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Normal Glenoid Anatomy

The glenoid anatomy has classically been defined
by the articular surface anatomy. The height and
width of the glenoid have been measured in
anthropomorphic studies, and each study has
used a slightly different methodology to measure
the glenoid. Mallon et al. evaluated 28 cadaver
scapulae and measured the height and width in
both men and women [65]. They found the aver-
age height of the glenoid was 38 mm (range,
33-45) for men and was 36.2 mm (range, 32-43)
for women. Iannotti et al. measured the height of
the glenoid in 140 cadaver scapulae and found
the average height was 39 mm (range, 30-48 mm)
and the average glenoid width was 29 mm (range,
21-35 mm) [49]. He also reported the distribu-
tion of the sizes of the glenoid and separated
them into five groups according to their height
and four groups according to their width.
Churchill et al. measured the height and width of
the glenoid using 344 cadaver scapulae from the
Hamann-Todd Osteological Collection, the
Museum of Natural History in Cleveland, Ohio
[19]. They used scapulae from persons who were
between 20 and 30 years old at the time of death.
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The average glenoid height in men was 37.5 mm
(range, 3043 mm), and the average width was
27.8 mm (range, 24-33 mm). For women, the
average height was 32.6 mm (range, 29-37 mm),
and the average width was 23.6 mm (range,
20-26 mm). Checroun et al. measured the gle-
noid dimensions in 412 cadaver scapulae and
found an average height of 37.9 mm (range,
31-50 mm) [17]. The average width of the gle-
noids was 29.3 mm (range, 23-42 mm). Kwon
et al. measured the height and width of the gle-
noid in 12 cadaver specimens using both manual
measurements and CT scan measurements to
determine the accuracy of CT scan measurements
and found that the difference in measurements
was within 2 mm [60]. The median glenoid
height was 37.8 mm (range, 3047 mm), and the
median width was 26.8 mm (range, 22-35 mm)
when the measurements from the specimens
were used (Table 6.1).

Glenoid Version

Glenoid version has been measured in multiple
studies, and the methodology used to measure the
version is an important variable to understand,
because two different methods can give different
version measurements for the same scapula. It is
also difficult to obtain radiographs with excellent
technique because the patient with severe arthritis
often has difficulty moving the shoulder in the
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Table 6.1 Glenoid height and width measurements

Author Year Specimens
Mallon et al. 1992 28
ITannotti et al. 1992 140
Churchill et al. 2001 344
Checroun et al. 2002 412

Kwon et al. 2005 12

positions needed to get the best views of the gle-
noid. Surprisingly, radiographs are often easier to
obtain after total shoulder arthroplasty because the
patient’s range of motion is better and the land-
marks on the radiograph are easier to measure
because the joint space has been restored with the
prosthetic implants. Glenoid version has been tra-
ditionally measured using standard radiographs,
but the accuracy of this method was questioned in
a study done by Nyffeler et al. [73]. They mea-
sured glenoid version in 25 patients without arthri-
tis and 25 patients after total shoulder arthroplasty
using radiographs and CT scans. They found that
glenoid retroversion was overestimated with
radiographs 86 % of the cases and the difference
between the CT scan and radiographic measure-
ment was 6.5° (range, 0-21°). The correlation
between the CT measurements and the radio-
graphs was higher (0.67) in the total shoulder
group compared to the instability group (0.33).
Based on these results, the authors recommended
the use of CT scan as the preferred modality to
measure postoperative glenoid version in total
shoulder arthroplasty. A similar study was done by
Ho et al. to evaluate the accuracy of radiographs
compared to CT scans for the measurement of gle-
noid version in cases before and after total shoul-
der arthroplasty [43]. Thirty-two patients had
radiographs and CT scans taken before and after
surgery, and multiple measurements were made
including glenoid version. There was moderate
agreement between CT scan and radiographic
measurements (0.69) and the radiographs overesti-
mated glenoid version by 4.2°.

As the use of standard two-dimensional CT
scans has increased for the measurement of gle-
noid version, other methods have emerged with
the advent of three-dimensional CT software.
This software allows for the measurements of gle-
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noid version to be done on the same scapula with
different methods. Bryce et al. described this vari-
ation in an elegant study using 40 scapulae CT
scans [10]. The scans were imported into a soft-
ware program called MATLAB that allowed for
manipulation of the scapula orientation and calcu-
lation of the resulting glenoid version. It helps to
understand the variation in measurement by start-
ing with the classic method of measuring glenoid
version. First, a plane of the scapula must be
defined from which the version of the glenoid
articular surface can be measured against. The
plane of the scapula is typically defined by three
points on the scapula, the center of the glenoid,
the tip of the inferior scapular angle, and a point at
the intersection of the spine of the scapula with
the medial border of the scapula (Fig. 6.1).
Second, the plane of the glenoid articular surface
is defined. This can be done using two points on
the anterior and posterior edges of the glenoid
surface halfway between the superior and inferior
pole of the glenoid. It can also be done using three
points anywhere around the edge of the glenoid
articular surface. Third, the version measurement
can then be made using the angle formed by the
two planes. This seems easy to do when using a
three-dimensional model or when measuring the
version with a real scapula. The variation in the
measurement occurs when the scapula is shown
using two-dimensional images. If the two-dimen-
sional images are rendered with the scapula
rotated in abduction or adduction, then the plane
of the glenoid articular surface changes and so
does the version. The variation in the version
measurements can be quite substantial and can
range from 4.7° of anteversion to 10.6° of retro-
version on the same scapula depending on the ori-
entation of the scapula. Regression analysis for
scapula rotation in the coronal plane showed that
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Fig. 6.1 The plane of the scapula is defined by the most
distal point of the inferior scapular angle (PI), the center
of the glenoid fossa (P2), and the point at the vertebral
border where the scapular spine intersects the medial bor-
der of the scapular (P3) (Reprinted with permission from
Bryce et al. [10])

Table 6.2 Glenoid version measurements

Author Year | Specimens | Glenoid version
Cyprien et al. 1983 |50 8 degrees of
retroversion
Friedmanetal. | 1992 |62 2 degrees of
anteversion
Mallon et al. 1992 |28 6 degrees of
retroversion
Couteau et al. 2001 |28 8 degrees of
retroversion
Churchill etal. | 2001 |344 1 degrees of
retroversion
Scalise et al. 2008 |14 7 degrees of
retroversion
Ganapathi et al. | 2011 |19 7 degrees of
retroversion
Matsumura et al. | 2012 | 410 1 degree of

retroversion

every one degree of scapular abduction led to
0.42° of version variability and every one degree
of scapular adduction resulted in 0.16° of version
variability. The effect of abduction on version
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variability was significantly stronger than the
effect of adduction on version variability. At 20°
of scapular abduction, the mean version variation
was 9.4°, and for 20° of adduction, the mean ver-
sion variation was 2.4°. These findings were con-
firmed in another follow-up study by the same
group [13] (Table 6.2).

Cyprien et al. measured the version of the gle-
noid using x-rays from 50 normal patients and 15
patients who had recurrent anterior dislocations
[25]. They found the average normal version was
7.1° for retroversion compared to 8.9° for retro-
version in the patients with recurrent dislocations.
Friedman et al. used two-dimensional CT scans of
63 normal patients and compared them to a group
of 20 patients with glenohumeral arthritis [31].
The average anteversion of the normal group was
2° (range, +14 to —12°), and the average retrover-
sion of the arthritis group was 11° (range, +2 to
—32°). Mallon et al. evaluated the version in 28
cadaver scapulae and found the average retrover-
sion was 6° (range, +2 to —13°) [65]. Couteau
et al. measured the version of 28 scapula using
two-dimensional CT scan measurements [24].
The patients included in the study had rotator cuff
tears without glenohumeral arthritis, glenohu-
meral arthritis, and rheumatoid arthritis. The aver-
age retroversion of the group of patients with
rotator cuff tears was 8° (range, 2—17°), with gle-
nohumeral arthritis 16° (range, 0-50°), and the
patients with rheumatoid arthritis have an average
retroversion of 15° (range, 6-22°).

Churchill et al. measured the version of 344
scapulae from the Hamann-Todd Osteological
Collection at the Museum of Natural History, in
Cleveland, Ohio [19]. This collection contains
skeletons of Cleveland’s unclaimed dead from
1912 through 1938. The ages of the specimens
were between 20 and 30 years. They measured the
version using two different points to define the
plane of the scapula. One measurement used the
junction of the spine of the scapula with the medial
border of the scapula, and the other measurement
used a point closer to the superior medial angle of
the scapula (Fig. 6.2). The average version using
the junction of the spine of the scapula and the
medial border of the scapula was 1.23° (range,
—10 to +10°). There was no difference when
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Fig. 6.2 Comparison of the two different scapular posi-
tions studied. Left, The transverse axis of the scapula is
identified by the platform pins. Right, The scapula has
been rotated such that the glenoid inclination is parallel to

comparing the men and women in the group.
When using the alternative point on the superior
medial angle of the scapula, the average version
was not statistically different.

Matsumura et al. performed a more recent
study in a population of healthy Japanese volun-
teers and found a wide range of glenoid version
measurements [66]. The average glenoid retrover-
sion was 1° with a range from 9° of anteversion to
13° of retroversion. Glenoid retroversion was
higher on the dominant side in all patients, and it
was higher in men compared to women.

Scalise et al. measured the version of 14 patients
with osteoarthritis in one shoulder and measured
the version of the opposite normal shoulder using a
three-dimensional CT [87]. A custom software pro-
gram was used to define the plane of the scapula so
the measurements would match the technique
described by Churchill et al. in their study. The
average retroversion of the normal shoulders was
7° (range, 0—14°), and the average retroversion for
the arthritic side was 15.6° (range, —1-33°).

Ganapathi et al. measured the version of 58 nor-
mal scapulae from the Hamann-Todd Collection
using three-dimensional CT scan renderings [33].
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the base plate. Note that the moving platform pin main-
tains the same position as before, but the base platform pin
no longer is positioned along the scapular spine (Reprinted
from Churchill et al. [19] with permission from Elsevier)

They compared the normal cadaver scapulae to
humans who had osteoarthritis in one shoulder and
their normal non-arthritic shoulders. The humans
with normal bilateral shoulders had an average
version of 2.59°. The average retroversion of the
glenoids on the normal side of the matched pairs
was 6.8°, and the average retroversion of the
arthritic matched pair of glenoids was 14.7°. This
data suggests, but does not prove, that patients
with a retroverted glenoid are more likely to
develop osteoarthritis of the shoulder. It may also
suggest that the normal version for patients with
osteoarthritis is different from the normal version
of patients without osteoarthritis. This has impor-
tant implications for surgeons who must decide
how much version should be corrected when per-
forming a total shoulder replacement with a gle-
noid implant.

Hendel et al. studied the effect of using patient-
specific instruments to position the glenoid com-
ponent during anatomic total shoulder replacement
surgery [41]. They used three-dimensional CT
scans for 34 patients with osteoarthritis and found
the average retroversion for the glenoid was 14.3°
(range, +7-27°). The importance of all of these
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studies, which report their measurements of gle-
noid version, is that there is a wide range of version
measurements to take into consideration. The range
of version measurements can be due to differences
in the techniques used to measure the version based
on the rotation of the scapula and the tilt of the
scapula. Many of the studies, however, used three-
dimensional renderings of the CT scans, which
correct for any variation in the techniques used to
obtain the CT scan data. A few of the studies used
the same patient population, namely, the Hamann-
Todd Osteological Collection, which may not be
generalizable to the general population.

Glenoid Vault

While a lot of study has focused on describing the
anatomy of the glenoid articular surface, rela-
tively few studies in the past have described the
anatomy of the glenoid walls and the bone beneath
the articular surface. This anatomy has become
more important to understand as surgeons start to
deal with bone deformity and bone loss due to
severe disease and to failure of shoulder replace-
ments. In complex cases, glenoid implants require
fixation points beyond the articular surface, and
with the advent of the reverse total shoulder, the
glenoid component relies on fixation points in the
glenoid vault and further medial into the body of
the scapula. Investigations into the unique shape
of the glenoid vault have also led to a better under-
standing of glenoid version and its relationship to
glenohumeral arthritis.

Bicknell et al. measured the endosteal dimen-
sions of the glenoid vault in 72 scapulae with a
mean age of 70 years [7]. The dimensions were
larger for males compared to females, but there
was no relationship between the dimensions and
age or between the presence and absence of arthri-
tis. The shape of the endosteal dimensions was
relatively consistent, and there was a small distri-
bution of sizes. The shape of the glenoid vault is
relatively straight-sided, or rectangular, in the cor-
onal plane and more highly fluted, or triangular, in
the transverse plane.

Codesi et al. selected 61 cadaver scapulae from
the Hamann-Todd Osteological Collection to
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study the shape of the glenoid vault [21]. A wide
range of sizes were selected in order to define the
normal glenoid vault anatomy. CT scans of each
scapula were performed, and the data were ana-
lyzed using a custom software program to measure
and manipulate the images. The two-dimensional
slices of the glenoid vault in the axial plane were
used to trace the inner surface area of the glenoid
vault (Fig. 6.3). The points on the tracings were
recorded, and then the points from each CT slice
were stacked on top of one another to create a
three-dimensional shape of each vault (Figs. 6.4,
6.5, and 6.6). The vaults were then standardized to
one size based on the height of the glenoid articu-
lar surface, which allowed for comparison of the
shape of the glenoid vault among the different
sized scapulae. The right-sided vaults were mir-
rored about the XZ plane so they could be com-
pared to the left-sided vaults. Two vaults were
overlapped, and the distance between the closest
tracing points on each vault was measured. The
average distance between 85 % of all the tracing
points was less than 2 mm from each other, indi-
cating that the shapes of the glenoid vaults in this
study were relatively uniform. The shape of the
standardized glenoid vault was then made into a
plastic model along with four other sizes that were
10% and 20 % larger and smaller to correspond
with the sizing characteristics for a traditional ana-
tomic glenoid implant. These plastic models were
then implanted into cadaver scapulae that were not
included in the original 61 scapulae used to gener-
ate the shape of the models. The cadavers with the
plastic models were then scanned with a CT scan-
ner, and the distances between the models and the
endosteal bone of the cadaver glenoid vaults were
measured. The average distance between the plas-
tic models and endosteal bone was 2.4 mm, and
80 % of the points measured were within 3 mm.
When confronted with a deformity of the gle-
noid, the surgeon needs to decide how much of
the deformity to correct when implanting a gle-
noid component. Based on the anatomic studies,
there is a wide range of normal glenoid version,
so it can be difficult to determine what the
patient’s normal glenoid anatomy was like before
the pathology became severe and deformed the
glenoid. Scalise et al. wanted to use the shape of
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the glenoid vault to find out if there was a way to
predict what the vault and the articular surface
looked like before the pathology deformed the
glenoid [87]. Fourteen patients had CT scans of
the arthritic shoulder and the normal opposite
shoulder. Using a custom three-dimensional soft-
ware program, the shape of the glenoid vault was
place inside the pathologic glenoid, and the ver-
sion of the glenoid vault shape was measured.
Then at a separate sitting, the glenoid vault shape
was placed into the glenoids of the normal shoul-
ders and the version of the glenoid vault shape
was measured. The version of the glenoid vault
was the same for the arthritic shoulders and the
normal shoulder for each patient. These data sug-
gest that the version of the native arthritic glenoid
can be predicted using the glenoid vault shape
(Fig. 6.7). This may be helpful for surgeons to
know when they are deciding how much correc-
tion of retroversion should be done during place-
ment of the glenoid component.

Scapula Anatomy
With the advent of the reverse total shoulder
replacement that uses a glenoid implant fixed to

the scapula with screws, more research was done
to understand the anatomy of the scapula medial to

P osterior

Anterior

Fig. 6.3 This axial CT scan image shows the inner end-
osteal walls of the glenoid vault (Reprinted from Codsi
et al. [21] with permission from Elsevier)

M. Codsi

Fig. 6.4 Three-dimensional left glenoid vault model
showing the articular surface and the anterior wall of the
glenoid vault

Fig. 6.5 Three-dimensional left glenoid vault model
showing the medial ridge of the vault. The articular sur-
face is facing away from the drawing (not seen). The pos-
terior wall is to the left of the photo, and the anterior wall
is on the right side of the photo

the glenoid surface and the glenoid vault. Codsi
et al. used three-dimensional CT scans to deter-
mine the best locations to place screws from the
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glenoid articular surface to the body of the scapula
[22]. Twenty-seven scapulae were scanned into a
custom software program that allowed the manip-
ulation of the scapula to virtually implant screws
of different lengths into the bone. Three locations
in the scapula body were found that could accom-
modate long screws. The first was the superior
screw, which started in the superior portion of the
glenoid and was directed toward the base of the
coracoid. The second screw started in the middle

Fig. 6.6 Three-dimensional left glenoid vault model
showing the articular surface and the posterior wall of
the vault

a
Healthy side: left

Fig. 6.7 Example of glenoid version measurements after
vault model placement in both scapulae of a subject with
unilateral osteoarthritis. The plane of the scapula is repre-
sented by the red line. (a) On the healthy side, the glenoid
version measures -7 degrees (« line), and the vault model
also measures -7 degrees (/3 line). (b) On the arthritic side,
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of the glenoid and went through the middle of the
scapula (Fig. 6.8a—c). The third screw location
started on the inferior glenoid surface and was
directed along the lateral cortical border of the
scapula. The length of the screws could be as long
as 75 mm if placed perfectly, but any deviation in
the angle of the insertion by 15° would alter the
length of the screws between 17 and 30 mm. When
the constraint of an implant was introduced, the
lengths of the screws were much shorter as well.
Using the current implant designs that feature a
central screw or fixation, this screw can be placed
in the location described as the central screw in
this study. The other superior and inferior screw
locations are not typically useful with the current
implants available because they do not allow for
the high angle of insertion needed to place the
screw in those positions of the scapula.
Humphrey et al. studied the anatomy of the ten
cadaver scapulae to find the best locations for
screw placement to secure metal glenoid implants
[48]. They described three columns of bone in the
scapula body that could be used for screw place-
ment, which were similar to the ones described
previously. These include the base of the cora-
coid, the scapula spine, and the scapula pillar.
They implanted a glenoid baseplate for a reverse
total shoulder into the scapula and measured the

Arthritic side: righ

the glenoid version measures -23 degrees (0 line).
However, in the arthritic glenoid, the vault model mea-
sures -7degrees, (y line) just as measured on the healthy,
contralateral side (Reprinted from Scalise et al. [87] with
permission from Elsevier)
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Fig. 6.8 Cross-sectional CT scan images of a scapula
with a central screw hole starting at the center of the gle-
noid articular surface and exiting at the junction of the
scapula spine and medial border of the scapula (Reprinted

M. Codsi

N

from Codsi et al. [22] with permission from Elsevier). (a)
Cross section of the scapula 2 cm medial to the glenoid
surface, (b) Cross section in the middle of the scapula, (c)
Cross section 2 cm from the medial border of the scapula

Fig. 6.9 (a) The drill bit stays completely within the
bone before exiting the cortex medially. (b) An “in-out-
in” configuration. The drill bit comes out of bone and then

length of the screws that could be placed. The
average superior screw length was 36 mm (range,
29-40 mm) and the inferior screw was 47 mm
(range, 45-54 mm). The authors also noted that
the use of a variable angle screw allowed for lon-
ger screws because the superior screw could be

goes back into bone before engaging the medial cortex
(Reprinted from Humphrey et al. [48] with permission
from Elsevier)

angled toward the base of the coracoid and the
inferior screw could be angled toward the scapu-
lar pillar. These two locations are not 180° from
each other, so a fixed angle baseplate would only
allow perfect placement into one of these loca-
tions (Figs. 6.9, 6.10, and 6.11).
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Fig. 6.10 The three-column concept. (a) Each column
consists of bone that is suitable for achieving strong
screw purchase. The columns are the base of the cora-
coid (/), the spine of the scapula (2), and the scapular
pillar (3). (b) The paucity of bone between the columns
becomes evident when the scapula is transilluminated.

fixed-angle baseplate

Fig. 6.11 The effect of baseplate rotation on superior
and inferior screw trajectory. (a) The variable angle
baseplate allows the surgeon to direct the screws to the
appropriate bony columns. (b) With a fixed-angle base-
plate, rotating the component so that the inferior screw
captures the pillar will lead to penetration of the supe-
rior screw outside of the scapular “safe zone” (white

Parsons et al. studied the effect of the rotation
of the glenoid baseplate used in reverse total
shoulder arthroplasty on screw fixation [79]. They

(¢) An exploded view of the scapula demonstrates the
columns. The thick bone can be seen at the cross sec-
tions of the scapular spine and the pillar (white arrows).
The bone in between the columns is often paper thin
(Reprinted from Humphrey et al. [48] with permission
from Elsevier)

- — -

fixed-angle baseplate

asterisk). The subwindow shows a drill bit violating the
path of the suprascapular nerve. (c¢) Rotating the fixed-
angle baseplate to achieve appropriate superior screw
positioning causes the inferior screw to miss the scapu-
lar pillar completely (black asterisk) (Reprinted from
Humphrey et al. [48] with permission from Elsevier)

implanted the baseplate into 12 cadaver scapulae
in neutral rotation where the superior and inferior
screw lined up with the 12 o’clock and 6 o’clock
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positions. Then they rotated the baseplate 20°
toward the base of the coracoid and 20° the oppo-
site direction toward the spine of the scapula. The
baseplates rotated toward the spine of the scapula
had the shortest screws, and the baseplates rotated
toward the base of the coracoid and neutral rota-
tion resulted in the longest screws. Interestingly,
the angle of the screw also affected the length of
the screw. Perpendicular placement for the infe-
rior screw yielded better results than an inferior
angle. Perpendicular placement also allowed for
similar lengths in screws for the superior screw
when the baseplate was rotated toward the cora-
coid or in neutral rotation.

Stephens et al. evaluated the 73 scapulae
using three-dimensional CT scans to determine
the best rotation of the glenoid baseplate used
for a reverse total shoulder that would allow for
variable screw fixation into the three pillars of
bone in the scapula body [90]. The optimal rota-
tion of the baseplate was 11° anterior, which cor-
responds to rotating the superior hole of the
baseplate toward the base of the coracoid. The
average length of the superior and inferior screws
was 33 mm.

Scapular neck length is a relatively new ana-
tomic description that is taken on more interest
with the recognition of scapular notching seen
after reverse total shoulder replacement [93].
Paisley et al. evaluated the scapular neck length
in a series of patients who underwent reverse
total shoulder arthroplasty, and they found a sig-
nificantly higher rate of notching in patients who
had a scapular neck length less than 9 mm [77]
(Figs. 6.12 and 6.13).

Glenoid Pathology

Walsh et al. described one of the most commonly
used glenoid classification systems to describe
the different wear patterns seen in osteoarthritis
of the shoulder [96]. Type A glenoids are charac-
terized as having the humeral head in the center
of the glenoid. Type A1 glenoids have minor cen-
tral erosions, and type A2 glenoids have major
central erosions. Type B glenoids are character-

Fig. 6.12 Radiograph showing short scapular neck
length (Reprinted from Paisley et al. [77] with permission
from Elsevier)

Fig.6.13 Radiograph showing long scapular neck length
(Reprinted from Paisley et al. [77] with permission from
Elsevier)

ized by subluxation of the humeral head by more
than 5% of the diameter of the humeral head.
Type B1 glenoids have subluxation of the humeral
head with narrowing of the joint space with
osteophytes and sclerosis. Type B2 glenoids have
posterior erosions of the glenoid that result in a
biconcave articular surface. Type C glenoids are
characterized as having retroversion greater than
25°, regardless of the extent of the erosion
(Fig. 6.14). This classification system has been
studied and validated as a reliable classification
system with the same interobserver reliability as
other orthopedic classifications [70, 86].
Seebauer et al. described another classifica-
tion system for the pathology of the glenoid that
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Fig.6.14 Walch
classification of glenoid
erosion in primary
glenohumeral arthritis
(Reprinted from Walch

et al. [96] with permission
from Elsevier)

often occurs with rotator cuff tear arthropathy
[95]. Type 1A cuff tear arthropathy has minimal
superior migration of the humeral head, so the
glenoid has minimal pathologic changes. Type
1B cuff tear arthropathy is characterized by mini-
mal superior migration of the humeral head with
medial and centralized glenoid erosion. Type 2A
cuff tear arthropathy is characterized by superior
translation of the humeral head with superior ero-
sion of the glenoid. Type 2B cuff tear arthropathy
is characterized by superior escape of the humeral
head through the CA arch restraints.

Glenoid dysplasia is another pathologic dis-
ease that causes significant deformity of the gle-
noid [89]. These glenoid deformities fall under
the category of a Walsh type C glenoid. The gle-
noids have decreased bone inferior and posterior,
and the coracoid is typically very prominent. The
posterior labrum can be hypertrophic. The
humeral head usually has some form of dysplasia
as well, and it is often subluxated posteriorly. As
the disease progresses, the joint becomes arthritic,
and this can occur at an early age.

Antuna et al. described a classification sys-
tem to describe the different types of glenoid
bone loss that typically occur after the removal
of a glenoid implant [4]. The first type of defect
is centralized, and it can be further character-
ized into mild, moderate, and severe. The sec-
ond type of defect is characterized by some
defect in the periphery of the glenoid or a defect
in the glenoid walls. This can also be further
characterized as mild, moderate, or severe. The
third type of defect is a combined central defect
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that extends out to the walls of the glenoid vault.
This can also be characterized as mild, moder-
ate, or severe (Fig. 6.15).

Glenoid Implant Options

The glenoid implant is difficult to design because
of the relatively small amount of bone available
for the implant. Glenoid implant loosening is the
most common complication of a total shoulder
arthroplasty, so the majority of the research done
to improve total shoulder arthroplasty has
focused on the biomechanics and design of the
glenoid implant. Earlier designs of the glenoid
implant were fixed to the bone with cement, and
this method continues to be the gold standard for
glenoid implant design. In an attempt to improve
the fixation strength of the implant, metal back-
ings were added to the implant to allow for
screw fixation into the glenoid and scapula.
Biomechanical studies on the initial fixation of
these designs showed great promise, but due to
the altered mechanics specific to metal-backed
glenoid implants of the total shoulder, these
early designs failed at a higher rate than the tra-
ditional cemented all-polyethylene designs. The
next generation of glenoid design included meth-
ods to incorporate bone ingrowth into the implant
in addition to cement in an effort to minimize the
use of cement in the hopes that the long-term
fixation could be improved. Several companies
have a slightly different hybrid method for
glenoid fixation. It is important to understand
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Fig.6.15 Classification of
bone deficiencies in the
glenoid after glenoid
component loosening and
osteolysis. Most
deficiencies are central or
combined (Reprinted from
Antuna et al. [4] with
permission from Elsevier)
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the differences in fixation among all the choices
on the market and how the fixation is studied in
the lab and in clinical studies.

Besides fixation design for glenoid implants,
there are other considerations to take into
account that may affect the long-term survival of
the glenoid implant. The radius of curvature of
the glenoid and its relationship to the humeral
head radius of curvature, also described as the
radial mismatch, can influence glenoid loosen-
ing during clinical follow-up. The alignment of
the glenoid in terms of the version and inclina-
tion of the implant has an impact on the fixation
of the implant and the forces that can potentially
lead to early loosening of the implant. Bone
quality is another factor that can affect the stabil-
ity of the glenoid implant, and the difference in
support that the subchondral bone can give com-
pared to the softer cancellous bone found more
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medial in the glenoid vault may play a big role in
the long-term stability of the glenoid implant.
This can be a complicated decision-making pro-
cess because the more a surgeon wants to correct
the alignment of the pathologic glenoid to maxi-
mize the biomechanical stresses on the glenoid
implant, the stronger the subchondral bone that
must be removed to correct that alignment. The
geometry of the backside of the glenoid implant
can also influence the stability and long-term
survival of the implant. Some implants have a
flat back, and others have a curved backside of
the implant. The radius of curvature of the back-
side of the implant can also play a role in both
the stability of the implant to resist early loosen-
ing, and it can influence the amount of bone
that is removed during the reaming process.
The closer the geometry of the backside of the
implant matches the geometry of the articular
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surface of the glenoid, the less bone that will
need to be removed during the surgery.

A final design consideration that can affect the
long-term survivorship of the glenoid implant is
the type of ultrahigh-molecular-weight polyethyl-
ene that is used for the material of the implant.
The amount of cross-links in the polyethylene can
change the biomechanical strength of the material
to resist shear forces and friction forces [100].

Biomechanics of Glenoid Implants

Glenoid component loosening is the most com-
mon complication of total shoulder arthroplasty,
so it is important to use laboratory testing of new
designs before they are used in a clinical setting.
Once a standard testing method is designed, then
the different designs of implants can be com-
pared and the effect of the individual factors can
be determined. Anglin et al. described a method
to test glenoid implants that is now the current
standard adopted by ASTM International [2].
Their method was based on the clinical descrip-
tions of glenoid implant failure by other investi-
gators who thought the major contributing factor
to glenoid loosening was off-center or eccentric
loading of the implant. Off-center loading of the
glenoid is caused by migration of the humeral
head in one direction, often caused by a rotator
cuff tear. Tears of the supraspinatus are the most
common and can result in superior migration of
the humeral head and eccentric loading of the
superior glenoid. The same effect can occur when
the subscapularis tendon is torn, which would
result in migration of the humeral head anteri-
orly. Soft tissue imbalance can be another cause,
which is often seen after instability surgery where
the anterior soft tissue is less compliant com-
pared to the posterior structures. Malposition of
the glenoid component with excessive superior
inclination can also contribute [54]. Bone defor-
mity and subluxation of the humeral head can
lead to an imbalance of the humeral head after a
total shoulder if the surgeon cannot balance the
humeral head with the appropriate releases and
implant selection. This can then lead to eccentric
loading of the posterior edge of the glenoid
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implant. The common term that is used to
describe this eccentric loading is the “rocking
horse” phenomenon, and it is the basis for testing
standard that Anglin et al. described.

A biaxial apparatus was made that allowed
constant compression of the humeral head into
the glenoid implant (Fig. 6.16). Then the glenoid
implant was moved until the center of the humeral
head was over the edge of the glenoid rim. The
direction of the glenoid movement was then
changed until the humeral head moved to the
other side of the glenoid rim. Multiple cycles
were performed to simulate the 25 high-load
activities a day such as lifting a briefcase or push-
ing on a chair to stand up over a 10-year period.
The displacement of the glenoid rim during and
after the cycles was measured to determine the
stability of the construct. The investigators used
this testing method to compare glenoid implants
with the following variables: (1) flat backed, (2)
curve backed, (3) keel, (4) two pegs, (5) four
pegs, (6) smooth or rough backed, and (7) con-
formity between the humeral head and glenoid
radius of curvature. The results showed less
micromotion for the rough-backed glenoids com-
pared to the smooth-backed glenoids due to less
debonding of the cement from the backside of the
implant. The curve-backed glenoids also had half
the micromotion compared to the flat-backed gle-
noids. The less conforming radius of curvature
had less micromotion compared to the implants
with a more conforming radius of curvature.

Glenoid Cementing

Cement is currently the most common fixation
method for a glenoid implant, and there have been
several studies on cementing technique to improve
the fixation and stability of the implant. Nyffeler
et al. conducted a study to determine the best gle-
noid implant design of the implant pegs [72]. They
used pullout tests rather than cyclical loading tests
described by Anglin et al. They found that the
threaded pegs had a higher pullout strength than
the notched pegs and that the smooth pegs had the
least resistance to pullout. The cement mantle
thickness around the pegs was also studied, and
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Fig. 6.16 Schematic of the biaxial testing apparatus. The
humeral head was compressed into the glenoid with 750 N,
then vertically translated inferiorly and superiorly to 90 %
of the predetermined subluxation distance to mimic the

they found that a mantle of 0.6 mm showed a sig-
nificantly higher pullout strength than a cement
mantle of 0.1 mm. Furthermore, a cement mantle
of 0.1 mm usually resulted in a nonuniform thick-
ness around each peg.

As mentioned above, Anglin et al. studied the
effect of the backside geometry of the glenoid
and found that a smooth-backed glenoid would
quickly debond from the cement after only one
cycle of loading. Nyffeler et al. studied the effect
of cementing technique on the fixation of pegged
glenoid implants [74]. One implant was fixed in
cadavers using a syringe to inject cement into the
peg holes, and cement was covered on the back-
side of the implant before it was implanted.
Another set of cadavers was prepared by packing
the cement with a finger into the peg holes.
Cement was not placed on the backside of the
implants. Micro-CT scans were taken to evaluate
the cement mantle and the implant support by
either bone or cement. The results showed a more
uniform cement mantle around all the pegs when
a syringe was used to fill the peg holes. The back-
sides of the implants were better supported with
cement when the backside of the implant was
covered with cement prior to implantation. More
importantly, the glenoid implants were not uni-
formly supported by bone or cement, and some
specimens had residual cartilage under the
implant. This suggests that in vivo preparation of
the glenoid, with the limits of surgical exposure,
surgeon variability, and variability of the reamers
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rocking-horse phenomenon. The corresponding compres-
sion and distraction displacements of the glenoid were
measured before and after 100,000 cycles (Reprinted from
Anglin et al. [2] with permission from Elsevier)

used to prepare the glenoid, will result in an
imperfect surface between the implant and the
bone. Cement can fill those imperfections and
support the glenoid, but there is a risk that the
thin cement mantle could fragment.

In order to determine the quality of the cement
technique used during surgery, and to determine
whether the glenoid implant fixed with cement
was loosening over time, a classification system
was developed to evaluate the cement on postop-
erative x-rays [30]. Franklin et al. evaluated seven
cases of total shoulder arthroplasty with irrepa-
rable rotator cuff tears and compared the x-rays
to a control group of total shoulder replacements
that did not have a rotator cuff tear. They
described a tipping of the glenoid implant superi-
orly in the group of patients with a rotator cuff
tear that was not seen in the control group. They
described a radiographic grading system that was
further modified by Lazarus et al. in a study that
included 493 total shoulder replacements [63].
The grading system had two parts. The first part
graded the radiolucency around the pegs of the
glenoid implant, and the second part graded the
completeness of glenoid component seating on
the glenoid bone. They found radiolucencies
about the glenoid component on initial radio-
graphs in 308 of the 328 shoulders. They also
found incomplete seating in a large number of
shoulders, with incomplete posterior seating being
the most common pattern (Tables 6.3 and 6.4).
Other classification systems have been used as
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Table 6.3 Lazarus grading scale for radiolucencies
around a pegged glenoid implant

Grade | Description

0 No radiolucency
1 Incomplete radiolucency around one or two pegs
2 Complete radiolucency around one peg only,

with or without incomplete radiolucency
around one other peg

3 Complete radiolucency less than 2 mm wide
around two or more pegs

4 Complete radiolucency more than 2 mm wide
around two or more pegs

5 Gross loosening

Table 6.4 Grading scale for completeness of glenoid
component seating

Grade | Description

A Complete implant seating

B <25 % incomplete contact, one x-ray
C 25-50 % incomplete contact, one x-ray
D <50 % incomplete contact, two x-rays
E >50 % incomplete contact, one x-ray

well [8, 15, 34, 102]. The clinical findings were
further validated in a finite element analysis [46].
Malalignment of the glenoid component in the
superior inferior plane provided the worst con-
figuration for cement mantle stresses, and the
quality of the supporting bone significantly
affected the survivability of the cement mantle.
Klepps et al. studied the effect of using a
syringe to deliver cement along with mechanical
compression of the cement prior to seating of the
implant, and they found similar improvements
compared to manual finger packing of cement
into the peg holes [56]. Barwood et al. studied the
effect of cement pressurization and radiolucent
lines on early postoperative radiographs [6]. The
authors used a mechanical compression device to
compress the cement into the peg holes, and this
resulted in 90 % of the glenoid implants having
zero radiolucencies around the pegs. Choi et al.
compared the early postoperative radiographs of
glenoid implants that were placed with two dif-
ferent cementing techniques [18]. The first series
of implants were cemented with finger packing
of the peg holes. The second series of glenoid
implants were cemented using a syringe to fill the
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peg holes, followed by an impaction tool to com-
press the cement in the holes, followed by finger
packing of doughy cement in the peg holes before
the implant was put in place. No cement was
placed on the backside of the implant. The radio-
lucent line score was greater than 1 in 45 % of the
unpressurized group compared to 19% in the
pressurized group.

In an effort to improve the preparation of the
glenoid peg holes for the glenoid implant,
Edwards et al. evaluated three different drying
techniques of the peg holes prior to insertion of
the cement [27]. Twenty-one patients had the peg
holes soaked in thrombin, 24 patients had the peg
holes dried with compressed carbon dioxide, and
26 patients had the peg holes washed with saline
and dried with sponges. The postoperative x-rays
were compared among the three groups, and
there was no statistical difference found. Forty-
one percent of all the glenoids had radiolucency
in at least one zone.

Another technique that has been described to
improve the cementing technique for the glenoid
was originally described for the implantation of
stemmed components into the femur. Gross et al.
studied the effect of creating a weep hole in the
glenoid to allow excess air between the cement
and the bone to escape and to allow application of
suction to the glenoid vault to pull the cement
into the vault [35]. The authors used postopera-
tive x-rays to determine that the amount of
cement around the pegs and the keel inside the
vault was significantly larger than the glenoid
implanted without the weep hole.

Peg vs. Keel

Biomechanical studies have been done in the lab
to determine whether pegged or keeled glenoid
implants conferred better stability to the implant.
Wirth et al. implanted keeled and pegged glenoid
implants into dogs and then tested the resistance
to axial pullout of the implants after 0, 3, and
6 months [101]. The keeled implant had less
resistance to pullout stress than the pegged
implants. The radiographic and histologic exami-
nation showed partial or complete radiolucent
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lines around the keel in each dog, which corre-
lated with the mechanical testing results.

Lacroix et al. studied the failure of fixation of
keeled and pegged glenoid components using
finite element analysis [61]. They implanted a
keeled component and a pegged component into
cadaver bone using cement. The stresses around
the cement were calculated, and they found that
pegged implants had less failure when normal
bone was used. When the bone was modified to
mimic the structure of a patient with rheumatoid
arthritis, the keeled implant had less failure of the
cement mantle.

Multiple clinical studies have been done to
determine the effect of the keel and peg design
of the glenoid component. Gartsman et al. ran-
domized 23 patients to receive a keeled glenoid
component and 20 patients to receive a pegged
glenoid component [34]. Postoperative radio-
graphs were obtained at 6 weeks from the sur-
gery, and radiographic lucency around the
implant was measured. The pegged implants
had a mean radiolucency score of 0.5, and the
keeled implants had a mean radiolucency score
of 1.4. Thirty-nine percent of the keeled compo-
nents had a radiolucency score greater than 2,
while only 5 % of the pegged components had a
radiolucency score above 2.

Edwards et al. compared the results of pegged
and keeled implants in a randomized study [26].
Fifty-three patients were randomized to each
group, and the radiographs during the immedi-
ate postoperative period and at an average of
26 months after surgery were compared. The
radiolucencies during the immediate postopera-
tive period were 15 % in the keeled group com-
pared to 0% in the pegged group. After an
average of 26 months, 46 % of the keeled
implants had radiolucencies compared to 15 %
in the pegged implant group. The strengths of
this study included the fact that it was random-
ized so the selection bias, often attributed to the
use of keel implants for the most challenging
cases, was controlled. The same modern cement-
ing techniques were used in both groups.

Lazarus et al. reviewed 328 postoperative
shoulder radiographs and found a statistical trend
toward a better result for pegged glenoid implants
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[63]. When the 0-5 scale was used, the keeled
components were more likely to have a grade of 2
or greater when compared to the pegged implants.

Nuttall et al. used a different approach to
measuring loosening of the glenoid component
[71]. Rather than using radiolucency scores like
other studies in the past, the group measured the
micromotion of the implants over time using
radiostereometric analysis. Beads were placed in
five different locations around the scapula dur-
ing surgery, and four beads were embedded into
the keeled and pegged glenoid components.
Stereoradiographs were obtained at multiple
time points for the first 2 years after surgery. The
highest maximum total point movement was
2.57 mm for the keeled components and 1.64 mm
for the pegged components. All the components
rotated into anteversion, 4.5° for the keeled com-
ponents and 2.3° for the pegged components.

In contrast, Rahme et al. studied the stability of
pegged and keeled glenoid components using
radiostereometric analysis in 28 patients [81].
After 2-year follow-up, the authors did not find a
difference in motion between the pegged and
keeled glenoid components.

A more recent meta-analysis by Vavken et al.
reviewed eight studies with a total of 1,460
patients that underwent total shoulder replace-
ment with pegged and keeled components [94].
They found no significant difference in the risk of
any radiolucency (risk ratio, 0.42; 95 % CI, 0.12—
1.42) or in the risk of severe radiolucency (risk
ratio, 0.65; 95 % CI, 0.23—1.82). The risk of revi-
sion was 0.27 (95 % CI, 0.08-0.88) in favor of
pegged components (p=0.028).

Radial Mismatch

The radii of the humeral head and the glenoid are
not the same in the normal shoulder, and this
radial mismatch has important effects on the bio-
mechanics of the glenoid component in total
shoulder arthroplasty. There is more conformity
in the superior-inferior direction compared to the
anterior-posterior direction in the normal shoul-
der [67]. When the mismatch between the humeral
head and the glenoid component is low, there is
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more conformity of the articular surface. This
conformity makes the joint more stable, but it also
increases the stress applied to the glenoid compo-
nent during normal shoulder joint motion. Anglin
et al. compared the displacement of a glenoid with
radial mismatch of 1.77 mm to a glenoid with a
mismatch of 5 mm and found that the displace-
ment was half as much in the 5 mm mismatch
group [3]. When the mismatch is higher, the stress
over the entire glenoid is less during shoulder
motion, but the point contact stress is higher. This
point contact stress can impact the structure of the
glenoid component and leads to earlier mechani-
cal wear of the polyurethane. When the mismatch
becomes too high, the humeral head can translate
to the edge of the glenoid component and increase
the risk of eccentric loading of the implant, a phe-
nomenon described as the rocking horse effect by
Franklin et al. [30].

Many implant designs incorporate a radial
mismatch into the system in order to mimic the
normal glenohumeral joint mechanics, and the
amount of mismatch has been studied in both
clinical and biomechanical studies. One of the
most important studies that has been published
on this topic was done by Walch et al. who evalu-
ated the results of 319 total shoulder arthroplas-
ties [97]. They divided the patients into four
groups based on the amount of radial mismatch:
(1) <4 mm, (2) 4.5-5.5 mm, (3) 67 mm, and (4)
>7 mm. They evaluated the radiographs of these
patients postoperatively at a mean follow-up of
54 months, and they found a linear relationship
between the amount of radiolucencies around the
implants and the amount of radial mismatch. The
authors recommended that the amount of radial
mismatch should be between 6 and 7 mm to
obtain optimal results.

Radial mismatch is also another way to
describe joint congruity. The more mismatch
between the humeral and glenoid radius of curva-
ture, the less congruity of the system. This is dif-
ferent than joint constraint, which is determined
by the wall height of the glenoid component. One
negative effect of increasing the radial mismatch
is the potential for joint instability. Karduna et al.
evaluated the effect of articular surface confor-
mity on glenohumeral joint stability [53]. They
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controlled the effect of constraint by using the
same glenoid component for each experiment,
and they used different humeral head sizes to test
the effect of varying conformity or radial mis-
match of the system. The authors found that vari-
ations in joint conformity only accounted for 3 %
of the force needed to dislocate the joint. In other
words, increasing radial mismatch did not lead to
increased risk of dislocation as long as the con-
straint or wall height of the glenoid implant is
unchanged.

In order to better define the amount of radial
mismatch that will minimize micromotion of the
glenoid component, Sabesan et al. tested multiple
size configurations of a cemented pegged all-
polyethylene glenoid component [85]. The gle-
noids were loaded cyclically using the ASTM
standard testing configuration described earlier,
and the micromotion of the glenoids was measured.
The micromotions of the implants with a radial
mismatch of +2, +6, and +10 were not statistically
different. The implants with a +14 and +18 mm
mismatch could not complete the 50,000 cycles
because of catastrophic failure. These results sug-
gest that radial mismatch should be 10 mm or less.

Metal-Backed Glenoids

In an effort to improve the fixation of the all-
polyethylene glenoid component, engineers
developed polyethylene components that were
fixed to the glenoid with some form of metal
backing [80]. Earlier designs incorporated a
metal platform that was secured to the glenoid
with screws. This often resulted in an implant
that was thicker than the all-polyethylene compo-
nents, which had the potential to lateralize the
joint line. Lateralization of the joint line can
result in overstuffing of the joint, which in turn
will alter the mechanics of the rotator cuff and
lead to weakness or loss of shoulder motion. The
lateralization can also increase the joint reactive
forces that contribute to edge loading of the gle-
noid component, leading to wear of the polyeth-
ylene or premature loosening [78].

The material properties of the titanium metal,
which is often used, have a different stiffness
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than the bone or the polyethylene. The Young’s
modulus of titanium is >100 GPa, while the
Young’s modulus of bone is <10 GPa, and even
lower is the Young’s modulus of polyethylene
<1 GPa. The differences in stiffness at the inter-
faces among the materials can lead to increased
motion and wear of the softer polyethylene. The
higher stiffness of the metal can also lead to stress
shielding of portions of the glenoid bone, which
risks loss of critical bone support that can already
be small.

One of the first biomechanical studies that
evaluated the stresses around a glenoid implant
was done by Orr et al. [76]. The authors per-
formed a two-dimensional finite element analysis
to determine how a metal-backed glenoid compo-
nent would change the stresses on the native gle-
noid compared to its normal state. The authors
found that a metal implant similar to the Neer II
system decreased the subchondral stresses,
which explain why a metal-backed glenoid
implant could cause osteolysis behind the implant.
Another finite element analysis by Friedman et al.
showed that an all-polyethylene component
provides more physiologic stress distributions
under nonaxial loading compared to metal-
backed implants [32]. Stone et al. used the above
data and performed an analysis using an all-
polyethylene component and metal-backed com-
ponent from the Cofield Total Shoulder System
(Smith Nephew Richards, Inc, Memphis, Tenn).
Using a two-dimensional finite element analysis,
the authors found that the metal-backed implants
reduced the subchondral bone stress, and this was
more pronounced during eccentric loading [92].

Further biomechanical studies have shown
that metal-backed glenoid implants have more
stress concentration between the transition zone
of the polyethylene and the metal [36]. They also
show less stress at the metal-bone interface,
which can explain the stress shielding and early
failures seen in clinical follow-up studies [62].

Porous tantalum backing of the glenoid com-
ponent was investigated by Andreykiv et al. [1].
Finite element models were used to determine the
effect of porous tantalum on initial fixation, elas-
tic properties of the implant, and friction at the
bone-implant interface. The authors found that
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the major role of the tantalum backing was not to
firmly fix the prosthesis but, instead, to distribute
the load across the entire area of the bone-implant
interface, which will limit the micromotion and
allow for optimal bone ingrowth.

Zimmer, Inc. introduced a porous tantalum-
backed glenoid component, and the initial fixation
of the implant was compared to an all-polyethyl-
ene glenoid component by Budge et al. [12]. The
tantalum implant was fixed to polyurethane bone
substitute with a press-fit technique, PMMA
cement, or calcium phosphate cement. The
implants were loaded with the ASTM testing pro-
tocol, and glenoid distraction, compression, and
translation were measured. The all-polyethylene
implant fixed with cement demonstrated the least
amount of micromotion, followed by the tantalum
implant fixed with polymethyl methacrylate
cement. A 2-year clinical follow-up study of tan-
talum-backed glenoid components was presented
by the same research group, and they found a sur-
prising number of early failures due to cata-
strophic dissociation between the polyethylene
and tantalum keel [14].

Posterior Glenoid Bone Loss

One of the most challenging glenoid deformities
to treat during total shoulder replacement is pos-
terior glenoid bone loss that is often seen with
Walch type B2 or C glenoids. Clinical studies
have shown worse results for total shoulder
arthroplasty in patients with posterior glenoid
bone loss [51, 64]. The options to treat these
types of glenoids include correction of retrover-
sion of the glenoid by reaming the “high side” of
the anterior glenoid bone, implantation of the
glenoid component in retroversion, implantation
of an augmented glenoid component, correction
of the posterior bone loss with bone graft, hemi-
arthroplasty, or reverse total shoulder arthro-
plasty [47, 91]. Reaming the high side of the
glenoid to correct the retroversion of the glenoid
is the most commonly used technique to correct
glenoid version, but it can lead to medialization
of the joint line and perforation of the implant
pegs [20, 69, 84]. This technique can also take
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away the strong subchondral bone anteriorly,
which may compromise the long-term fixation
of the glenoid component. Medialization of the
joint line or incomplete correction of the retro-
version can also lead to posterior instability of
the humeral head or early loosening of the gle-
noid component [42, 44]. When the posterior
bone loss is severe, reaming of the glenoid with
any technique may still leave a significant por-
tion of the glenoid unsupported by bone. Reports
of bone grafting the posterior glenoid showed
some promise, but there are complications asso-
ciated with the technique including early loosen-
ing of the glenoid implant and broken hardware
[57, 83].

Augmentation of the posterior glenoid implant
is another method used to treat glenoids with pos-
terior bone loss. The glenoid component can be
augmented with different types of geometry on
the backside of the implant. The Depuy Step
Tech implant uses a dual curved back design
where the posterior and anterior portions of the
implant have the same curved geometry at two
different heights with a step in the middle. This
requires removal of bone from the posterior and
central portions of the glenoid, but this allows for
better biomechanical resistance to micromotion
compared to other backside geometries [50]. The
Exactech posterior glenoid augment design has a
curved backside with one curve designed to
match the retroversion of the glenoid. The pegs
are perpendicular to the articular surface, which
is angled in relation to the backside of the glenoid
so that the articular surface is aligned with the
neutral version of the scapula. The benefit of this
design is that it requires less bone removal, so it
preserves the strong subchondral bone layer that
may play an important role in the long-term sur-
vival of the implant [58]. The geometry of the
backside of the implant may, however, lead to
early loosening because it does not resist micro-
motion as well as other designs. Future designs
will likely have even more variation in the design
and geometry that impacts fixation and long-term
survivorship. Hopefully, the results of biome-
chanical studies and clinical outcome studies can
help surgeons make the best choice for each indi-
vidual patient.
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Bryce et al. studied the effect of posterior
glenoid bone loss on humeral head translation
[11]. They used eight cadaver scapulae and
removed the posterior glenoid bone in 5° incre-
ments. The humeral head was loaded onto the
glenoid in various positions, and the amount of
humeral head translation was measured. They
found that the humeral head translated posteri-
orly to a significant degree after 20° of posterior
bone was removed when the humeral head was
in neutral rotation. They also found that as little
as 5° of posterior bone loss resulted in signifi-
cant posterior humeral head translation when
the humerus was in forward flexion. Five
degrees of posterior bone loss equated to 2.5° of
retroversion in this study.

Nyffeler et al. used a cadaver model to deter-
mine the effects of glenoid version on humeral
head instability and glenoid component loosening
[75]. They implanted a total shoulder into cadaver
specimens and altered the glenoid component ver-
sion in steps of 4°. The shoulders were loaded
with physiologic loads, and the translation of the
humeral head and the loads across the glenoid
component were measured. They found that any
retroversion of the glenoid component led to pos-
terior translation of the humeral head and that
small degrees of retroversion resulted in eccentric
loading of the glenoid component that could result
in early loosening. Furthermore, anteversion of
the humeral head did not compensate for retrover-
sion of the glenoid component.

To determine the risks of loosening of the gle-
noid component when it is implanted in retrover-
sion, Farron et al. used a finite element model
[28]. A keeled glenoid component was implanted
into a normal glenoid in neutral version and 4
other positions of retroversion, 5°, 10°, 15°, and
20°. The model used a 1 mm layer of cement
around the implant. Glenoid retroversion of 20°
increased the peak cement stress by 326 % at the
posterior part of the cement mantle. In the neutral
position, the cement loads were evenly distrib-
uted around the keel and glenoid back.
Micromotion increased with retroversion above
5°, and the maximal micromotion was +706 %.
The stress of the glenoid bone was also increased
+162 % when the implant was retroverted to 20°,
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and this stress was localized at the posterior aspect
of the glenoid.

Youngpravat et al. performed an elegant study
that takes into account both the subchondral bone
density and the orientation of the glenoid compo-
nent in the case of posterior glenoid bone loss. The
investigators used a homogenous bone model as
well as a model with cortical and cancellous bone.
The glenoid component was implanted with com-
plete correction, partial correction, and partial
component backside bone support. In the homoge-
neous bone model, complete correction with ream-
ing of the high side bone resulted in the strongest
configuration. Implantation of the glenoid com-
ponent in retroversion without correction had the

Full Correction
Full Contact (FCFC)

Partial Correction
Partial Contact (PCPC)

Fig. 6.17 Total shoulder arthroplasty scenarios are shown
for study group 2 (heterogeneous scapula): (a) full correc-
tion, full contact (FCFC); (b) full correction, partial contact
(FCPC); (c) partial correction, partial contact (PCPC); (d)
no correction, full contact (NCFC). The blue, red, white,

highest risk of failure. In the heterogeneous bone
model, complete correction of the retroversion by
reaming the high side of the anterior glenoid had
the highest risk of failure [103] (Fig. 6.17).

Kirane et al. evaluated the biomechanical
characteristics of an all-polyethylene and tita-
nium step used to augment a polyethylene gle-
noid component in cadaver specimens [55]. The
investigators created a posterior defect in the gle-
noid and implanted a pegged all-polyethylene
implant augmented with either a polyethylene
augment or a titanium augment. The control
group for the experiment was a normal glenoid
implant used in a normal glenoid without a pos-
terior defect. Loads were applied through the

FuI'I Cbrrection
Partial Contact (FCPC)

No Correction

Full Contact (NCFC)

and orange indicate, respectively, implant, cement, cortical
bone, and trabecular bone. Note the occurrence of glenoid
decortication, particularly in the FCFC scenario, when cor-
recting significant bony pathology (Reprinted from
Yongpravat et al. [103] with permission from Elsevier)
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rotator cuff muscles to simulate the force gener-
ated when a patient pushes his/her body weight
away from a wall. The peri-glenoid strains
recorded during the experiments were similar for
the controls and the polyethylene augmented gle-
noid. The peri-glenoid strains were higher in the
group augmented by the titanium augment.

Wang et al. compared the initial stability of
standard all-polyethylene component that was
prepared with eccentric reaming to correct retro-
version to neutral with the initial stability of a
posterior augmented all-polyethylene component
with an 8° angle-backed posterior augment [99].
Cyclic loading was applied to all specimens
according to the ASTM standard F2028-08 with
100,000 cycles. Superior and edge displacements
were recorded during the loading protocol. Three
of the six specimens in the posterior augmented
group did not survive the loading protocol of the
experiment, while five of the six implants in the
eccentric anterior reaming group did survive the
loading protocol. These data suggest that an
angled-back geometry may not resist shear stress
as well as the standard glenoid implant.

Tannotti et al. tested the biomechanical charac-
teristics of four different glenoid designs with
posterior augmentation with one non-augmented
glenoid design [50]. The glenoids studied included
the following types: (1) spherical asymmetric
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glenoid, (2) spherical symmetric glenoid, (3)
flat angled glenoid, (4) stepped glenoid, and (5)
standard symmetrical curved back glenoid.
These glenoids all had the same central peg
design (Fig. 6.18). The glenoid components were
implanted into foam bone and cyclically loaded
according to the ASTM standard protocol, and the
micromotion of the anterior edge of the implant
was measured. In the group that used cement for
the peripheral pegs, after 100,000 cycles, the stan-
dard glenoid lift off was 34 +0 p, the step tech was
87+66 p, the flat angled was 334+179 p, the
spherical symmetric was 294+174 p, and the
spherical asymmetric implant was 31023 p.
When the spherical symmetric design was com-
pared to the step tech, there was a statistical dif-
ference at the initial loading of the implant, but
there was not a statistically significant difference
after 100,000 cycles.

Reverse Baseplate Fixation

Since the initial use of the reverse total shoulder,
the glenoid component fixation has been a com-
mon reason for early implant failure. The first
generation of reverse total shoulder designs used
a lateralized center of rotation for the glenoid
side of the implant. Modifications of the design

& gdlE

Fig. 6.18 Cross sections of five glenoid designs: (a)
spherical asymmetric glenoid, (b) spherical symmetric
glenoid, (c) flat angled glenoid, (d) stepped glenoid, and

?:s l ' ?;‘?
R %—L

(e) Anchor Peg Glenoid (Reprinted from Iannotti et al.
[50] with permission from Elsevier)
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that medialized the center of rotation of the
implant decreased the stresses of the glenoid
baseplate and resulted in less loosening and less
early failure [9]. New designs that allow for
larger screws, locking screws, and variable screw
angle insertion have improved the initial fixation
of the glenoid baseplate as well. As the implant
fixation methods have improved, implant design-
ers have changed the center of rotation of the
reverse constructs to more lateralized designs to
help minimize the complications that occur with
medialization. Some authors have described less
scapular notching when the center of rotation is
lateralized because the medial calcar of the
humeral implant is less likely to impinge on the
scapula [5, 59, 82, 88]. Other biomechanical con-
siderations have improved the surgical technique
used to insert the baseplate, and these have been
tested in biomechanical studies. Some modifica-
tions that are more difficult to test in the lab
include bone ingrowth technology. These bio-
logic solutions cannot be simulated with our cur-
rent biomechanical experiments, so we must rely
on long-term clinical follow-up before knowing
how well these factors affect the stability of the
glenoid baseplates.

Some of the earlier biomechanical studies
focused on the effect of the screws used to fix the
glenoid baseplate. Chebli et al. used a sawbone
model to fix a glenoid baseplate with multiple
variations in screw configurations [16]. The
authors found that the inferior screw was the
most important because fixation strength was
35 % weaker when that screw was omitted. The
strength of the fixation was 16 % weaker if the
superior screw was omitted. Harmen et al. com-
pared the fixation of the Encore reverse base-
plate fixation, which uses 4 locking screws and a
central non-locking screw with a flat baseplate to
the Depuy Delta III baseplate fixation, which
uses two locking screws and two non-locking
screws to fix a flat baseplate with a central peg
[39]. The Encore design used a lateralized center
of rotation which exerts a 69 % higher load onto
the baseplate compared to the Delta III design
that has a more medialized center of rotation.
The micromotion of both designs was below
the threshold of 150 p that is required to obtain
bone ingrowth into the implants. If the Encore
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baseplate was fixed with non-locking screws, the
micromotion was above the 150 p threshold.

The number of screws used to fix the glenoid
has also become a question for debate as different
designs use multiple screw configurations. All
designs incorporate at a minimum a superior and
inferior screw, which are commonly locked to the
plate. Many designs also include a screw that can
be fixed in the center of the glenoid baseplate that
engages the cortical bone in the middle column
of the scapula. Other designs allow for an ante-
rior and posterior screw to be placed, but the bone
can be thin and soft in these positions after the
glenoid has been reamed, especially in smaller
women. When the posterior screw engages both
the glenoid cortex and the cortex of the scapular
spine, the stability of the glenoid implant has
been shown to improve significantly by two sepa-
rate studies [23, 45]. The problem with using this
type of configuration is that the screw can poten-
tially injure the suprascapular nerve as it courses
around the base of the scapular spine [40, 68, 98].
James et al. studied the effect of using two lock-
ing screws alone compared to two locking screws
in addition to two non-locking screws in the ante-
rior and posterior positions. They did not find any
difference between the micromotion of the gle-
noid baseplate in their cadaver model [52].

It is often difficult to apply the results of one
biomechanical study that uses a specific implant
to another implant that may have other important
design characteristics that influence initial fixa-
tion of the implant. These design differences
include backside geometry such as flat-backed
or curve-backed designs. Curved-backed designs
have been showed to improve initial stability in
biomechanical testing, but they have the disad-
vantage of removing more cortical bone on the
inferior glenoid due to the more inferior posi-
tioning of the implant compared to an anatomic
implant [52]. This inferior placement is done to
avoid notching of the scapula by the medial cal-
car of the humeral implant. The inclination of
the glenoid implant also plays a critical role in
the initial fixation of the implant and the likeli-
hood of causing of scapular notching. Some
authors have shown that inferior tilt of the gleno-
sphere improves the mechanics of the implant and
decreases the micromotion in sawbone models
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Most Desirable Acceptable Least Desirable
Scenario Scenario Scenario
Concentric
Lateral
Eccentric
Inferior
Eccentric

No Rocking

Fig. 6.19 This is an illustration of the effect of different
forces at the baseplate-bone interface. Each glenosphere
configuration (concentric, lateral eccentric, and inferior
eccentric) can be placed in differing tilts to produce more
even forces at the baseplate-bone interface. These forces
are optimum for concentric and lateral eccentric gleno-

[38]. In an effort to minimize notching that was
often seen with medialized glenoid designs, the
glenosphere was changed to allow for inferior
eccentric placement of the glenosphere on the

Some Rocking

Most Rocking

spheres when placed in inferior tilt, while for inferior
eccentric glenospheres, the optimal tilt is neutral; this
placement will cause the least amount of rocking. The
other tilts lead to more uneven forces at the baseplate-
bone junction and hence, increased rocking (Reprinted
from Gutierrez et al. [38] with permission from Elsevier)

baseplate. This allows the humeral component to
be pushed more inferior and allows for more
clearance before the humerus could impinge
on the scapula. The biomechanical effect of this
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Fig. 6.20 Examples of the baseplate coverage experi-
mental groups, demonstrating 25 % coverage, 50 % cover-
age, and 75 % coverage of the undersurface of the glenoid

design compared to the medialized concentric
design and a lateralized design was studied by
Gutierrez et al. They found better mechanics and
less rocking horse potential when the concentric
and lateralized design was placed with inferior
tilt, but the eccentric design had the best biome-
chanical stability when it was placed without any
tilt [37] (Fig. 6.19).

Bone loss can affect the stability of the reverse
glenoid baseplate, and this is more commonly
seen in difficult revision cases where the reverse

baseplate (100% coverage not shown) (Reprinted from
Formaini et al. [29] with permission from Elsevier)

total shoulder is used. Surgeons are also con-
fronted with an intraoperative decision when
reaming the glenoid with inferior tilt, a method
shown to improve the stability of the implant.
The surgeon often has to ream away good bone
medially in order to achieve complete backside
bone coverage of the baseplate. Should the sur-
geon stop reaming and implant the baseplate
with 75 % or 50 % coverage, or continue to ream
medially in order to obtain 100 % bone coverage
of the baseplate? Formaini et al. tried to answer
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this question, and they examined the effect of dif-
ferent levels of bone loss on the initial stability of
the Encore reverse glenoid baseplate in a foam
block model [29]. They found that the micromo-
tion of the baseplate was above the 150 p thresh-
old needed for bone ingrowth, but that 50 %,
75 %, and normal glenoid bone conditions did not
show any significant difference in micromotion
(Fig. 6.20).

Summary

In summary, glenoid version can be accurately
measured with axillary radiographs taken with
good technique. CT scans can help get better ver-
sion measurements in cases of glenoid deformity,
and the method of image acquisition can affect the
version measurements by 10° if not done properly.
The shape of the glenoid vault can be used to pre-
dict the version of a glenoid before it was deformed
with pathology. Glenoid retroversion is increased
in patients with arthritis compared to patients with-
out pathology of the glenohumeral joint. Stability
of glenoid implants is improved when the implant
is completely supported by subchondral bone, and
the version of the implant is not retroverted.
Glenoid cement should be applied with pressuriza-
tion, and metal-backed glenoids used in anatomic
total shoulders have shown a higher revision rate
than polyethylene glenoids in multiple studies.
Metal baseplates used in reverse total shoulders
depend on a minimum of one screw in the inferior
column, which provides the most resistance to
micromotion, and one screw in the superior col-
umn of the scapula. The reverse total shoulder
baseplate should not be implanted with any supe-
rior inclination, and at least 50 % of the backside of
the implant should be supported by the bone.
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