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Abstract

Shoulder arthroplasty is performed with increasing frequency, and osteoarthritis is the most common indication for this proce-
dure. However, the glenoid side of the joint is widely recognized as a limiting factor in the long-term durability of shoulder
replacement, and osteoarthritis leads to characteristic bony changes at the glenoid which can exacerbate this challenge by
reducing the already limited glenoid bone stock, by altering biomechanics, and by interfering with operative exposure. This
article reviews the Walch classification system for glenoid morphology. Several typical findings of osteoarthritis at the glenoid
are discussed including central bone loss, posterior bone loss, retroversion, biconcavity, inclination, osteophyte formation,
subchondral bone quality, and bone density. The three primary types of shoulder arthroplasty are reviewed, along with several
techniques for addressing glenoid deformity, including eccentric reaming, bone grafting, and the use of augmented glenoid
components. Ultimately, a primary objective at shoulder arthroplasty is to correct glenoid deformity while preserving bone stock,
which depends critically on characterizing the glenoid at pre-operative imaging. Understanding the surgical techniques and the
implications of glenoid morphology on surgical decision-making enables the radiologist to provide the morphologic information
needed by the surgeon.
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Introduction

The number of shoulder arthroplasties performed in the United
States over the past decade has sharply increased with one
nationwide study reporting a 24% increase from 2011-2014
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alone [1]. Although there are many indications for shoulder
replacement surgery, osteoarthritis is the most common [2].
The glenoid side of the joint is widely recognized as a limiting
factor for the long-term durability of shoulder replacement, due
to the risk of glenoid component malpositioning and early loos-
ening [3—7]. Glenohumeral osteoarthritis is associated with sev-
eral characteristic bony changes occurring at the glenoid which
can exacerbate this challenge, by reducing the limited bone
stock, by altering the biomechanics of glenohumeral articula-
tion, and by interfering with operative exposure of the glenoid.
Consequently, surgical planning depends critically on charac-
terizing glenoid bony morphology at pre-operative imaging.
This article reviews key morphologic changes of osteoarthritis
at the glenoid, explains the critical role of glenoid bone stock in
arthroplasty durability, and describes the range of surgical tech-
niques used to manage glenoid deformity, in order to inform the
image interpretation process.
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Types of shoulder arthroplasty

Anatomic total shoulder arthroplasty (TSA) is the most com-
mon type of shoulder arthroplasty performed for osteoarthritis
[1]. Most anatomic TSA glenoid components in use today are
composed entirely of polyethylene, except for a radiopaque
marker which is often present (Fig. 1a). Glenoid component
loosening is widely recognized as a primary limiting factor in
the long-term durability of anatomic TSA. A variety of
glenoid component designs have been introduced to minimize
loosening. Components with threaded pegs (i.e., pegged com-
ponents) have demonstrated a lower rate of radiographic loos-
ening (as evidenced by periprosthetic lucency) when com-
pared to keeled components, which instead have a central
wedge attached to the articulating polyethylene liner [3]. Of
note, metal-backed glenoid components have been shown to
contribute to higher revision rates for reasons other than loos-
ening, such as screw breakage and component separation due
to accelerated wear of the polyethylene portion [8].

Reverse TSA has grown rapidly in popularity over the
past decade. The original indication was for rotator cuff tear
arthropathy involving a massive irreparable cuff tear with
glenohumeral arthritis. As experience with reverse TSA has
grown and the complication rate has decreased, these indi-
cations have gradually expanded to now include: older pa-
tients with massive irreparable rotator cuff tears even in the
absence of arthritis, reconstruction after tumor resection,
acute proximal humerus fractures, and osteoarthritis with
an intact rotator cuff but significant glenoid bone loss.
The glenoid portion of reverse TSA consists of two parts.
The metaglene, or baseplate, is affixed to the native glenoid
by threaded screws and a long central peg or screw, and the

glenosphere (attached to the metaglene) provides the con-
vex articulating surface (Fig. 1b).

Hemiarthroplasty (HA) is the least commonly performed
shoulder arthroplasty for glenohumeral osteoarthritis and does
not utilize a glenoid component (Fig. 1c). In HA, a humeral
component resurfaces or replaces the humeral head, and artic-
ulates directly with the native glenoid. By avoiding the use of
a glenoid component, HA does not suffer from glenoid com-
ponent loosening. However, glenoid derangements of osteo-
arthritis are not corrected in HA, thus preventing the restora-
tion of normal biomechanics or relief of pain generated from
the glenoid side. While a further refinement (i.e., HA with
non-prosthetic glenoid arthroplasty, also referred to as the
“ream-and-run” variant of HA) has been used, this procedure
may require prolonged post-operative rehabilitation. There is
also a risk of progressive erosive bone loss of the glenoid from
the metal-on-bone articulation. Ultimately, in osteoarthritis,
HA is associated with less pain relief, poorer functional out-
come, and higher rates of revision surgery when compared to
total shoulder arthroplasty [9, 10]. However, in the setting of
cuff tear arthropathy (CTA), if a patient is deemed not to be a
candidate for reverse TSA, CTA hemiarthroplasty may be an
option. This utilizes a specialized humeral component which
has a larger articular surface than the anatomic humeral head,
to allow for articulation with both the glenoid and acromion.

Glenoid component failure

Loosening of the glenoid component is the primary mode of
glenoid component failure for anatomic TSA [6, 7]. The
mechanism for glenoid component loosening is classically

Fig.1 Types of shoulder arthroplasties. a 58-year-old man with anatomic
total shoulder arthroplasty. Anteroposterior radiograph of the right
shoulder demonstrates the metallic humeral component with stem, and
the polyethylene glenoid component with a small linear radiopaque
marker (arrow) at the central peg. b 65-year-old man with reverse total
shoulder arthroplasty. Oblique frontal radiograph of the right shoulder
shows the metallic stem and cup of the humeral component, and the
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metallic glenoid component. The latter consists of the convex
articulating portion (glenosphere), attached to a baseplate-screw
construct (metaglene). ¢ 66-year-old female with shoulder
hemiarthroplasty. Anteroposterior radiograph of the right shoulder
shows the cemented metallic humeral component articulating with the
native glenoid
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Fig. 2 A 72-year-old woman with anatomic total arthroplasty
complicated by glenoid component loosening. Frontal radiograph of the
right shoulder shows extensive periprosthetic lucencies and cystic
changes surrounding the polyethylene pegs of the glenoid component.
At the time of surgery, the glenoid component was found to be grossly
loose and was removed

explained by the “rocking horse phenomenon” [3], which in-
volves edge loading causing progressive breakdown from
micromotion at the bone-implant interface over time (Fig.
2). The Lazarus classification has been frequently cited for
the grading of all-polyethylene glenoid component loosening
[11]. Indirect signs of loosening include changes in compo-
nent positioning or progressive periprosthetic lucency on se-
quential radiographs [12].

Glenoid loosening in reverse TSA, while rare when com-
pared to anatomic TSA, typically occurs at the baseplate due to
component malpositioning in the absence of infection [4, 5].
Longitudinal studies by Melis et al. suggested that loosening is
present when radiolucent lines of > 2 mm completely surround
either the glenoid screws, the central peg, or the baseplate-bone
interface [13, 14]. As a closely related entity, scapular notching
is a common complication of reverse TSA which can lead to
glenoid component loosening. A common grading scheme for
scapular notching was described by Siveaux et al. [15]: Grade 1
for notching limited to the scapular pillar, Grade 2 for notching
reaching the inferior screw, Grade 3 for notching extending
over the inferior screw, and Grade 4 for notching extending
under the baseplate. Similar to anatomic TSA, glenoid compo-
nent loosening in reverse TSA can lead to instability, functional
decline, and eventual arthroplasty failure (Fig. 3).

Glenoid morphology in glenohumeral
osteoarthritis

While many types of glenohumeral derangement may lead to
a need for arthroplasty, osteoarthritis is the most common
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Fig. 3 A 69-year-old man with reverse total shoulder arthroplasty
complicated by loosening of the glenoid component. Frontal radiograph
shows radiolucent lines surrounding the central peg and the glenoid

screws with distraction of the metaglene from the glenoid, consistent
with glenoid component loosening

indication for total shoulder replacement. Glenohumeral oste-
oarthritis causes several characteristic bony changes at the
glenoid. The Walch classification system for characterizing
glenoid morphology in osteoarthritis was first described in
1993 [16], with subsequent modification in 2016 [17].

This modified Walch classification is summarized in
Table 1 and illustrated in Fig. 4. Type A glenoids demonstrate
concentric wear without humeral head subluxation. This wear
may be minor (type Al) or major (type A2). Type B glenoids
are characterized by posterior humeral head subluxation and/
or varying degrees of posterior glenoid wear, as described
with types B1, B2, and B3. Type B2 glenoid morphology
refers to glenoid biconcavity (described further below), which
has been shown to be associated with the highest rate of sur-
gical complications [18]. Type C glenoids are congenital,
characterized by dysplastic retroversion not caused by erosion
[19]. Type D glenoids are characterized by glenoid
anteversion and/or anterior humeral head subluxation.

Further additions to the Walch classification system have
also been proposed, such as the type E glenoid morphologies
of cuff tear arthropathy [15]. However, cuff tear arthropathy is
a separate entity from glenohumeral osteoarthritis with intact
rotator cuff. This discussion focuses on the latter, for which
the modified Walch system of 2016 remains the primary clas-
sification scheme of interest. (Note that even in the absence of
cuff tears, the status of the rotator cuff can impact glenoid
morphology. For example, Donohue et al. [20] found that
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Table 1 Modified Walch

classification [17]. Quoted Definition

Classification

excerpts reprinted from Journal
of Shoulder and Elbow Surgery, Al
Vol. 25, Bercik MJ, Kruse K, A2
Yalizis M, Gauci MO, Chaoui J,
Walch G, “A modification to the
Walch classification of the
glenoid in primary glenohumeral B3
osteoarthritis using three-
dimensional imaging,” pp. 1601—
1606, Copyright 2016, with
permission from Elsevier

“Centered humeral head, minor erosion”

“Centered humeral head, major central glenoid erosion”

B1 “Posterior subluxated head, no bony erosion”

B2 “Posterior subluxated head, posterior erosion with biconcavity of the glenoid”

“Monoconcave and posteriorly worn, with at least 15° of retroversion or at least 70% posterior
humeral head subluxation, or both”

“Dysplastic glenoid with at least 25° of retroversion not caused by erosion”
D “Any level of glenoid anteversion or with [anterior] humeral head subluxation of less than 40%”

high-grade fatty muscle infiltration of the rotator cuff was
associated with type B3 glenoid morphology.) The key bony
changes of glenohumeral osteoarthritis with intact rotator cuff
are reviewed next along with specific measures for quantify-
ing these changes.

2D, corrected 2D and 3D measurement techniques

Measurement techniques may be classified as either 2D,
corrected 2D (also sometimes referred to as “3D corrected”),
or 3D techniques. 2D techniques refer to measurements taken
in an ordinal imaging plane, not adjusted for the orientation of
the scapula within the image. However, such measurements
have been found to be subject to variation based on patient
positioning within the scanner. This is addressed by re-
orienting the imaging planes to the anatomic axes of the scap-
ula using three reference points [21, 22]: the junction of the
scapular spine and the medial scapular margin; the midpoint
of the glenoid face; and the inferior-most tip of the scapula
(Fig. 5). The corrected coronal plane passes through all three
reference points. The corrected axial plane is perpendicular to
the corrected coronal plane, and passes through the first two
reference points. The corrected sagittal plane is perpendicular
to both corrected coronal and corrected axial planes. By
correcting the imaging planes in this way, measurements are
made more anatomic with respect to the scapula, and depen-
dence on patient positioning within the scanner is reduced.
The use of corrected axial images has been shown to be more
accurate than non-corrected images [23-26].

3D measurement techniques, on the other hand, rely on the
manipulation of structures in three-dimensional space. Three
specific 3D measures of the glenoid (i.e., the volumetric vault
method for quantifying bone stock, the fitted-sphere method
for measuring glenoid orientation, and surface area measures
of biconcavity) have been developed, as described further be-
low. Corrected 2D measurements generally remain the most
practical metrics. Oblique multiplanar reconstruction tools are
widely available on standard PACS and advanced visualiza-
tion systems, and allow users to quickly re-orient images to
the anatomic planes of the scapula.
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Central bone loss

Bony wear at the central aspect of the glenoid leads to
medialization of the joint line, and reduction of the bone stock
available for support and fixation of a glenoid component.
Such central loss may be mild (i.e., type A1, Fig. 4a) or more
pronounced (i.e., type A2, Fig. 4b). In order to distinguish
between Al and A2 glenoids, a line joining the anterior and
posterior margins of the glenoid is drawn. Type A2 glenoids
are defined by the medial margin of the humeral head crossing
this line.

The degree of central bone loss may be quantified using the
depth of the glenoid vault. While the literature describes some
variation in the methods of vault depth measurement (see for
example [27-31]), a common strategy is to measure the depth
from the center of the glenoid on a corrected axial image,
along the Friedman line (a line joining the center of the
glenoid with the medial margin of the scapula, as also de-
scribed further below), to the far underlying endosteal margin
(Fig. 6a).

Three-dimensional models of the glenoid vault have been
proposed as a more comprehensive, volumetric method for
quantifying glenoid bone loss. These methods involve the
comparison of the affected glenoid with some premorbid es-
timate of the glenoid vault. That premorbid estimate may be
derived from a normal contralateral glenoid in a specific pa-
tient [34] or from a statistical model based on many normal
glenoids [35, 36]. However, such methods may require de-
tailed manual delineation of vault margins and/or specialized
software, and three-dimensional vault models have not yet
entered widespread clinical use.

Posterior bone loss

Eccentric load bearing at the posterior aspect of the glenoid
causes joint space narrowing and disproportionate bone thin-
ning posteriorly (Fig. 4¢). Posterior glenoid bone loss can lead
to altered biomechanics with associated static posterior sub-
luxation of the humeral head [37]. Preoperative posterior sub-
luxation has been shown to produce inferior outcomes in total
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Fig. 4 Axial CT images from different patients illustrating the modified
Walch glenoid classification system. a 67-year-old man with mild central
glenoid erosion and a centered humeral head indicating an A1 glenoid. b
84-year-old man with prominent central glenoid erosion and a centered
humeral head, consistent with A2 glenoid. Note that the articular surface
of the humeral head crosses a line joining the anterior and posterior
glenoid rim (dotted line), which distinguishes the A2 glenoid from Al.
¢ 47-year-old man with posterior subluxation of the humeral head without
bony erosion of the glenoid, consistent with B1 glenoid. d 68-year-old
man with B2 glenoid exhibiting posterior subluxation of the humeral head

shoulder arthroplasty, though morphologic correction of the
glenoid and soft tissue stabilization can lead to durable results
[38]. Eccentric posterior bone loss may be quantified using
linear measurements. Here, in contrast to the situation with
central bone loss, the objective is to measure how much the
posterior portion of the glenoid has been worn relative to the

with glenoid biconcavity. Disproportionate bony wearing at the posterior
glenoid leads to the formation of a second articular facet (i.e., neoglenoid,
dotted line), with a small residual facet of the native glenoid (i.e.,
paleoglenoid, solid line). e 78-year-old man with posterior bone loss
leading to a monoconcave glenoid, and retroversion greater than 15
degrees, consistent with B3 glenoid. f 26-year-old man with
congenitally dysplastic posterior glenoid with retroversion
corresponding to type C glenoid. g 70-year-old man with anterior
subluxation of the humeral head indicating type D glenoid

anterior glenoid [31, 39, 40]. A line is drawn through the
anterior margin of the glenoid on a corrected axial image,
perpendicular to the Friedman line. The greatest distance from
this perpendicular line to the posterior glenoid represents a
measure of posterior bone loss (Fig. 6b). Note also that
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Fig. 5 Anatomic planes of the scapula. In order to correct for patient
positioning during image acquisition, three reference points are used to
define the anatomic planes of the scapula (gray spherical markers): (1) the
junction of the scapular spine with the medial margin of the scapula, (2)
the center of the glenoid, and (3) the inferior tip of the scapula. The
corrected coronal plane passes through all three of these points (light
gray plane). The corrected axial plane (dark gray plane) is
perpendicular to the corrected coronal plane, and passes through points
(1) and (2). The corrected sagittal plane (not shown) is perpendicular to
both the corrected coronal and corrected axial planes. Standard oblique
multiplanar reconstruction tools may be used to correct isotropic images
to the anatomic planes of the scapula

posterior bone loss is closely associated with glenoid retrover-
sion and biconcavity, discussed in detail below.

Related work has been done on quantifying bony deficien-
cy in the setting of glenohumeral instability [41-44].
However, these measures are primarily designed to quantify
bony defects, such as from traumatic injury, rather than the
bony wearing of osteoarthritis. On the other hand, just as
glenoid vault models have been used to measure central bone
loss, the vault method may also be used to quantify eccentric
posterior bone loss, although the same limitations apply as
discussed above.

Retroversion

Disproportionate posterior glenoid bone loss often leads to
alteration in glenoid version. The conventional measure of
glenoid version is evaluated on an axial image through the
mid glenoid [45]. Figure 6¢ shows version measurement on
a corrected axial image. A line is drawn joining the midpoint
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of the glenoid with the medial border of the scapula (i.e., the
Friedman line). A perpendicular to this line represents neutral
version. The angle of version is then defined as the angle
between the line of neutral version and a line across the ante-
rior and posterior margins of the glenoid (excluding
osteophytes). Normal glenoid version measures approximate-
ly 0°, with the normal range varying between 2° of
anteversion and 9° of retroversion in one study [46].

Inclination

Eccentric glenoid bone loss in the coronal plane is also an
important factor. In anatomic TSA, glenoid component
malpositioning in the coronal plane is associated with higher
failure rate compared to malpositioning in the anteroposterior
dimension [47]. In reverse TSA, superior bone loss can result
in undesired superior angulation of the baseplate [33]. Glenoid
bone loss in the coronal plane may be characterized using the
glenoid inclination angle (Fig. 6d) [32, 33]. Using corrected
coronal images as described above, the coronal image show-
ing the glenoid in greatest profile is selected. On this image, a
line along the floor of the supraspinatus fossa is drawn (i.e.,
the bottom of the trough-shaped fossa). The angle between
this line, and a line joining the superior and inferior glenoid
margins (excluding osteophytes), represents glenoid

Fig. 6 Preoperative measurements. a 42-year-old man. Corrected axial
CT image (see text, and Fig. 5) illustrating glenoid vault depth (dotted
arrow), which may be measured as the distance from the midpoint of the
glenoid, along the Friedman line (see text and Fig. 6(c)) to the far
underlying endosteal surface. b 70-year-old man with corrected axial
CT image demonstrating bony thinning at the posterior glenoid.
Starting with the Friedman line (dashed), a perpendicular line (solid) is
drawn through the anterior margin of the glenoid, excluding osteophytes.
Posterior bone loss may then be measured as the greatest distance from
that perpendicular to the glenoid (dotted arrow). ¢ 45-year-old man with
glenoid retroversion measuring 12 degrees on corrected axial CT. A line
is drawn between the midpoint of the glenoid and the medial margin of
the scapula (i.e., the Friedman line; dashed line with circular white
endpoints). The perpendicular to this axis represents neutral version
(solid). Glenoid version is then defined as the angle (o) between the
line of neutral version, and a line across the anterior and posterior
glenoid margins, excluding osteophytes (dotted). d 67-year-old man
with normal glenoid inclination measuring 75 degrees on corrected
coronal CT. A line is drawn across the glenoid fossa (solid line). A
second line is drawn along the floor (inferior cortical margin) of the
supraspinatus fossa. The angle between these lines (3) is the glenoid
inclination [32]. Note, however, that other authors report glenoid
inclination as 90 degrees minus 3 [33]. e 28-year-old man with a
centered humeral head on corrected axial CT. The glenohumeral index
measures humeral head subluxation, and reflects the proportion of the
humeral head posterior to a line bisecting the glenoid. A line is drawn
joining the anterior and posterior glenoid margins, excluding osteophytes
(solid). A perpendicular line is then drawn which divides the glenoid in
half (dashed). A diameter across the medial third of the humeral head is
then divided into two portions (dotted arrows), an anterior portion x,,,, and
a posterior portion x,,,,. The glenohumeral index is defined as x5/ (X, +
xp(}.\'t)
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inclination. (Note that some authors report glenoid inclination
as 90 degrees minus this angle [33].) When coronal plane
glenoid bone loss occurs in the setting of cuff tear arthropathy,
we refer the reader elsewhere with regard to type E glenoid
morphologies [15].

With regard to both glenoid version and glenoid incli-
nation, three-dimensional techniques have been developed
for quantifying these measures [22, 48-50]. These
methods use a spherical surface fitted to the glenoid face.
The radial ray from the center of the fitted sphere, to the

center of the glenoid, serves as an overall indicator of the
orientation of the glenoid face in three dimensions.
Version (i.e., the orientation in the corrected axial plane)
and inclination (i.e., the orientation in the corrected coro-
nal plane) may then be derived from this radial ray by
projection into the corrected axial and coronal planes, re-
spectively. As with the glenoid vault method for volumet-
ric bone stock analysis, however, these fitted-sphere
methods currently rely on proprietary or research
implementations not widely available.
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Biconcavity

Posterior load bearing and bone loss may lead to the formation
of a second concave surface at the glenoid that entrenches the
posteriorly subluxed humeral head, corresponding to type B2
glenoid morphology (Fig. 4d). The new posterior concavity is
called the neoglenoid while the native anterior articular sur-
face remnant is the paleoglenoid. Such biconcavity alters
glenohumeral biomechanics, further exacerbating posterior
load bearing. The size of the neoglenoid is important in pre-
operative planning in choosing between eccentric reaming
with a standard glenoid component for milder deformity, or
for more severe deformity, either bone grafting with a stan-
dard component, or an augmented component (see below)
[51]. The degree of posterior humeral head subluxation also
affects the choice of implant type, including selection of re-
verse versus anatomic arthroplasty. Humeral head positioning
with respect to the glenoid can be measured with the
glenohumeral index, which reflects the proportion of the hu-
meral head posterior to a line bisecting the glenoid (Fig. 6¢).
The glenohumeral index is 45-55% for a centered humeral
head, more than 55% for posterior subluxation, and less than
45% for anterior subluxation [16, 52]. Biconcavity may also
be assessed by evaluating the surface areas of the neoglenoid
and paleoglenoid [53], and humerus-subtracted volume ren-
dering [54] may be used for visual estimation of the relative
surface areas (Fig. 7). In addition, the version of the

Fig. 7 62-year-old man with glenoid biconcavity consistent with Walch
B2 morphology. Humerus-subtracted volume rendering of the glenoid
shows the paleoglenoid (p) and the neoglenoid (1), which meet along a
ridge (endpoints marked with arrowheads). Relative surface area can be
estimated by visual inspection, with the area of the paleoglenoid
representing approximately 40% and the neoglenoid approximately
60% of the overall glenoid surface area
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neoglenoid has also been described as another method for
characterizing B2 glenoids [39].

Osteophytes

Preoperative imaging demonstrates the location and size of
glenohumeral osteophytes, which are important for several
reasons. Glenoid osteophytes may obscure the true margins
of the glenoid and may bias version measurement, and
osteophytes are typically excluded from the glenoid margin
in orientation measurements [45, 50]. Posterior glenoid
osteophytes (and posterior humeral neck osteophytes) can ten-
sion the posterior joint capsule, interfering with intra-
operative glenoid exposure by making it more difficult to
subluxate the humerus posteriorly. Large inferior glenoid
osteophytes can limit retraction of the humerus inferiorly
[55]. Anterior glenoid osteophytes can impede accurate place-
ment of the central guide pin and cause the pin to be inserted in
too much retroversion [51]. Overall, characterization of the
size and location of glenoid osteophytes informs the surgical
approach, operative exposure, and component placement.

Subchondral bone quality

Shear and compressive forces at the glenohumeral joint are
better resisted by dense cortical bone than trabeculated can-
cellous bone. Preservation of dense subchondral bone at the
glenoid is recognized as an important factor in glenoid com-
ponent durability [56, 57]. Excessive removal of subchondral
bone has been shown to lead to higher rates of aseptic loos-
ening [58]. Particularly for the aTSA, it is critical to preserve
as much of the subchondral bone to decrease micromotion at
the bone-implant interface [59]. The thickness of the
subchondral cortical bone has been measured as one relevant
indicator [57]. As a related issue, the presence of subchondral
cysts (i.e., geodes) may also influence surgical planning, by
requiring further surface preparation or repair [60].

Bone density

Regarding bone density, extensive work has been done in the
area of quantitative CT, which involves the conversion of x-
ray attenuation information into bone mineral density (BMD)
data. These techniques may utilize phantom-based calibration,
tissue-based calibration, or dual-energy methods [61-64].
While much of this work has focused on the spine and hip,
BMD at the glenoid has been studied as a factor in glenoid
component durability. A cadaveric study found that lower
BMD as measured with quantitative CT was associated with
greater mechanical displacement of a glenoid prosthesis [65].
In another cadaveric study, glenoid BMD and other measures
of trabecular architecture were assessed using quantitative CT
techniques [66]. However, in the absence of formal
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quantitative CT for BMD assessment, the use of Hounsfield
units from clinical CT imaging has been advocated as a read-
ily available estimate of bone density [67-70].

Surgical techniques at the glenoid

Several surgical techniques are available to the surgeon in
order to optimize glenoid component implantation and to
maximize the long-term success of the total shoulder
arthroplasty. With each of these techniques, a fundamental
objective is to achieve accurate placement and optimal seating
of'the glenoid component, while restoring glenoid version and
preserving as much of the glenoid bone stock as possible for
structural support. The selection of specific techniques de-
pends on morphological characterization of the glenoid at
pre-operative imaging.

Eccentric reaming

Glenoid reaming is a common technique used to correct ret-
roversion in asymmetric posterior glenoid bone loss and to
prepare the glenoid surface for placement of the glenoid com-
ponent. The goal is to minimize edge loading which causes
component loosening at the glenoid in anatomic TSA, partic-
ularly in those with B2 glenoids. After exposure of the glenoid
surface and placement of a central guide pin, a glenoid
resurfacing reamer (a rotational burring device) is slid over
the guide pin. The anterior high side of the glenoid is then
reamed toward the level of the posterior glenoid surface, thus
correcting the glenoid version (Fig. 8).

In exchange for corrected version, eccentric reaming sac-
rifices dense cortical bone anteriorly and causes
medialization of the joint line, altering biomechanics by
shifting the center of rotation. Minor retroversion can be
corrected with eccentric reaming to restore normal glenoid
version. In retroversion greater than 15°, use of reaming to
achieve satisfactory glenoid component positioning is dif-
ficult without excessive bone removal, and also presents a
high risk of peg penetration of the glenoid vault leading to
fixation failure [71, 72]. When penetration occurs, extruded
cement can cause injury or compression of the suprascaular
nerve as it courses through the spinoglenoid notch [3, 73].
For these patients, bone grafting with a standard component
or use of an augmented component may be appropriate (see
below). In retroversion greater than 20°, reverse TSA may
be a last resort, due to high rates of anatomic TSA failure.
When compared to anatomic TSA, reverse TSA in these
patients has been shown to demonstrate decreased glenoid
component loosening and improved functional outcomes in
the early stages [54, 74, 75].

Fig. 8 Eccentric reaming of a B2 glenoid to correct biconcavity and
retroversion. a First, a central pin is placed which serves as a guide for
tool placement. b The reamer, which is a rotational burring device, is
placed over this pin and advanced to remove the raised portion of the
anterior glenoid (dotted box). ¢, d This leaves a planarized glenoid
margin, with correction of the native biconcavity and retroversion, for
subsequent glenoid component placement. However, reaming removes
bone, especially dense cortical bone, when bone stock is already limited.
Reaming also medializes the margin of the glenoid, which alters
biomechanics

Bone grafting

Alternatively, restoring glenoid version may be achieved by
augmenting the native glenoid bone with autograft or allograft
material (Fig. 9). This approach allows for glenoid version
correction without eccentric reaming, thus preserving the
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Fig. 9 Bone grafting in a B2 glenoid with more severe posterior bone
loss. Bone grafting is an alternate approach to correcting posterior bone
loss and retroversion. Instead of anterior bone removal as with eccentric
reaming, here bone material is added posteriorly to correct biconcavity
and retroversion. a Bone graft material is placed at the posterior glenoid
and fixed to the native bone with screws. b Glenoid component
placement may then be performed. While bone grafting augments bone
stock rather than subtracting from it, the use of bone grafting presents its
own challenges. This sometimes requires two surgeries (one for bone
graft placement, and a second for component placement after graft
healing has occurred). The degree of graft healing may also be
incomplete.

anterior glenoid bone stock and avoiding medialization of the
glenoid vault [76]. However, bone grafting is technically dif-
ficult and is associated with graft-related complications such
as graft dissolution, nonunion, and fixation failure [2]. Total
shoulder arthroplasties with bone grafting can be single stage
procedures, or sometimes require two surgeries (one to place
the bone graft and a second to perform the arthroplasty after
graft healing has occurred). Autograft is typically harvested
from the humeral head at initial arthroplasty, or from the iliac
crest at revision arthroplasty. The graft is then contoured to fill
the posterior glenoid defect. In general, no more than 40-50%
of the glenoid component should be supported by bone graft.
Bone grafting for anatomic TSA has achieved varying rates of
success [ 18] and is now uncommonly performed. On the other
hand, bone grafting for reverse TSA is frequently used and has
been reported to provide better functional outcomes [77, 78].

Eccentric reaming with bone graft
Bone grafting can also be performed in conjunction with par-

tial reaming to correct glenoid retroversion (Fig. 10). Similar
to bone grafting alone, this combination of techniques is more

@ Springer

Fig. 10 Eccentric reaming and bone grafting to correct a B3
monoconcave glenoid. In cases of severe posterior bone loss, eccentric
reaming and bone grafting may be applied in combination. a Partial
eccentric reaming, with removal of a portion of the anterior glenoid
(dotted box), serves to partially correct glenoid version. b This leaves
an area of residual posterior bony deficiency, which can be corrected
with a bone graft, enabling subsequent glenoid component placement

commonly performed for reverse than anatomic arthroplasties.
The central guide pin is first placed along the glenoid axis,
allowing for limited reaming of the anterior high side. The
residual posterior defect is then prepared to receive the bone
graft using an angled reamer. This approach avoids excessive
reaming, conserves glenoid bone stock, and limits
medialization of the joint line.

Augmented glenoid components

As a relatively new prosthetic solution to correcting glenoid
version in posterior glenoid bone loss, augmented glenoid
components for anatomic TSA provide an alternative to ec-
centric reaming and bone grafting. Here, the glenoid compo-
nent itself is augmented posteriorly, to compensate for dispro-
portionate posterior bone deficiency. Aside from minimizing
bone loss from excessive reaming, this technique also avoids
the complications related to bone grafting. The augmented
portion of the glenoid component may be step-cut, half-
wedged, or full-wedged in shape (Fig. 11). Prior to component
placement, the glenoid is typically prepared with reaming to
achieve optimal seating [79-81]. In addressing B2 glenoids,
half-wedged augments require the least amount of bone re-
moval to correct glenoid version and inclination, thus preserv-
ing the dense anterior cortical bone for implant stability [51,
82]. In contrast, a full-wedged augment may be more suitable
for a B3 glenoid to help account for the medialization associ-
ated with this morphology. Although mid- and long-term
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survivorship data is not yet available, current literature shows
promising short-term results for the management of B2 and
B3 glenoids with augmented glenoid components [83, 84].

Fig. 11 Augmented glenoid components. More recently, augmentation
of the glenoid component has been introduced as another means by which
to compensate for posterior glenoid bone loss. a, b In the case of step-
shaped augmentation, a block-shaped corner is cut from the posterior
glenoid, corresponding to the stepped contour of the device. ¢, d
Alternatively, for devices with wedge-shaped augmentation, the
posterior facet of a biconcave glenoid is prepared with angled reaming,
conforming to the angled surface of the glenoid component

Reverse instead of anatomic TSA

The reverse TSA (Fig. 12a) was initially designed to address
CTA with an irreparable rotator cuff. As the indications for
reverse TSA have expanded, reverse TSA has become a treat-
ment option for osteoarthritis in select patients with significant
posterior glenoid bone loss, typically with a surgeon-
dependent lower limit on patient age. Particularly for B2
glenoids, anatomic TSA may be difficult in cases presenting
with excessive glenoid retroversion and posterior humeral
head subluxation, even with techniques such as eccentric
reaming, bone grafting, or augmented glenoid components.
Several studies have supported the use of reverse TSA in
glenohumeral osteoarthritis despite an intact rotator cuff, es-
pecially given the relatively high rate of early glenoid compo-
nent loosening in anatomic TSA for severe retroversion [74,
75, 85-86].

When needed, the reverse TSA baseplate may be
lateralized using a bony or metal augment (Fig. 12b). This

Fig. 12 Glenoid component of reverse total shoulder arthroplasty. a The
glenoid component of reverse TSA consists of a baseplate (metaglene,
solid arrow) fixed to the glenoid, and a convex articulating component
(glenosphere, light gray) attached to the baseplate. b If the glenoid has
been excessively medialized, augmentation (dotted arrow) beneath the
metaglene may be used
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may correct for deficiency of the native bone, or surgical bone
removal, and limits complications such as scapular notching
[15, 87, 88]. Although more evidence is needed to demon-
strate the long-term efficacy of reverse TSA for indications
other than CTA with an irreparable rotator cuff, reverse TSA
has gained increasing popularity for restoring function and
alleviating pain in older patients with severe retroversion.
Reverse TSA has also been shown to lead to short-term func-
tional improvements in younger patients (i.e., less than or
equal to 65 years of age) [89-91]. However, many surgeons
are reluctant to perform reverse TSA on younger patients
when much of the data has yet to be collected for long-term
implant survivability.

Conclusion

The glenoid side of the shoulder joint is widely recognized as
a primary limitation in the long-term durability of shoulder
arthroplasty. A variety of surgical techniques may be used to
manage the glenoid at shoulder arthroplasty. Understanding
the nature and severity of glenoid deformity is essential for
surgical planning. The modified Walch classification system
is a key part of describing glenoid morphologies including
central bone loss, posterior bone loss, retroversion, and bicon-
cavity. Other important morphologic factors include glenoid
inclination, glenohumeral osteophytes, subchondral bone
quality, and bone density. Re-orienting isotropic CT images
to the anatomic planes of the scapula serves to correct for
patient positioning and allows for more accurate morphologic
measurements. Humerus-subtracted volume rendering is also
a useful visualization technique. Ultimately, a primary surgi-
cal objective is to correct glenoid deformity while preserving
bone stock. Selection of surgical techniques for a given patient
depends critically on the characterization of glenoid morphol-
ogy at pre-operative imaging.
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