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GLENOID STRUCTURAL ANALYSIS: RELEVANCE TO ARTHROPLASTY
Gulshan Baldev Sharma, MS
University of Pittsburgh, 2004
Total shoulder arthroplasty restores function in shoulders with end stage glenohumeral
arthritis. The most common complication of arthroplasty is prosthesis loosening and glenoid
prosthesis loosening occurs more frequently than humeral because of quantity and orientation of
bone available for fixation. Increasing glenoid prosthesis longevity requires thorough
understanding of scapula structure, especially glenoid morphology and bone density.

The project aim was quantification of glenoid structure with specific relevance to
improve arthroplasty. Detailed knowledge of glenoid’s intra-articular geometry, subchondral
structure, regional bone density and extra-articular relationships is needed for future prosthesis
design optimization.

Three-dimensional computer models were generated from CT images of 12 pairs of male
cadaver scapulae aged 50.18 ± 11.77 years, and 8 pairs of female cadaver scapulae aged 60 ±
20.48 years. External glenoid morphological parameters measured included superior-inferior
length, anterior-posterior width, and glenoid contour geometry (dimensions and angles). Internal
morphological analysis included subchondral bone glenoid version measurement. Regional bone
density measurements were made to determine glenoid cancellous bone distribution. Accuracy
and reliability were defined using repeated measurements.
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The glenoid was pear shaped with superior-inferior length greater than anterior-posterior
diameter. The inferior glenoid boundary was a 120° arc with average radius 11.2 ± 1.2 mm. The
center of the arc (glenoid center) was located along the maximum superior-inferior length onethird this distance superior from infraglenoid tubercle and. Glenoid’s articular surface version,
and subchondral bone version averaged 2° ± 5°, and 1° ± 4° of retroversion, respectively.
Highest density bone was in posterior glenoid, medium density anteriorly, and low density in
central glenoid. Accuracy and reliability were defined as mean difference between repeated and
original computer model measurement (0.5 ± 0.7 mm for lengths and 1.3° ± 4.4° for angles).
3-D computer modeling permitted internal morphological analyses, which for the first
time defined entire glenoid structure. External morphological and bone density measurements
agreed with previously reported data. Advanced imaging and computer modeling tools enabled
an accurate and reliable structural analysis of the complexly shaped glenoid. Work described in
this project will be used for future studies whose goals are improved glenoid prosthesis and
surgical instrumentation design.
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1.0 INTRODUCTION

The shoulder is one of the most dynamic joints in the human body. Everyday activities
like brushing our teeth, combing our hair, lifting a mug or a bag etc, are possible due to the
shoulder movements, which allow proper positioning of our hands. Limitations of the shoulder
can have a significant impact on quality of life.
End stage glenohumeral arthritis or severe shoulder injury cause shoulder dysfunction,
with potentially devastating results. To restore function surgeons replace the diseased shoulder
with a total shoulder arthroplasty or hemi-arthroplasty. The long-term success of arthroplasty
depends upon the design of the prosthesis and its fixation to the bone. The most common longterm problem in joint replacement surgery is prosthesis loosening. This problem is accentuated in
the glenoid prosthesis fixation because of the orientation of the glenoid articular surface and
relatively small volume of the glenoid.
Our long-term goal is to design, develop, and test improved glenoid prosthesis that will
provide long lasting shoulder function. Prior to designing the prosthesis we must fully
understand the bone in which we are going to place the prosthesis. Therefore the principal
objective of this thesis is to perform a thorough structural analysis of the scapula, centered on the
glenoid.
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2.0 THE SHOULDER

The shoulder is one of the most important, highly complex, and dynamic joint of the
human body. It connects the upper extremity to the trunk. Along with the aid of the elbow joint,
the shoulder is able to place the hand in space for efficient function. Movement of the spine
further augments this ability of the shoulder. The wide range of motion of the shoulder is due to
absence of bony constraints.

2.1 ARTICULATIONS

The shoulder consists of four articulations, namely, glenohumeral, acromioclavicular,
sternoclavicular, and scapulothoracic as shown in Figure 1. The musculature and ligamentous
structures acting on these various articulations provide stability to the shoulder. All the four
articulations are vital for normal functioning, however, the glenohumeral joint plays the key role
[16].
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Figure 1 The bony structures of the shoulder and their four articulations (prepared by author using
graphics tools)

2.2 GLENOHUMERAL JOINT

The glenohumeral joint consists of the humeral head and the glenoid fossa (neck of the
scapula) both of which are covered by hyaline cartilage. The articular surface of the proximal
humerus forms a 120° arc [16]. The humeral head is retroverted approximately 20° with respect
to the intercondylar plane of the distal humerus and has a medial inclination of approximately
43° giving the humerus a more anterior and lateral orientation [17] (Figure 2). The proximal
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humerus articulates with the glenoid fossa, which is shallow and contains approximately onethird of the diameter of the humeral head.

Figure 2 The two-dimensional orientation of the articular surface of the humerus with respect to the
bicondylar axis
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2.3 ANATOMY OF HUMAN SCAPULA

The human scapula is a flat, triangular bone, with two surfaces, three borders, and three
angles. It forms the posterior part of the shoulder girdle as shown in Figure 3. Other parts of the
scapula are the spine, the acromion process, and the coracoid process.

Figure 3 The scapulae form the posterior part of the shoulder girdle (made by author using graphics
tools)

2.3.1

Surfaces
The costal or ventral surface presents a broad concavity called the subscapular fossa, the

medial two-thirds of which are marked by several oblique ridges running laterally upward as
5

seen in Figure 4. The ridges provide attachment for tendinous insertions while the surface
between them to fleshy fibers of the subscapularis. The lateral third of the fossa is smooth and
covered by the fibers of this muscle. Smooth triangular areas at the medial and inferior angles
(Figure 4) and the intervening ridge attach the serratus anterior [25].

Figure 4 The anterior view of a scapula cadaver specimen showing the various parts (figure made by
author)
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The dorsal surface is arched and unequally divided into two parts by the spine. The
portion above the spine is called the supraspinous fossa and that below it the infraspinous as
shown in Figure 5. The smaller supraspinous fossa is concave, smooth, and broader at its
vertebral end than the humeral end. The supraspinatus muscle originates here. The larger
infraspinous fossa is convex and gives origin to the infraspinatus muscle. The thickened lateral
or axillary border (Figure 5) provides attachment for the teres minor and teres major muscles.
The vertebral border (Figure 5) provides attachments for levator scapulae muscle, rhomboideus
minor muscle, and the rhomboideus major muscle [25].

2.3.2

Borders and angles
The vertically disposed long, thin medial border of the scapula is parallel to the vertebral

column and therefore is called the vertebral border. It meets the thick lateral or axillary border at
the inferior angle (Figure 4). The axillary border extends superolaterally to the lateral angle that
flares out into a short neck that flattens into the shallow glenoid fossa. The short superior border
meets the vertebral border at the superior angle, bears the coracoid process and is indented by the
suprascapular notch.
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Figure 5 The posterior view of a scapula cadaver specimen showing the various parts (figure made by
author)

2.3.3

Spine and Processes
The spine of the scapula starts from the vertebral border and widens as it rises laterally

extending behind the neck of the scapula and the glenoid fossa, ending in the broad flat aromion
process. This arrangement and shape of the spine strengthens the thin body of the scapula and
provides increased area of attachment for the muscles (deltoid and the trapezius).
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Figure 6 The lateral view of a scapula cadaver specimen showing the various parts (prepared by author)
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The acromion process (Figure 6) forms the summit of the shoulder. Its superior surface is
convex, and rough, while its inferior surface is concave, and smooth. Its anterior margin presents
the articular facet for the lateral end of the clavicle [18].
The coracoid process is directed superiorly from the superior border, twisting sharply
laterally and anteriorly like a bent hook or beak. It is the point of attachment for the several
muscles that extend upward from the chest wall and the arm (Figure 6).

2.4 THE GLENOID LABRUM

The glenoid labrum (Figure 7) is a fibrocatilaginous structure bounding the glenoid fossa.
It has a triangular cross-section, which helps to increase the depth of the glenohumeral joint by
50%. The glenoid labrum attachment is firm on the inferior part of the glenoid, however it is
variable and loses on the superior and anterosuperior portions.

2.5 THE GLENOID

The glenoid is the part of the scapula forming the glenohumeral joint with the humeral
head. The articulating surface of the glenoid is concave, more or less like the tee on which the
golf ball is placed. As there are no bony restrictions, the musculature and ligaments surrounding
it provide the stability of the glenohumeral joint.
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In Figure 6 above we have the lateral view of the scapula showing the supraglenoid
tubercle and the infraglenoid tubercle, which are key bony landmarks on the glenoid boundary.

Figure 7 The lateral view of a scapula cadaver specimen showing the glenoid labrum (prepared by
author)
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3.0 SIGNIFICANCE

3.1 LIMITATIONS OF PREVIOUS STUDIES

Current techniques of measuring the glenoid morphological parameters make use of
radiographs, computerized tomographic images, or cadaveric specimens. Radiographs and CT
images are two-dimensional, therefore the three-dimensional visualization and analyses is
difficult. Also, making measurements off cadaveric specimens is a destructive process and
limited by the number of repeated measures possible. Previous studies have reported values of
various glenoid morphological parameters [3, 4, 6-11] however, they lack mathematical
descriptions to define glenoid structure.

3.2 UNIQUENESS OF STUDY

In this study using the CT based 3D computer models of the scapulae specimens, axial
slices of interest are precisely selected for internal bone morphological analyses. Adjustment of
the scapulae models in the three views, that is, lateral, anterior, and posterior can be easily
performed, which facilitates accurate external bone morphological analyses. The study is unique
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and innovative in a way since mathematical relations are established to define the glenoid shape
and boundary in end-stage glenohumeral arthritic shoulders.

3.3 HEALTH RELEVANCE

End-stage glenohumeral arthritis causes shoulder dysfunction. In order to alleviate the
pain and restore the normal like functionality of the shoulder joint, arthroplasty is performed.
Present day arthroplasty techniques, although highly advanced, suffer from problems and do not
perform, as we’d like them to. The main concern is loosening of the prosthesis after surgery [2,
12, 14, 22]. Work described in this project will be used for future studies whose goals are
improved glenoid prosthesis and surgical instrumentation design.
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4.0 SPECIFIC AIMS AND HYPOTHESES

4.1 SPECIFIC AIM 1 AND HYPOTHESIS

The first specific aim is to “Quantify glenoid morphology with specific relevance to
improve arthroplasty using 3-D CAD models created from CT images.” The hypothesis is that
detailed knowledge of intra-articular geometry, subchondral structure, and extra-articular
relationships is needed for future prosthesis design optimization.

4.2 SPECIFIC AIM 2 AND HYPOTHESIS

The second specific aim is to “Quantify the regional bone density of the glenoid.” The
hypothesis is that the load transference and prosthesis fixation depends on the glenoid’s bone
density and optimized prosthesis design requires knowledge of the structure’s bone density.
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5.0 METHODS

5.1 IMAGING OF SCAPULAE SPECIMENS

Forty cadaveric scapulae (twenty pairs, rights and lefts) were obtained from donors in the
Midwestern United States. None of the donors had had any surgical procedure performed on the
humeri or scapulae. There were nine women ranging in age from twenty-eight to eighty-two
years (mean ± standard deviation, 60 ± 20.48 years) and eleven men ranging in age from thirtythree to sixty-five years (mean ± standard deviation, 50.18 ± 11.77 years) at the time of death.
Each scapula pair was placed, depicting the lateral view, in a specially designed stand as
shown in Figure 8. The stand along with the specimens was placed in the CT scanner. Highresolution CT images having an axial slice thickness of one-millimeter at one-millimeter
intervals were obtained. The field of view was approximately twenty-by-twenty centimeters and
all the computerized tomographic images were reconstructed using a bone algorithm.
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Figure 8 Pair of cadaver scapulae specimen fixed in the custom built stands depicting lateral view

5.2 CREATING 3-D MODEL OF SCAPULAE

The computerized tomographic images of the sapulae specimens were transferred to an IntelWindows XP-based workstation running the software Amira® (TGS Corporation). The CT
images of each scapulae specimen were imported into Amira® and using the Image
Segmentation Editor tools the boundary of the bone in each axial slice of the scapula was
16

selected. Upon selecting the bone in all the axial slices, the Image Segmentation Editor window
was closed. In the main Amira window the module SurfaceGen was opened to create the threedimensional triangulated model of the scapula. The created model was then smoothed using the
module SmoothSurface. Figure 9 shows a smoothed 3D triangulated model of a scapula.

Figure 9 Smoothed three-dimensional triangulated model of human scapula prepared by author using
Amira®
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5.3 MORPHOLOGICAL ANALYSES

Two kinds of morphological analyses carried out were that of the external bone and the
internal bone. The various measurements in each of these cases were made in Amira® using the
Measuring module.

5.3.1

External bone
In the external bone morphological analysis, the scapulae three-dimensional triangulated

models were considered in three views, namely, lateral, anterior, and posterior. The
measurements made in each of these three views are described below.

Lateral view: Prior to making the measurements each three-dimensional triangulated model of
scapula was aligned as viewed laterally. The basic morphological measurements (Figure 10)
comprised of
1. Length of segment C joining the supraglenoid tubercle and the infraglenoid tubercle gives
the overall superior-inferior glenoid length and has been extensively measured by
previous investigations [3, 4, 6-8, 10] for size comparison between males and females,
and rights and lefts. In the current study segment C will also be used as a reference axis
for other lateral view measurements.
2. A point was located on segment C at a distance of one-third its length superior from the
infraglenoid tubercle. Through this point, also called the glenoid center, Segment D was
drawn perpendicular to segment C, giving the anterior-posterior width of the glenoid in
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the inferior portion of the articulating surface. This anterior-posterior length has been
measured in the past [3, 4, 6-8, 10] for male-female, and right-left comparisons.
3. The anterior-posterior width in the superior portion of the glenoid is measured by the
length of segment d, which joins the notch on the anterior boundary of the glenoid to the
point on the posterior boundary. Burkhart, et al, have measured this length and used it to
prove that the glenoid-articulating surface is “pear-shaped”. In the current study, in
addition to proving the pear-shape of the glenoid, segment d also gives the base of the
triangle approximating the shape of the superior portion of glenoid articulating surface
(see Figure 12).
4. Segment F gives the minimum distance of the coracoid process from the glenoid
boundary, while segment G gives the minimum distance of the acromion process from
the glenoid boundary.

19

Figure 10 Lateral view of 3-D scapula computer model showing basic glenoid morphological
measurements

For the overall morphology of the glenoid boundary, lengths of four segments, namely,
L1, L2, L3, and L4 were measured (Figure 11). The segments L1 and L2 were at angles of 30° and
60° respectively from the segment C in clockwise direction, while segments L3 and L4 were also
at angles of 30° and 60° respectively from the segment C, but in the counter-clockwise direction.
The end points of all these segments were on the glenoid boundary.
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Figure 11 Lateral view of 3D scapula computer model showing measurements defining the morphology
of the glenoid boundary

The glenoid portion superior to segment d, formed a triangle (approximately) having the
base angles t1 and t2, and height ∆ht (Figure 12). Angle t1 was measured between segment d and
segment joining the supraglenoid tubercle and the posterior lying point of segment d. Similarly,
angle t2 was measured between segment d and segment joining the supraglenoid tubercle and the
notch lying on anterior glenoid boundary. To check whether the part of the glenoid boundary
inferior to segment D forms a semicircle, radial lengths L1h, L2h, L3h, and L4h were measured
21

(Figure 12). L1h and L3h were both at 60° from segment D while L2h and L4h were both at 30°
from segment D as shown in Figure 12 below. The glenoid tilt was obtained by measuring angle
b which is the angle made by segment C with the vertical.

Figure 12 Lateral view of 3D scapula computer model showing measurements of base angles and height
of approximate superior triangle, glenoid tilt, and lengths defining the approximate inferior semicircle
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Anterior view: For making the anterior view measurements, the three-dimensional model of the
scapula is adjusted such that the middle one-third portion of the vertebral border of the scapula is
vertical (Figure 13). The lengths of segment A and segment B were measured as shown in Figure
13. The angle θ between segment A and segment B, and the angle θ1 made by segment A with
the vertical reference axis was also measured. The final measurement made in the anterior view
was the angle θ2, between the inferior portion of the vertebral border of the scapula and the
vertical reference axis (Figure 13).

Figure 13 Anterior view of 3D scapula computer model showing various length and angle measurements
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Posterior view: The alignment of the three-dimensional model in the posterior view was
adjusted such that the line passing through the centre of the glenoid and the midpoint of the root
of the scapula spine was horizontal reference axis and a line perpendicular to it defined the
vertical reference axis. The angle made between the middle one-third part of the vertebral border
of the scapula inferior to the root of spine and the vertical reference axis was measured (Figure
14) and denoted as θ3.

Figure 14 Posterior view of 3D scapula computer model showing the angle measured
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5.3.2

Internal bone
In the internal bone morphological analysis, three axial slices of each of the scapulae

specimens are considered. The axial slices are taken at three different locations as shown in
Figure 15. The first axial slice passes through the glenoid center, the third slice passes through
the point on segment C at a distance of two-thirds the triangle height (∆ht) inferior from the
supraglenoid tubercle, and the second slice passes half way between the first and the third slices.

Figure 15 Location of the axial slices passing through the 3D scapula computer model
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Figure 16 Approximate geometry of axial slice I of each scapulae cadaver specimen

Figure 17 Approximate geometry of axial slice II of each scapulae cadaver specimen
26

Figure 18 Approximate geometry of axial slice III of each scapulae cadaver specimen

The approximate geometries that can be fitted on axial slices I, II, and III of each scapula
are shown in Figures 16, 17, and 18 respectively. The angles a°, and m° were measured with
respect to the horizontal reference axis and are called the subchondral bone glenoid version, and
glenoid version of the scapula respectively. The segments D’, U, V, W, X, and Y (in slice III
only) were kept within the outer boundary of cortical bone. The anterior and posterior margin
angles r and s were measured in all the three axial slices whereas angles p and q were measured
only in slice III.
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5.4 BONE DENSITY ANALYSIS

For bone density analysis, the same three axial slices I, II, and III, as considered in 5.3.2
above, are taken. The axial slices I, and II were divided into five regions of interest as shown in
Figures 19, and 20 respectively, whereas the axial slice III was divided into four regions of
interest as shown in Figure 21. All the measurements were done in Amira® (TGS) using the
Image Segmentation Editor window to draw the regions of interest, and the TissueStatistics
module to compute the average bone density.

Figure 19 The five regions of interest drawn in axial slice I of each scapulae cadaver specimen
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Figure 20 The five regions of interest drawn in axial slice II of each scapulae cadaver specimen

Figure 21 The four regions of interest drawn in axial slice III of each scapulae cadaver specimen
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6.0 STATISTICAL ANALYSES AND CALCULATIONS

6.1 MORPHOLOGICAL PARAMETERS

Two-tailed paired t-test was used to determine the difference between right and left
scapulae while two-tailed independent samples t-test was used to determine difference between
scapulae from male and female donors with regard to (i) length of segments C, D, d, F, G, ∆ht,
L1, L2, L3, L4, L1h, L2h, L3h, L4h, A, and B, and (ii) value of angles b, t1, t2, θ, θ1, θ2, and θ3.
Similar tests were used to determine the difference between right and left scapulae and
scapulae from male and female donors with regard to (i) length of segment D’, and (ii) value of
angles a, and m for each of the three axial slices.
Linear regression analysis was performed for the following morphological parameters:
length of segments D, d, ∆ht, F, G, L1, L2, L3, L4, L1h, L2h, L3h, L4h, A, B, and D’, and value of
angles b, t1, t2, and θ.
One-way ANOVA analysis, using the length of segments L1h, L2h, L3h, L4h, one-third C,
and one-half D, was used to determine whether the glenoid boundary inferior to segment C is a
semicircle. All the statistical analyses were carried out using SPSS software (SPSS Inc.), with
level of significance set at 0.05.
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6.2 BONE DENSITY

The mean and standard deviation of the bone density values for each of the three axial
slices were computed. The obtained mean values were calibrated into a three-point scale of
“High”, “Medium”, and “Low”.

6.3 ACCURACY, RELIABILITY, AND REPEATABILITY

To test for accuracy, and reliability the length of segments C, and D, and the value of
angles b and θ, were re-measured for twenty randomly selected scapulae. Measurements were
made on the actual scapulae specimens using precision calipers and on the computer models of
the scapulae specimens using the software Amira®. Accuracy was defined as the average
difference between the caliper measurement and the original computer model measurement of
the same scapulae. Reliability was defined as the difference between repeated and original
computer model measurements. Repeatability was the measure of reliability relative to the
variation among specimens.
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7.0 RESULTS

7.1 MORPHOLOGY

7.1.1

External bone
The mean, standard deviation and ranges of the glenoid morphological parameters are

given in Tables 1, and 2. The frequency distribution of the length of segments C, and D are
illustrated in Figures 22, and 23 respectively.
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Number of scapulae
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Figure 22 Graph showing the frequency distribution of the length of segment C

32

20
18
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Figure 23 Graph showing the frequency distribution of the length of segment D

P-values were used to show significance of differences in the glenoid morphological
parameters between male and female, and right and left (Tables 1, and 2).
The length of segments C, D, F, ∆ht, L1, L2, L3, L4, L1h, L2h, L3h, L4h, and A from male
donors was significantly different (p<0.05) from female donors, according to the two-tailed
unpaired t-test. On the other hand the length of segments d, B, and G, and the value of angles b,
t1, t2, and θ from male and female donors were equal (p>0.05).
The length of segments C, D, d, F, G, ∆ht, L1, L2, L3, L4, L1h, L3h, L4h, A, and B, and the
value of angle t2 from right and left scapulae were equal (p>0.05) according to the two-tailed
paired t-test. However, the length of segment L2h, and the value of angles b, t2, and θ, from right
and left scapulae were unequal (p<0.05).
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Table 1 Mean, standard deviation, range, p-value for Male-Female difference, and p-value for Right-Left
difference of glenoid morphological parameters

P value
P value
for
for
RightMaleLeft
Female
Difference Difference
0.004
0.756

Glenoid
morphological
parameters

Mean
± S.D.

Range

C (mm)

34 ± 3

28-39

D (mm)

24 ± 3

21-29

0.000

0.089

d (mm)

18 ± 2

15-22

0.245

0.607

F (mm)

12 ± 2

10-16

0.032

0.072

G (mm)

17 ± 2

14-20

0.072

0.343

L1 (mm)

27 ± 3

21-33

0.003

0.184

L2 (mm)

24 ± 3

20-30

0.000

0.211

L3 (mm)

27 ± 3

21-33

0.005

0.736

L4 (mm)

24 ± 2

20-31

0.000

0.503

L1h (mm)

11 ± 1

9-14

0.000

0.601

L2h (mm)
L3h (mm)
L4h (mm)

12 ± 2
11 ± 1
11 ± 1
11 ± 2

10-16
9-14
9-15
9-15

0.000
0.000
0.000
0.035

0.004
0.314
0.067
0.186

15 ± 3
48 ± 3

8-25
41-54

0.425
0.320

0.031
0.000

55 ± 4

47-67

0.152

0.126

∆ht (mm)
b (degree)
t1 (degree)
t2 (degree)
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Table 2 Mean, standard deviation, range, p-value for Male-Female difference, and p-value for Right-Left
difference of measurements of anterior and posterior view of scapula

Anterior and
Posterior view
parameters
A (mm)

Mean ±
S.D.

Range

20 ± 2

B (mm)

P value for
Right-Left Difference

15-24

P value for
Male-Female
Difference
0.000

16 ± 3

12-22

0.894

0.976

θ (degree)

31 ± 5

20-40

0.441

0.001

θ1 (degree)

17 ± 8

2-32

0.392

0.014

θ2 (degree)

0 ± 13

-22-26

0.852

0.000

θ3 (degree)

1±5

-8-9

0.337

0.153
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0.499

7.1.2

Internal bone
The mean, standard deviation, and range values for various internal bone morphological

parameters for axial slices I, II, and III are listed in Table 3 below. The frequency distribution of
the value of angle m, the glenoid version, and the value of angle a, the subchondral bone glenoid
version, are shown in the Figures 24, and 25 respectively.

Table 3 Mean, standard deviation, and range values for geometrical parameters of axial slices of scapulae

Mean ± S.D.
(Range)

Geometrical
Parameters
Slice I

Slice II

Slice III

D’ (mm)

25 ± 3
(20-29)

23 ± 2
(18-26)

18 ± 2
(14-22)

U (mm)

24 ± 3
(18-29)

20 ± 2
(13-25)

14 ± 2
(11-19)

V (mm)

13 ± 2
(9-16)

11 ± 1
(9-15)

14 ± 2
(10-20)

W (mm)

10 ± 2
(6-14)

10 ± 2
(7-14)

8±2
(6-12)

X (mm)

7±2
(5-10)

9±2
(5-15)

7±2
(4-12)

Y (mm)

NR#

NR#

8±1
(5-10)

a (degree)

-1 ± 3
(-11-4)

-1 ± 4
(-9-6)

-6 ± 4
(-15-2)

m (degree)

-2 ± 4
(-11-7)

-2 ± 5
(-10-7)

-3 ± 5
(-14-5)
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Figure 24 Graph showing the frequency distribution of the glenoid version angle m

22
20

Number of Scapulae

18
16
14
12
10
8
6
4
2
0
-12.0 - -9.0

-9.0 - -6.0

-6.0 - -3.0

-3.0 - 0.0

0.0 - 3.0

3.0 - 6.0

Angle a (degree)

Figure 25 Graph showing the frequency distribution of the subchondral glenoid version angle a
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P-values were used to show significance of differences between male and female, and
right and left scapulae specimens for some of the internal bone morphological parameters (Table
4). The mean value of the subchondral bone glenoid version angle (a), measured in axial slices I,
II, and III, from male and female, and right and left scapulae specimens were equal as per the
two-tailed unpaired and paired t-tests respectively (p>0.05). The value of the angle m (glenoid
version) measured in axial slices I, II, and III, were equal between right and left scapulae
specimens according to the two-tailed paired t-tests (p>0.05). The glenoid version, m, measured
in axial slices I, and II was different between male and female specimens (p<0.05), while that
measured in axial slice III was equal (p>0.05) as per the two-tailed unpaired t-tests. The mean
length of segment D’ was different (p<0.05) between male and female specimens in axial slices
I, and II, and between right and left specimens in axial slices II, and III, according to the twotailed unpaired and paired t-tests respectively. On the other hand, the mean length of segment D’
was equal (p>0.05) between male and female specimens in axial slice III, and between right and
left specimens in axial slice I, according to the two-tailed unpaired and paired t-tests
respectively.
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Table 4 P values for Male-Female and Right-Left Difference for selected geometrical parameters of axial
slices of scapulae

Geometrical
parameters

P value for Male-Female
Difference

P value for Right-Left
Difference

D’ (mm)

0.000 *
0.008 #
0.109 §
0.845 *
0.926 #
0.694 §
0.022 *
0.010 #
0.159 §

0.235 *
0.002 #
0.000 §
0.603 *
0.892 #
0.227 §
0.951 *
0.953 #
0.326 §

a (degree)

m (degree)

* = Axial slice I
# = Axial slice II
§ = Axial slice III

7.1.3

Linear regression analysis
Correlation coefficients from the linear regression analysis of selected external and

internal bone morphological parameters are listed in Table 5. The length of segment C was
correlated with the length of segments D (r = 0.8), d (r = 0.63), ∆ht (r = 0.73), A (r = 0.62), and B
(r = 0.66). The length of segment D was correlated with the length of segments D’ (r = 0.74), ∆ht
(r = 0.52), d (r = 0.54), A (r = 0.69), and B (r = 0.30). The length of segment D’ was correlated
with the length of segments ∆ht (r = 0.40), d (r = 0.45), A (r = 0.50), and B (r = 0.40). The
triangle height ∆ht was correlated with length of segments d (r = 0.73), A (r = 0.47), and B (r =
0.53).
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Table 5 Correlation coefficients (r) and p-values* from linear regression analysis of selected external and
internal bone morphological parameters

Morphological
Parameters
C (mm)

D (mm)

D’ (mm)

∆ht (mm)

d (mm)

A (mm)

B (mm)

0.80
(0.000)

0.72
(0.000)
0.74
(0.000)

0.73
(0.000)
0.52
(0.001)
0.40
(0.010)

0.63
(0.000)
0.54
(0.000)
0.45
(0.003)
0.73
(0.000)

0.62
(0.000)
0.69
(0.000)
0.50
(0.001)
0.47
(0.002)
0.39
(0.012)

0.66
(0.000)
0.30
(0.057)
0.40
(0.012)
0.53
(0.000)
0.42
(0.007)
0.00
(0.000)

D (mm)
D’ (mm)
∆ht (mm)
d (mm)
A (mm)
* p-values are given in brackets

The linear regression plots between C and L1 (p = 0.000, r = 0.79), C and L3 (p = 0.000, r
= 0.78), D and L2 (p = 0.000, r = 0.92), and D and L4 (p = 0.000, r = 0.93) are given in Figures
26, 27, 28, and 29 respectively.
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Figure 26 Linear regression between C and L1 (p = 0.000, r = 0.79, L1 = -2.2369 + 0.8526C)
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Figure 27 Linear regression between C and L3 (p = 0.000, r = 0.78, L3 = 2.2699 + 0.7276C)
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Figure 28 Linear regression between D and L2 (p = 0.000, r = 0.92, L2 = 0.6817 + 0.9799D)
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Figure 29 Linear regression between D and L4 (p = 0.000, r = 0.93, L4 = 2.2829 + 0.9108D)
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7.1.4

Semi-circularity of inferior glenoid boundary
One-way ANOVA analysis was performed to check for the semi-circularity of the

inferior glenoid boundary using the lengths of segments L1h, L2h, L3h, L4h, one-third of C, and
half of D for all the 40 scapuale specimens. These segments are radial like starting from a
common point, which is the glenoid center, and terminate at different locations on the glenoid
boundary. If the mean value of all these segments is equal then we can say that the inferior
glenoid boundary is a semi-circle. Table 6 below gives the descriptives of the samples, the test of
homogeneity of variances, and the one-way ANOVA table. From the test of homogeneity of
variances it can be seen that the p-value obtained is 0.155, which is greater than the level of
significance of 0.1 indicating that the variances of the samples are equal (see Figure 30), and
therefore the one-way ANOVA analysis can be performed. From the one-way ANOVA analysis
results we see that the p-value is 0.001, which is less than 0.05, the level of significance,
indicating that the mean values of the sample variables are different (see Figure 31). Tukey’s
honestly significant difference post hoc comparison procedure (see Table 7) gives two
homogenous subsets of variables having equal means (see Table 8). Using the first subset
comprising of the variables L1h, L2h, L3h, L4h, and one-third C we can say that the inferior glenoid
boundary is a 120° arc with center at the glenoid center and mean radius of 11.2 ± 1.2 mm.

43

Table 6 Descriptives of the sample variables, p-value of the test of homogeneity of variances, and the
one-way ANOVA analysis results

DESCRIPTIVES
Sample
variables

N

Mean

S.D.

Std.
Error

L1_h
L2_h
L3_h
L4_h
C by 3
D by 2
Total

40
40
40
40
40
40
240

11.1779
11.5080
11.0178
10.9178
11.3891
12.0615
11.3453

1.2635
1.4841
1.1347
1.2368
1.0042
1.2332
1.2791

.1998
.2347
.1794
.1956
.1588
.1950
.0826

95% Confidence
Interval for Mean
Lower
Upper
bound
Bound
10.7738 11.5820
11.0333 11.9826
10.6549 11.3807
10.5222 11.3133
11.0679 11.7103
11.6671 12.4558
11.1827 11.5080

Min

Max

9.1267
9.1149
8.9715
8.3963
9.3622
9.6030
8.3963

13.9387
15.4636
13.5452
14.5322
13.0923
14.4282
15.4636

TEST OF HOMOGENEITY OF VARIANCES
Levene Statistic

df1

df2

p-value

1.622

5

234

0.155

ONE-WAY ANOVA

Between Groups
Within Groups
Total

Sum of
Squares
34.373
356.675
391.048

df

Mean
Square
6.875
1.524

5
234
239

44

F

p-value

4.510

.001

Figure 30 Error bar plot showing equal variances across groups

Figure 31 Bar plot showing the variation in mean values of all the groups
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Table 7 Post Hoc Tukey's honestly significant difference (HSD) procedure

(I)
GROUP

(J)
GROUP

Std. Error
Mean
Difference
(I-J)

.2761
-.3301
L2h
.2761
.1601
L3h
.2761
.2601
L4h
.2761
-.2112
C by 3
.2761
-.8836*
D by 2
.2761
.3301
L2h
L1h
.2761
.4902
L3h
.2761
.5902
L4h
.2761
.1189
C by 3
.2761
-.5535
D by 2
.2761
-.1601
L3h
L1h
.2761
-.4902
L2h
.2761
.1000
L4h
.2761
-.3713
C by 3
.2761
-1.0437*
D by 2
.2761
-.2601
L4h
L1h
.2761
-.5902
L2h
.2761
-.1000
L3h
.2761
-.4713
C by 3
.2761
-1.1437*
D by 2
.2761
.2112
C by 3
L1h
.2761
-.1189
L2h
.2761
.3713
L3h
.2761
.4713
L4h
.2761
-.6724
D by 2
.2761
.8836*
D by 2
L1h
.2761
.5535
L2h
.2761
1.0437*
L3h
.2761
1.1437*
L4h
.2761
.6724
C by 3
*. The mean difference is significant at the 0.05 level
L1h
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p-value

.839
.992
.935
.973
.019
.839
.484
.272
.998
.343
.992
.484
.999
.760
.003
.935
.272
.999
.528
.001
.973
.998
.760
.528
.148
.019
.343
.003
.001
.148

95% Confidence
Interval
Lower
Bound
-1.1233
-.6332
-.5332
-1.0045
-1.6768
-.4632
-.3031
-.2031
-.6744
-1.3468
-.9534
-1.2834
-.6933
-1.1646
-1.8369
-1.0534
-1.3835
-.8933
-1.2646
-1.9370
-.5821
-.9121
-.4220
-.3220
-1.4656
.0903
-.2398
.2504
.3504
-.1209

Upper
Bound
.4632
.9534
1.0534
.5821
-.0903
1.1233
1.2834
1.3835
.9121
.2398
.6332
.3031
.8933
.4220
-.2504
.5332
.2031
.6933
.3220
-.3504
1.0045
.6744
1.1646
1.2646
.1209
1.6768
1.3468
1.8369
1.9370
1.4656

Table 8 Homogenous subsets using Tukey's HSD

GROUP

N

Subset for alpha = 0.05
1
2
10.9178
40
L4h
11.0178
40
L3h
11.1779
40
L1h
11.3891
11.3891
40
C by 3
11.5080
11.5080
40
L2h
12.0615
40
D by 2
0.272
0.148
Sig.
Means for groups in homogenous subsets are displayed. Harmonic Mean sample size = 40

7.2 BONE DENSITY

The mean and standard deviation of the bone density values obtained from the various
regions of interests (ROI) in the axial slices I, II, and III are listed in Table 9 below. The bone
density values obtained are not clinically equivalent and therefore the values were converted into
a more appropriate “3-point” qualitative scale of High (H), Medium (M) and Low (L). Bone
density values less than or equal to −360 were assigned as Low, those greater than –360 but less
than –200 were assigned as Medium, and values greater than or equal to –200 were assigned as
High. Based on this calibration the bone density values for the various regions of interest in the
axial slices I, II, and III are shown in Figures 32, 33, and 34 respectively.
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Table 9 Mean*, and standard deviation of the bone density values in the various regions of interest in the
three axial slices

Axial
slice

ROI 1

ROI 2

ROI 3

ROI 4

ROI 5

I

Mean ± S.D.
(HSU)
-265 ± 208

Mean ± S.D.
(HSU)
-430 ± 152

Mean ± S.D.
(HSU)
-326 ± 194

Mean ± S.D.
(HSU)
-263 ± 299

Mean ± S.D.
(HSU)
-218 ± 327

II

-83 ± 251

-370 ± 159

-336 ± 212

-133 ± 398

-271 ± 309

III

-383 ± 190

-430 ± 210

-412 ± 208

-462 ± 179

NR #

* These values are not clinically equivalent
#NR = Not required. ROC 5 not present in axial slice III

Figure 32 Bone density values as per the "3-point" scale for the five regions of interest in axial slice I
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Figure 33 Bone density values as per the "3-point" scale for the five regions of interest in axial slice II

Figure 34 Bone density values as per the "3-point" scale for the four regions of interest in axial slice III
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7.3 ACCURACY, RELIABILITY, AND REPEATABILITY

Table 11 below gives the mean, standard deviation, and range of the differences of the repeated
and the original measurements made on the scapulae computer models for lengths of segments
C, and D, and the values of the angles b, and θ. It also gives the mean, standard deviation, and
range of the differences of the values of the above mentioned parameters when measured on the
actual scapulae specimens and the computer models. The mean differences in the length of
segment C, and D in both the cases was less than or equal to 0.5 mm with a standard deviation
less than 1 mm. The mean differences in the values of the angles b, and θ, in both the cases were
less than 2° with a standard deviation of less than or equal to 4.4°. The repeatability of the
measurements was high, with the variation between the original and repeat measurements
representing less than 2% of measurement variation for lengths, and less than 9% of
measurement variation for angles, among the scapulae.

Table 10 Accuracy, reliability, and repeatability of the morphological parameter values of the scapula

Parameter

Mean Difference (model)
(Repeated – Original) ± S.D.
(Range)

Mean Difference
(Physical – Model) ± S.D.
(Range)

C (mm)

-0.2 ± 0.6
(-1.8-0.9)

0.4 ± 0.9
(-1.5-2.2)

D (mm)

0.5 ± 0.7
(-0.5-1.5)

0.3 ± 0.8
(-1.2-2.0)

b (degree)

1.3 ± 4.4
(-7.6-12.0)

1.2 ± 2.7
(-3.3-4.1)

θ (degree)

-1.9 ± 3.5
(-6.8-5.1)

0.3 ± 2.9
(-3.7-4.1)
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8.0 DISCUSSION

The success of total shoulder arthroplasty depends on the design of the implant as well as
it’s positioning. To increase the longevity of the glenoid prosthesis, the first task is to understand
the structure of the bone in which it is going to be fixed.
Previous investigators have used radiographs, CT, MRI or direct measurements to study
the external bone morphology of the scapula [1, 3-11]. This study makes use of threedimensional smoothed triangulated computer models of the scapulae specimens generated from
the CT images. All the external bone morphological measurements were done on the threedimensional computer models. This resulted in several advantages over the methods used by
previous investigations, namely, non-destructive measuring techniques, easy to reproduce the
different views, namely, lateral, anterior, and posterior for measuring, high repeatability, and
ability to perform external as well as internal bone morphological analyses by selecting the slice
of interest. The main focus of this study was the glenoid, and therefore extensive measurements
related to the other parts of the scapula were not made.
The glenoid superior-inferior, and anterior-posterior length measurements were found to
be greater (p < 0.05) in male specimens (35 ± 2 mm) than female (33 ± 3 mm) and equal (p >
0.05) between right and left specimens. The values obtained on the computer models overestimated the caliper measurements on the corresponding actual specimens by a mere 0.4, and
0.3 mm respectively (see Table 10) indicating high accuracy and reliability. These measurements
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were comparable to those found by previous investigators [3, 6, 7, 10] as can be seen in Table
11.

Table 11 Comparison of glenoid parameters with prior studies

Parameter

Current study
Mean ± S.D. (Range)

Prior studies
Mean ± S.D. (Range)

C (mm)

34 ± 3 (28-39)

D (mm)

24 ± 3 (21-29)

m (degree)

-2 ± 5 (-10-7)

X (mm)

Slice I : 7 ± 2 (5-10)
Slice II : 9 ± 2 (5-15)
Slice III : 7 ± 2 (4-12)

36 ± 2 (29-43)3
42 ± 3 (not given)4
36 ± 4 (30-43)6
35 ± 4 (29-44)7
39 ± 4 (30-48)8
34 ± 3 (26-39)10
21 ± 2 (19-33)3
30 ± 3 (not given)4
29 ± 3 (25-34)6
24 ± 3 (16-30)7
29 ± 3 (21-35)8
23 ± 3 (16-29)10
2 ± 5 (-12-14)1
-17 (-22-12)2
-1 ± 4 (-11-10)3
-1 ± 2 (not given)5
-2 ± 4 (-12-7)7
-2 ± 3 (-13-7)11
Slice I : 9 ± 2 (3-13)
Slice II : 13 ± 3 (8-18)
Slice III : 8 ± 3 (3-15)10

Iannotti, et al, [8] have reported that the anterior-posterior diameter at the superior region
of the glenoid (23 ± 2.7 mm) is less than the anterior-posterior at the inferior region of the
glenoid (29 ± 3.2 mm) indicating that the glenoid is pear-shaped. In the current study similar
measurements were done, and resulted in approximately comparable values of 18 ± 2 mm and 24
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± 2 mm respectively. The superior-inferior length of the glenoid value reported by Iannotti, et al,
was 39 ± 3.5 mm, which approximately equaled that found in this study, 34 ± 3 mm. The ratio of
the anterior-posterior (superior) measurement to the anterior-posterior (inferior) measurement
reported by Iannotti, et al, 1 : 0.8 ± 0.01, is highly comparable to that obtained in this study, 1 :
0.8 ± 0.04. Two other ratios reported by Iannotti, et al, were the superior-inferior measurement to
the anterior-posterior (inferior) measurement (1 : 0.7 ± 0.02), which equaled the value found in
this study, 1 : 0.7 ± 0.01, and the superior-inferior measurement to the anterior-posterior
(superior) measurement (1 : 0.6 ± 0.06), which approximately equaled 1 : 0.5 ± 0.02, found in
this study.
In the anterior view of the scapula, segment A was found greater (p < 0.05) in male
specimens (22 ± 2 mm) than female (18 ± 2 mm), and equal (p > 0.05) between right and left
specimens. Segment B on the other hand was found equal (p > 0.05) not only between right and
left but also between male and female specimens. This may be the reason why segment A was
uncorrelated (r = 0, p = 0.000) with segment B. Hughes, et al, [24] have found the glenoid
inclination to be about 91°. The same value was not measured in this study, but on calculating
the glenoid inclination (utilizing the measurements of segments A, and B, and angles θ, and θ1
made in the anterior view) was found to be 93°, which is approximately equal to that reported by
Hughes, et al. Also, Churchill, et al, have reported the glenoid inclination as 5°, which is
comparable to the calculated value of 3° found in the current study. The glenoid tilt (angle b) was
found equal (p > 0.05) between male and female specimens, and greater (p < 0.05) in right (15.8°
± 2.9°) than left (13.6° ± 3°). Malon, et al, [7] have reported the glenoid tilt angle as 12°, which
is comparable to the average value of 15° found in this study.
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Other measurements made to quantify the overall shape of the glenoid boundary included
segments L1, L2, L3, and L4, which were found greater (p < 0.05) in male specimens than female
and equal (p > 0.05) in right and left. High correlation was seen between segments C and D (r =
0.8, p = 0), C and L1 (r = 0.79, p = 0), C and L3 (r = 0.78, p = 0), D and L2 (r = 0.92, p = 0), and
D and L4 (r = 0.93, p = 0). Therefore by simply measuring the length of segment C, all the other
parameters (D, L1, L2, L3, L4) can be approximated to obtain the overall glenoid boundary, which
can prove useful to locate the normal glenoid boundary in patients having severe glenohumeral
arthritis. The superior portion of the glenoid was approximated with a triangle having base
angles t1 and t2. The base of the triangle (segment d) was found equal (p > 0.05) not only in male
and female specimens but also in right and left. The height of the triangle (∆ht) was found
greater (p < 0.05) in male specimens (12 ± 2 mm) than female (11 ± 1 mm) and equal (p > 0.05)
in right and left.
One of the main problems with defining the shape of the glenoid, and hence the
positioning of the glenoid prosthesis has been the inability to repeatedly locate the glenoid
center. Burkhart, et al, [9] have mentioned about the center of a circle at the inferior portion of
the glenoid, the glenoid bare spot, using which they have quantified glenoid bone loss. Their
measurements of the distances from this glenoid bare spot to the anterior (12.1, range, 11-15
mm), posterior (12.3, range, 11-15 mm), and inferior (12.1, range, 11-15 mm) glenoid rim is
approximately comparable to the measurement obtained in this study of one-third segment C
(11.4, range, 9-13 mm) and, half diameter D (12.1, range, 9-15 mm). Burkhart, et al, have
suggested that the glenoid bare spot is the center of a circle defined by the anterior, posterior and
inferior borders of the lower glenoid. In the current study it was found that (one-way ANOVA
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analyses, see 7.1.4) the inferior glenoid boundary is a 120° arc with the center located on
segment C at a distance of one-third its length superior from the infraglenoid tubercle.
Previous investigators [3, 6, 7, 10] have studied the external anatomy of the scapula. The
key for designing a better glenoid prosthesis is to have knowledge of both the external as well as
internal glenoid morphology. The success of total shoulder arthroplasty depends on the bone
density distribution of the glenoid [2, 12-15, 21-23]. The amount of bone available for fixation of
glenoid prosthesis is less compared to other parts of the body, namely, hip, knee, therefore to
obtain a “good-fitting” the design of the glenoid prosthesis must utilize the small volume of bone
effectively.
In the internal bone morphological analysis carried out, three axial slices of the glenoid
were considered. The advantage of using three-dimensional computer models is the ability to
accurately choose these three axial slices of interest. The anterior-posterior length D’ obtained
from the axial slices was found to be correlated with the external bone measurement D (r = 0.74,
p = 0.000). The anterior-posterior width near the glenoid neck (segment X) measured in this
study for axial slices I, II, and III (see 5.3.2) as 7 ± 2 mm, 9 ± 2 mm, and 7 ± 2 mm respectively,
was approximately comparable to those reported by Ebraheim, et al, [10] as 9 ± 2 mm, 13 ± 3
mm, and 8 ± 3 mm respectively.
The calibrated bone density distribution for the three axial slices selected in the current
study consents with the finding reported by Couteau, et al, [2], and Muller-Gerbl et al, [22], that
is, high density bone on the posterior glenoid, low density centrally and medium density in the
anterior portion. Frich, et al, [14], and Mansat, et al, [12] have found low density bone on the
anterior side, and the medium density in the center of the glenoid, which is opposite of the
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finding in the current study, that is, low density bone in central glenoid while medium density on
the anterior glenoid.
The glenoid version has been regarded as an important contributing factor for
glenohumeral stability [1, 2, 3, 7, 11, 19]. Majority of the previous investigations [3, 5, 7, 11]
have used the technique used by Friedman, et al, [1]. In the current study the Friedman method is
built into the way in which the scapulae specimens were CT scanned (see 5.1). The male
specimens were found to be retroverted in all three axial slices whereas female specimens were
found to be anteverted in slices I, and II and retroverted in slice III. The value for the glenoid
version obtained in this study (for axial slice II, which passes through the centre of the glenoid)
was -2 ± 5 degree (negative angle signifying retroversion), which is comparable with the values
obtained by Churchill, et al (-1 ± 4 degree), Inui, et al (-1 ± 2 degree), Mallon, et al (-2 ± 4), and
Gallino, et al (-2 ± 3 degree). Friedman, et al (2 ± 5 degree), have reported the glenoid version
angles as a positive value signifying anteversion. Couteau, et al, [2] defined the glenoid version
to be the angle between the central axis of inertia and the normal to the glenoid surface, and have
reported their finding of the glenoid version to be –17 (-22-12). Couteau, et al, have also reported
that although their glenoid version values with the new definition were high, compared to the
values they obtained by using the Friedman’s method, they found the values from the two
methods to be highly correlated (r = 0.94). Their argument to use this definition for the glenoid
version is that it is independent of the subjective opinion of the clinician. Most of the previous
investigators have measured the glenoid version by considering only a single slice through the
central portion the glenoid. Inui, et al [5] has reported that the glenoid version varies as one
moves from the inferior portion of the glenoid to the superior portion. They measured the glenoid
at 5 equally spaced locations and reported that the glenoid is anteverted at the inferior end and

56

becomes increasingly retroverted towards the superior end. In the present study the glenoid
version value obtained on axial slices I (-2 ± 4 degree), II (-2 ± 5 degree), and III (-3 ± 5 degree),
are approximately comparable to those reported by Inui, et al, as 1 ± 3.2 degree, -1 ± 2 degree,
and –6.9 ± 3.7 degree respectively. The slight differences between the values obtained in this
study and those reported by Inui, et al might be due to the scapulae specimen differences or the
minor difference in the location on the glenoid where the version was measured.
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9.0 CONCLUSION

The computer-based modeling approach proved highly beneficial for analyzing the
morphology of the scapula especially the glenoid. Using computer-based measuring tools the
external morphological parameters in the various views were easily measured. The selection of
the axial slices for the internal bone morphological analyses was performed via the aid of the
computer-based models. The methods of measurement were non-destructive and highly accurate.
The values for the various parameters measured not only confirmed with what has been reported
in previous investigations, but also expanded the data available about the glenoid morphology by
providing an extensive analysis of the internal bone morphology. All the information presented
in the current study is important not only to design improved glenoid prosthesis, but also for
selection of the appropriate prosthetic component at the time of arthroplasty.
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10.0 FUTURE DIRECTIONS

The future work would consist of performing the finite element analysis of the axial slice
of the glenoid. In the current study, the 2D finite element model of the axial slice of glenoid was
created in Ansys® as shown in Figure 35. This model comprised of the outer cortical bone and
five internal cancellous bone regions. The next task would be to assign material properties to
these six regions, apply an appropriate physiological loading and perform the finite element
analysis.

Figure 35 Finite Element Model of axial slice of glenoid made by author in Ansys®
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Further tasks would include modification of the 2D finite element model to contain
various designs for the pegs, performing the finite element analysis with the pegs and comparing
the results with those obtained using the natural bone finite element model.
Still further task might be to scale the finite element model to three-dimensions, carry out
similar finite element analyses, and compare with the 2D results.
The ultimate goal would then be to develop prototype glenoid prosthesis and related
surgical instruments, perform its mechanical testing, compare with the simulated finite element
analysis, and hopefully use it in patients requiring total shoulder arthroplasty.
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