrated, between males and females. Sexual dimorphism if further highlighted in
the relative position of the 3 columns of the scapula. Chapter 4 has highlighted that in
the female scapula the coracoid and the inferior scapular column are closer together. The
relationship between the acromial spine and coracoid is relatively constant amongst
males and females however variation in anatomy exists in respect to the inferior part of
the glenoid. This has important ramifications for screw trajectories to fix a baseplate in a

RSA.
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Appendix A — Scapular Co-Ordinate System Data Analysis

Figure A-1 Relationship between the Scapular Plane and the New ISB and Old ISB

Axis (Degrees).

New_ISB_Angle | Old_ISB_Angle
RtO/Lt 1 Sex Age Height (Degrees) (Degrees)
0 Male 58 70 16.15 1.85
0 Male 62 66 16.32 1.92
1 Male 92 73 19.45 0.84
1 Male 87 66 20.09 -3.24
0 Male 81 73 16.11 -2.58
1 Male 77 66 17.92 -1.53
1 Male 88 66 17.63 -2.28
1 Male 75 70 14.36 2.07
0 Male 77 69 17.74 -2.06
0 Male 71 66 18.17 -0.44
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New_ISB_Angle | Old_ISB_Angle
RtO/Lt 1 Sex Age Height (Degrees) (Degrees)
0 Male 57 72 15.36 -1.98
0 Male 73 69 13.12 2.67
1 Male 82 65 19.27 -2.38
0 Male 69 70 17.14 -3.59
0 Male 80 71 18.38 -0.12
0 Male 84 66.5 17.62 -3.58
0 Male 62 68 17.23 -0.77
1 Male 76 68 15.55 2.97
0 Male 70 73 18.27 -5.13
1 Male 55 71 18.8 -2.42
0 Male 56 73 19.02 -3.55
1 Male 21 74 15.14 294
0 Male 91 67 17.64 -2.03
0 Male 81 75 19.07 -4.26
1 Male 64 71 17.86 -3.64
1 Female 76 64 20.31 -1.2
1 Female 49 67 19.46 -1.61
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New_ISB_Angle | Old_ISB_Angle
RtO/Lt 1 Sex Age Height (Degrees) (Degrees)
1 Female 77 64 13.82 -0.94
0 Female 69 60 14.81 -0.15
0 Female 47 66 15.59 -0.68
0 Female 66 62 17.32 -2.69
0 Female 74 55 14.71 -1.1
0 Female 55 64 14.78 0.15
0 Female 70 64 15.86 -2.84
1 Female 87 62 17.08 -1.4
1 Female 64 63 11.94 0.95
1 Female 68 65 18.3 -2.69
1 Female 63 62 16.14 2.01
1 Female 75 65 14.79 -1.51
1 Female 76 64 20.44 -6.99
1 Female 65 65 15.85 -2.22
1 Female 66 67 15.55 -2.02
1 Female 62 62 18.11 -3.03
1 Female 58 66 16.33 -1.51
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New_ISB_Angle | Old_ISB_Angle
RtO/Lt 1 Sex Age Height (Degrees) (Degrees)
1 Female 91 58 17.82 -1.19
1 Female 94 63 16.63 -3.16
1 Female 68 64 19.95 -3.8
1 Female 72 64 21.48 -3.76
1 Female 88 60 13.92 291
0 Female 49 65 16.8 1.51
Average 70.36 66.39 17.024 -1.3456
SD 13.90457273 4.270556528 2.056679511 2.25828557
Average 71.56 69.54 17.3364 -1.2128
SD 15.3136105 2.992769063  1.708015125 2.460027981
Average 69.16 63.24 16.7116 -1.4784
SD 12.53887289 2.758018612 2.348504276 2.079356231
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Appendix B — Scapular Anthropometric Measurements and

Data Analysis

407

Glenoid Height (SI)
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Figure B.1Glenoid Height measurement in Females and Males
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Figure B.2A Glenoid Measurements in Females and Males

Glenoid Height = Distance between the Superior Glenoid Tubercle and the 6 O’Clock

Point on the Inferior Glenoid Rim.

Glenoid Width = Maximum distance between the Anterior and the Posterior Glenoid

Rim measured Perpendicular to the SI Axis of the Glenoid ( FigureB-3)

Figure B.2B
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Sex

Group Statistics

Mean

Std.
Deviation

Std. Error
Mean

Glenoid Height (SI)

Glenoid Width (AP)

AB Length

BC Length

AC Length

Medial-Lateral
Length

0

25

25

25

25

25

25

25

25

25

25

25

25

36.3812400
00000000

42.4688400
00000000

25.3660800
00000000

30.7712800
00000000

41.9554400
00000000

56.6612400
00000000

112.239319
999999990

126.745120
000000000

138.614800
000000000

165.614800
000000000

99.5916400
00000000

114.523199
999999990

2.10305906
7000000

2.14316297
9000000

2.35719312
1000000

2.73244343
5000000

6.88143007
8000000

13.8316239
20000000

8.67431448
2000000

15.7204943
30000001

9.49294480
1000000

11.5785193
10000000

4.86963326
7000000

6.09054234
0000001

420611813
000000

428632596
000000

471438624
000000

.546488687
000000

1.37628601
6000000

2.76632478
3000000

1.73486289
6000000

3.14409886
6000000

1.89858896
0000000

2.31570386
1000000

973926653
000000

1.21810846
8000000
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v_AB-v_BC Angle 0 25 58.6835600 9.06836212 1.81367242
00000000 3000000 5000000

1 25 56.1055600 6.44416078 1.28883215
00000004 1000001 6000000

SUM (AB, BC) 0 25 154.194760 10.9239893 2.18479787
000000000 90000001 7000000

1 25 183.406359 13.4359045 2.68718091
999999980 70000000 3000000

Figure B.3 Anthropometric measurements of the Scapula and Glenoid
Sex 0= Female, 1= Male

AB = Length of the Medial Scapular Border between the Superior Scapular Point (SSP) and the
Medial Scapular Point (MSP)

BC= Length of the Medial Scapular Border between the MSP and the Inferior Scapular Point
(ISP)

AC= Apparent Scapular Height between the SSP and ISP
AB+ BC= True Scapular Height

Medio-Lateral Length of the Scapula= Distance between the MSP and the Glenoid Center
Point (GC)
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Analysis of Data and Correlations Of The Whole Cohort (Male and Females

Combined)

Correlations
Medial-
Glenoid Glenoid Lateral

Height (SI) Width (AP) AB Length BC Length AC Length Length SUM (AB, BO)
Glenoid Height (SI) Pearson Correlation 1 8217 505" 493" 7377 744" 722"
Sig. (2-tailed) .000 .000 .000 .000 .000 .000
N 50 50 50 50 50 50 50
Glenoid Width (AP) Pearson Correlation 8217 1 600" 425" 756" 7937 736"
Sig. (2-tailed) .000 .000 .002 .000 .000 .000
N 50 50 50 50 50 50 50
AB Length Pearson Correlation 5057 600" 1 -.050 665 760" 649"
Sig. (2-tailed) .000 .000 .730 .000 .000 .000
N 50 50 50 50 50 50 50
BC Length Pearson Correlation 493" 4257 -.050 1 6817 344" 727"
Sig. (2-tailed) .000 .002 .730 .000 .015 .000
N 50 50 50 50 50 50 50
AC Length Pearson Correlation 7377 756 665 6817 1 816" 976"
Sig. (2-tailed) .000 .000 .000 .000 .000 .000
N 50 50 50 50 50 50 50
Medial-Lateral Length  Pearson Correlation 744" 793”7 760" 344" 816 1 784"
Sig. (2-tailed) .000 .000 .000 .015 .000 .000
N 50 50 50 50 50 50 50
SUM (AB, BC) Pearson Correlation 722" 736" 649" 727" 976" 784" 1

Sig. (2-tailed) .000 .000 .000 .000 .000 .000
N 50 50 50 50 50 50 50

**. Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).

various measurements when male and female data is combined.

Figure B.4 Pearson Correlation Coefficients demonstrating Good correlation between the
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Kolmogorov-Smirnov® Shapiro-Wilk
Statistic df Sig. Statistic df Sig.

Glenoid Height (Sl) 143 50 .012 .939 50 012
Glenoid Width (AP) 130 50 .034 .960 50 .092
AB Length 164 50 .002 .890 50 .000
BC Length .087 50  .200° .969 50 210
AC Length .089 50 200 .967 50 168
Medial-Lateral A17 50 .083 .969 50 .208
Length

v_AB -v_BC Angle .084 50 200" 977 50 435
SUM (AB, BC) .084 50 .200° .967 50 176

*. This is a lower bound of the true significance.
a. Lilliefors Significance Correction

Figure B.5 Tests of Normality to assess distribution of the data
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Correlations

Medial-

Glenoid Glenoid Lateral
Height (SI) Width (AP) AB Length BC length AC Length Length SUM (AB, BC)
Spearman’s rho  Glenoid Height (SI) Correlation Coefficient 1.000 787" 5637 507" 7507 750" 715"
Sig. (2-tailed) . .000 000 .000 .000 .000 .000
N 50 50 50 50 50 50 50
Glenoid Width (AP) Correlation Coefficient 787" 1.000 577" 448" 766" 796" 7317
Sig. (2-tailed) .000 . .000 .001 .000 .000 .000
N 50 50 50 50 50 50 50
AB Length Correlation Coefficient 563" 577" 1.000 131 7357 7357 7377
Sig. (2-tailed) .000 .000 . .364 .000 .000 .000
N 50 50 50 50 50 50 50
8C Length Correlation Coefficient 5077 448" 131 1.000 655" 396" 707"
Sig. (2-tailed) .000 .001 364 . .000 .004 .000
N 50 50 50 50 50 50 50
AC Length Correlation Coefficient 750" 766 735" 655 1.000 849" 974"
Sig. (2-tailed) .000 .000 000 .000 . .000 .000
N 50 50 50 50 50 50 50
Medial-Lateral Length  Correlation Coefficient 750" 796" 735" 396 8497 1.000 804"
Sig. (2-tailed) .000 .000 .000 .004 .000 . .000
N 50 50 50 50 50 50 50
SUM (AB, BO) Correlation Coefficient 7157 7317 7377 707" 974" 804" 1.000
Sig. (2-tailed) .000 .000 .000 .000 .000 .000 .
N 50 50 50 50 50 50 50

**. Correlation is significant at the 0.01 level (2-tailed).

Figure B.6 Spearman’s Rho Correlation Coefficients ( for Non Parametric Data)

demonstrating Good correlation between the various measurements when male and female

data is combined.
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Regression Analysis — Prediction of Glenoid Height by the

Apparent Scapular Height(AC)

Regression

Variables Entered/Removed?

Variables Variables
Model Entered Removed Method
1 AC Lengthb . Enter

a. Dependent Variable: Glenoid Height (SI)
b. All requested variables entered.

Model Summary

Adjusted R Std. Error of
Model R R Square Square the Estimate

1 .737° .543 533 2.54423474
a. Predictors: (Constant), AC Length

ANOVA?
Sum of
Model Squares df Mean Square F Sig.
1 Regression 368.910 1 368.910 56.991 .000°
Residual 310.710 48 6.473
Total 679.620 49
a. Dependent Variable: Glenoid Height (SI)
b. Predictors: (Constant), AC Length
Coefficients?
Standardized
Unstandardized Coefficients Coefficients
Model B Std. Error Beta t Sig.
1 (Constant) 15.156 3.235 4.685 .000
AC Length .160 .021 737 7.549 .000

a. Dependent Variable: Glenoid Height (SI)

Figure B.9 Regression Equation Glenoid Height = Constant + Slope x Value of

Predictor is used to calculate (Glenoid Height = 15.156 + 0.160 X Apparent

Scapular Height)
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Regression Analysis — Prediction of Glenoid Height by the

True Scapular Height (AB + BO)

Regression

Variables Entered/Removed?®

Variables Variables
Model Entered Removed Method
1 SUM (AB, BC)? . Enter

a. Dependent Variable: Glenoid Height (SI)
b. All requested variables entered.

Model Summary

Adjusted R Std. Error of
Model R R Square Square the Estimate
1 722 522 512 2.60217367
a. Predictors: (Constant), SUM (AB, BC)
ANOVA?
Sum of
Model Squares df Mean Square F Sig.
1 Regression 354.597 1 354.597 52.368 .000°
Residual 325.023 48 6.771
Total 679.620 49
a. Dependent Variable: Glenoid Height (SI)
b. Predictors: (Constant), SUM (AB, BC)
Coefficients?
Standardized
Unstandardized Coefficients Coefficients
Model B Std. Error Beta Sig.
1 (Constant) 15.642 3.307 4.730 .000
SUM (AB, BC) 141 .019 722 7.237 .000

a. Dependent Variable: Glenoid Height (SI)

Figure B.10Regression Equation Glenoid Height = Constant + Slope x Value of

Predictor is used to calculate (Glenoid Height = 15.642 + 0.141 X True Scapular

Height




Regression Analysis — Prediction of Glenoid Width by the

Apparent Scapular Height(AC)

Regression

Variables Entered/Removed?

Variables Variables
Model Entered Removed Method
1 AC Le ngthb . Enter

a. Dependent Variable: Glenoid Width (AP)
b. All requested variables entered.

Model Summary

Adjusted R Std. Error of
Model R R Square Square the Estimate

1 .756% 571 .563 2.45977428
a. Predictors: (Constant), AC Length

ANOVA?
Sum of
Model Squares df Mean Square F Sig.
1 Regression 387.321 1 387.321 64.015 .000°
Residual 290.423 48 6.050
Total 677.745 49
a. Dependent Variable: Glenoid Width (AP)
b. Predictors: (Constant), AC Length
Coefficients?
Standardized
Unstandardized Coefficients Coefficients
Model B Std. Error Beta t Sig.
1 (Constant) 3.201 3.127 1.024 .311
AC Length .163 .020 .756 8.001 .000

a. Dependent Variable: Glenoid Width (AP)

Figure B.11 Regression Equation Glenoid Width = Constant + Slope x Value of
Predictor is used to calculate (Glenoid Width = 3.2 + 0.163 X Apparent Scapular

Height)
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Regression Analysis — Prediction of Glenoid Width by the

True Scapular Height (AB+ BO)

Regression

Variables Entered/Removed?

Variables Variables
Model Entered Removed Method
1 SUM (AB, BO)® . Enter

a. Dependent Variable: Glenoid Width (AP)
b. All requested variables entered.

Model Summary

Adjusted R Std. Error of
Model R R Square Square the Estimate

1 7362 .542 .533  2.54267845
a. Predictors: (Constant), SUM (AB, BC)

ANOVA?
Sum of
Model Squares df Mean Square F Sig.
1 Regression 367.415 1 367.415  56.829 .000°
Residual 310.330 48 6.465
Total 677.745 49
a. Dependent Variable: Glenoid Width (AP)
b. Predictors: (Constant), SUM (AB, BC)
Coefficients?
Standardized
Unstandardized Coefficients Coefficients
Model B Std. Error Beta t Sig.
1 (Constant) 3.860 3.231 1.194 .238
SUM (AB, BC) .143 .019 .736 7.539 .000

a. Dependent Variable: Glenoid Width (AP)

Figure B.12 Regression Equation Glenoid Width = Constant + Slope x Value of
Predictor is used to calculate (Glenoid Width = 3.86 + 0.143 X True Scapular

Height)
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Regression Analysis — Prediction of Glenoid Height by Height

of the Superior Border of the Scapula (AB)

Regression

Variables Entered/Removed?

Variables Variables
Model Entered Removed Method
1 AB Length® . Enter

a. Dependent Variable: Glenoid Height (SI)
b. All requested variables entered.

Model Summary

Adjusted R Std. Error of
Model R R Square Square the Estimate

1 .505% .255 .240  3.24758910
a. Predictors: (Constant), AB Length

ANOVA?
Sum of
Model Squares df Mean Square F Sig.
1 Regression 173.372 1 173.372 16.438 .000°
Residual 506.248 48 10.547
Total 679.620 49
a. Dependent Variable: Glenoid Height (SI)
b. Predictors: (Constant), AB Length
Coefficients®
Standardized
Unstandardized Coefficients Coefficients
Model B Std. Error Beta t Sig.
1 (Constant) 32.354 1.803 17.941 .000
AB Length .143 .035 .505 4.054 .000

a. Dependent Variable: Glenoid Height (SI)

Figure B.13 Regression Equation Glenoid Height = Constant + Slope x
Value of Predictor is used to calculate (Glenoid Height = 32.35 + 0.143 X Scapular

Height of the Superior Border)
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Appendix C — Scapular Co-Ordinate System Data Analysis

Independent Samples Test

t-test for Equality of Means
Mean Std. Error
Sig. (2-tailed) Difference Difference
ACR_COR Angle Equal variances
assumed .201 3.84016000 3.59540751
Equal variances 292
not assumed . 3.84016000 3.59540751
CORL_INF Angle Equal variances
assumed .009 -10.322800 3.78575978
Equal variances 009
not assumed . -10.322800 3.78575978

Figure C.1 Demonstrating Results of t- Test For the Acromion — Coracoid Angle

and the Coracoid- Inferior Pillar Angle between Males and Females

Independent Samples Test

t-test for Equality of Means

Mean Std. Error

Sig. (2-tailed) Difference Difference
Equal vari

ACR CORAngle aue v o 201 | 3.84016000 | 3.59540751
Equal vari

D antamd 1202 | 3.84016000 | 3.59540751
Equal vari

ACR_INF Angle  Equal vatiances .030 | 6.48400000 | 2.89899458
Equal vari

g .030 | 6.48400000 | 2.89899458

Figure C.2 Demonstrating Results of T Test For the Acromion Spine — Coracoid

Angle and the Acromion Spine - Inferior Pillar Angle between Males and Females



114

Independent Samples Test

t-test for Equality of Means
Mean Std. Error
Sig. (2-tailed) Difference Difference
ACR I Anglo  Sque veriancos .030 | 6.48400000 | 2.80890458
Equal variances .030 | 6.48400000 | 2.80890458
COR_INF Angle  Equal variances .009 | -10.322800 | 3.78575978
Equal variances .009 | -10.322800 | 3.78575978

Figure C.3 Demonstrating Results of T Test For the Acromion Spine — Inferior

Pillar Angle and the Coracoid- Inferior Pillar Angle between Males and Females
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Group Statistics

Std. Error

Sex N Mean Std. Deviation Mean
ACR_COR Angle .0 25 | 95.0485600 9.95115595 1.99023119
1.0 25 | 91.2084000 14.9715856 2.99431711

Figure C.4 Demonstrates the Acromion Spine - Coracoid Angle Measurement for

Females (0) and Males (1)

Group Statistics

Std. Error

Sex N Mean Std. Deviation Mean
COR_INF Angle .0 25 | 130.551200 11.9047915 2.38095830
1.0 25 140.874000 14.7164998 2.94329996

Figure C.5 Demonstrates the Coracoid — Inferior Pillar Angle Measurement for

Females (0) and Males (1)

Group Statistics

Std. Error

Sex N Mean Std. Deviation Mean
ACR_INF Angle .0 25 | 134.400800 9.53538407 1.90707681
1.0 25 | 127.916800 10.9169909 2.18339817

Figure C.6 Demonstrates the Acromion Spine — Inferior Pillar Angle Measurement

for Females (0) and Males (1)
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