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A scapular statistical shape model can reliably
predict premorbid glenoid morphology in
conditions of severe glenoid bone loss
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Background: Knowledge of premorbid glenoid parameters at the time of shoulder arthroplasty, such as inclination, version, joint line
position, height, and width, can assist with implant selection, implant positioning, metal augment sizing, and/or bone graft dimensions.
The objective of this study was to validate a scapular statistical shape model (SSM) in predicting patient-specific glenoid morphology in
scapulae with clinically relevant glenoid erosion patterns.
Methods: Computed tomography scans of 30 healthy scapulae were obtained and used as the control group. Each scapula was then
virtually eroded to create 7 erosion patterns (Walch A1, A2, B2, B3, D, Favard E2, and E3). This resulted in 210 uniquely eroded gle-
noid models, forming the eroded glenoid group. A scapular SSM, created from a different database of 85 healthy scapulae, was then
applied to each eroded scapula to predict the premorbid glenoid morphology. The premorbid glenoid inclination, version, height,
width, radius of best-fit sphere, and glenoid joint line position were automatically calculated for each of the 210 eroded glenoids.
The mean values for all outcome variables were compared across all erosion types between the healthy, eroded, and SSM-predicted
groups using a 2-way repeated measures analysis of variance.
Results: The SSM was able to predict the mean premorbid glenoid parameters of the eroded glenoids with a mean absolute difference
of 3� � 2� for inclination, 3� � 2� for version, 2 � 1 mm for glenoid height, 2 � 1 mm for glenoid width, 5 � 4 mm for radius of best-
fit sphere, and 1 � 1 mm for glenoid joint line. The mean SSM-predicted values for inclination, version, height, width, and radius were
not significantly different than the control group (P > .05).
Discussion: An SSM has been developed that can reliably predict premorbid glenoid morphology and glenoid indices in patients with
common glenoid erosion patterns. This technology can serve as a useful template to visually represent the premorbid healthy glenoid in
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patients with severe glenoid bony erosions. Knowledge of the premorbid glenoid preoperatively can assist with implant selection,
positioning, and sizing.
Level of evidence: Anatomy Study; Computer Modeling
� 2024 Journal of Shoulder and Elbow Surgery Board of Trustees. All rights are reserved, including those for text and data mining, AI
training, and similar technologies.
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Glenoid erosions are commonly observed with gleno-
humeral osteoarthritis (GHOA) and cuff tear arthropathy
(CTA). Classifications, such as the Walch4 and Favard44

systems, have been created to categorize different glenoid
erosion patterns associated with GHOA and CTA, respec-
tively. Patients with these pathologies often suffer from
pain and reduced shoulder function. Total shoulder arthro-
plasty (TSA) and reverse shoulder arthroplasty (RSA) can
be used for the treatment of such pathologies. It has been
reported that glenoid component positioning is important
for success, as implant malposition has been identified as a
factor leading to inferior outcomes.5,19,52

In TSA, optimized placement of the glenoid component
is important to minimize eccentric joint loading that can
lead to component loosening and instability due to the
rocking-horse mechanism.9,16,19,33,41 Therefore, knowledge
of the premorbid glenoid can potentially aid in surgical
decision making and preoperative planning of glenoid
component placement. Anatomic restoration of the joint
line in TSA is also important for restoring adequate rotator
cuff and deltoid tension, and thus joint reaction forces.15 In
RSA, superior inclination of the glenoid baseplate has been
shown to increase implant-bone interface stresses13,22 and
increase the risk for scapular notching and subsequent
component loosening.28 The optimized location of the RSA
implant in relation to the premorbid joint line in the eroded
glenoid is presently not well understood; however, it is
known that muscles crossing the joint may function more
efficiently when their anatomy is restored. Knowledge of
the premorbid joint line position, therefore, can assist in
implant selection and position to restore soft tissue re-
lationships. In the future, knowledge of the premorbid
glenoid, the intraoperative position of the implants, and the
eventual postoperative outcome will allow artificial intel-
ligence algorithms to predict the patient-specific ideal po-
sition of implants to provide the best possible outcomes.

Presently, it can be very difficult in patients with severe
glenoid bone loss to predict premorbid glenoid
morphology.17 Previous groups have shown that the contra-
lateral shoulder can be used to predict premorbid glenoid
morphology,51 although this approach is limited to patients
with a healthy contralateral scapula with available bilateral
shoulder computed tomography (CT) scans. In 2008, Codsi
et al7 developed a glenoid vault model to characterize the
healthy shape of the glenoid vault. This model has since
been validated for quantifying premorbid glenoid inclina-
tion, version, joint line medialization, and glenoid bone loss
in arthritic glenoids,10,18,37,39,40 although the model needs to
be manually aligned with the pathologic glenoid. Perhaps
the most common tool in recent years used to predict pre-
morbid glenoid morphology is a statistical shape model
(SSM). These models capture the average shape and the
common shape variances of a specific object across a sample
population. Recently, several groups2,35,38,48 have used
scapular SSMs for predicting premorbid glenoid
morphology in patients with glenoid bone loss. However,
these studies did not evaluate their models using Walch or
Favard erosions patterns in which the patient-specific pre-
morbid glenoid morphology was known. Therefore, the
purpose of this study was to validate the accuracy of a
scapular SSM in predicting premorbid glenoid morphology
in scapulae with various Walch- or Favard-type glenoid
erosion patterns. The SSM validation procedure used in this
study served to allow for the direct comparison between the
premorbid and SSM-predicted glenoid morphology.
Materials and methods

Healthy scapulae group

CT scans of 30 healthy scapulae were obtained to comprise the
control glenoid group. These healthy scapulae were used to create
all virtual glenoid erosions in proceeding steps. Furthermore, these
scapulae represented the true premorbid glenoid morphology and
were used to assess the accuracy of the scapular SSM to predict
premorbid morphology in this study. The average age of this group
was 41 � 16 years, and was evenly split between male and female,
and right and left scapulae. The mean, standard deviation, and
range of various glenoid parameters from this control group are
provided in Table I. Exclusion criteria for this study included
GHOA, CTA, glenohumeral instability, scapula fractures, and
humeral head pathology. CT scans exhibiting truncated scapulae
were also excluded to ensure consistency across the control group.
All scans were obtained using the following parameters: slice
thickness <1.2 mm, number of slices >200, X-Y resolution <0.5
mm, matrix size: 512 � 512, tube peak voltage ¼ 140 kV, and
tube current >300 mA. All scans were uploaded into a validated
surgical preoperative planning software (Glenosys, v.10.6.1;
Imascap, Plouzan�e, France), where all scans were automatically
segmented to obtain 3-dimensional (3D) models of each healthy
scapula and humerus.



Table I Mean parameters for the control scapula group

Parameter Mean SD Range (min, max)

Age, yr 41 16 19, 85
Inclination, degrees 10 5 –3, 19
Version, degrees –6 4 –1, –15
Glenoid radius of best-fit sphere, mm 33 5 26, 45
Glenoid height, mm 35 4 28, 43
Glenoid width, mm 27 3 20, 37

SD, standard deviation.

Figure 1 Each scapula in the premorbid cohort was virtually eroded to create 7 unique glenoid erosion patterns, resulting in 7 pathologic
scapulae for each premorbid scapula model. Erosion patterns correspond to those described by the Walch and Favard classifications.
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Virtual glenoid erosions

To obtain the eroded group for this study, the glenoid of each
healthy scapula was virtually eroded 7 different times to create 7
unique glenoid erosion patterns according to the Walch and
Favard classifications for GHOA and CTA, respectively. The
specific erosion patterns created in this study included type A1,
A2, B2, B3, D, E2, and E3 erosions (Fig. 1). This allowed for
30 unique glenoid erosions for each erosion pattern to be created
from each healthy scapula, resulting in a total of 210 eroded
glenoids (eroded glenoid group). To create each erosion, the
healthy proximal humerus for each corresponding healthy
scapula was rotated to approximately 45� of glenohumeral
abduction as this was observed to maximize the contact between
articular surfaces on both sides of the joint (Fig. 2). The plane
of abduction, in addition to the medialization, anterior-posterior,
and superior-inferior translation of the proximal humerus were
adjusted depending on the specific type of erosion being created.
Once the overlapping volume of the proximal humerus relative
to the glenoid was deemed adequate, a Boolean subtraction was
performed between the 2 objects. This resulted in an elliptical
erosion pattern to be created on the face of the glenoid. All
virtual erosions were visually evaluated by the senior author
prior to use in this study.

In addition to the different erosion patterns generated, all vir-
tual erosions were created to satisfy specifications for each erosion
pattern. The erosion specifications used in this study are described
in Table II. These specifications were created to capture the var-
iations in these specific erosion patterns previously observed in
literature1,4,25,32 and to vary the severity of bone loss for each
case. The medialization of the proximal humerus, or erosion
depth, was specified for all erosion types. Erosion depths were
specified between 4 and 8 mm for all types excluding type A1
erosions. Erosion depths for this group were specified between 1
and 3 mm as these erosions are less severe.4 Additional erosion
parameters were specified for type B2, D, and E2 patterns (Fig. 3).
B2 erosions were additionally characterized by the size of the
neoglenoid surface relative to that of the entire glenoid surface, as



Figure 2 (A) A 3D rendering of the premorbid healthy scapula and humerus during creation of a virtual erosion. The humerus was
rotated to 45� of glenohumeral abduction from its initial position and translated medially to overlap with part of the glenoid. (B) The
resulting overlap is illustrated on an axial computed tomography image with the (red outline) of the humeral head.

Table II Specific characteristics for each erosion pattern evaluated

Erosion
pattern

Medialization,
mm

Neoglenoid size Concavity type Neoglenoid location

A1 1, 2, and 3
A2 4, 6, and 8
B2 4, 5, and 6 Mild, moderate, and

severe
B3 4, 6, and 8
D 4, 6, and 8 Monoconcave and

biconcave
E2 4, 5, and 6 Superior, anterosuperior, and

posterosuperior
E3 4, 6, and 8
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previously described by Knowles et al.25 The translation of the
proximal humerus in the anterior-posterior and superior-inferior
directions was adjusted for this parameter. Type D erosion pat-
terns were created as either monoconcave or biconcave, as both
types have previously been reported.32 The location of the neo-
glenoid relative to the paleoglenoid in E2-type erosions was also
varied. The neoglenoid was created either directly superiorly to
the paleoglenoid or with an anterosuperior or posterosuperior
offset.1 All specifications were randomly assigned to the healthy
scapula models before creating the virtual erosions.

Scapular SSM generation and application

The SSM used in this study was created using a database of 85
healthy scapula CT scans of which 59 were right scapulae and 26
were left scapulae. None of the scapulae used to create this model
were used in the control group of this study. All scans were
manually segmented (Amira, v. 5.3.3; VSG–Visualization Sci-
ences Group, Burlington, MA, USA) and 3D models of each
scapula were created. From here, the mean scapula shape was
determined with 23 modes that captured the variation in scapular
shape variance among the population.
The scapular SSM was then used to predict the premorbid
shape of each scapula in the eroded group. To accomplish this, the
SSM was automatically fitted to each eroded scapula within the
preoperative planning software. This process consists of a
nonlinear optimization algorithm that adjusts the position, rota-
tion, and modes of variance of the SSM in order to achieve an
optimized alignment between the medial scapular bodies of the
SSM and target scapula. The medial scapula body was used in this
alignment algorithm as these regions of the scapula are less sus-
ceptible to changes in osseous morphology due to GHOA and
CTA. Once this process was complete, the scapular SSM was
displayed on both a 3D model and 2D CT views of each scapula
from the eroded group (Fig. 4). The glenoid from the SSM then
served as a premorbid prediction for the eroded scapula.

Outcome variables and statistical analysis

The primary outcome variables for this study included glenoid
inclination, version, height, width, radius of best-fit sphere, and
the change in joint line position. All variables were automatically
computed in the preoperative planning software for all 3 glenoid
groups assessed in this study. The glenoid radius of the best-fit



Figure 3 3D models of the clinically relevant erosions used to test the statistical shape model predictions. Pictured are Walch B2, Walch
D, and Favard E2 type erosions.
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sphere was used to characterize the average curvature of the
glenoid articular surface. The size of the best-fit sphere was
computed using an algorithm that minimized the sum of squared
errors in distance between points on the glenoid articular surface
and the sphere of best fit.29,30 The change in joint line position was
expressed relative to the position of the joint line for each control
glenoid. This was done to provide a clinically relevant meaning to
this variable as opposed to expressing the cartesian coordinates of
this location within the CT scanner coordinate system. Therefore,
the location of the joint line position for each control glenoid was
expressed with a value of 0, which was found not to influence the
results of the statistical analysis conducted. To quantify the change
in joint line position, a glenoid coordinate system was automati-
cally created in the preoperative planning software for each gle-
noid in the control group. The change in joint line position was
then defined as the translation of the glenoid center, for both
pathologic and SSM-predicted glenoid groups, along the medial-
lateral axis of the control glenoid’s coordinate system. A lateral
change in joint line position was expressed as positive while a
medial change in joint line position was expressed as negative.
The glenoid height and width were calculated as the distance
between opposing points on the glenoid rim in the superior-
inferior and anterior-posterior directions of the glenoid coordi-
nate system, respectively.
Statistical analysis was performed using SPSS software (IBM,
Armonk, NY, USA) in which a 2-way repeated measures analysis
of variance was performed. The independent variables were the
glenoid group (control group, pathologic group, and SSM-
predicted group) and erosion type. A Bonferroni adjustment was
performed to account for multiple comparisons with statistical
significance set to P � .05.

Results

Mean results for control, pathologic, and SSM-
predicted groups

The mean values for glenoid inclination, version, height,
width, radius of best-fit sphere, and joint line position are
reported in Table III for all glenoid groups and erosion
patterns.

As expected, statistically significant differences were
identified between the healthy control and the eroded gle-
noid groups (Table III). The mean inclination values be-
tween control and eroded glenoid groups were statistically
significant for all erosion patterns (P � .001) except for



Figure 4 Illustration of the scapular statistical shape model (yellow) projected onto the target scapula within a preoperative planning
software program. The left image displays the 3D projection of the scapular statistical shape model onto the target scapula body, whereas
the 2D images show the border of the scapular statistical shape model prediction onto the axial (top right) and coronal (bottom right)
computed tomography scans of the target scapula.

Table III Mean outcome values for healthy control, eroded, and SSM-predicted glenoid cohorts

Inclination,
degrees

Version, degrees Glenoid radius
of best-fit
sphere, mm

Glenoid
height, mm

Glenoid
width, mm

Joint line
position, mm

Healthy (n ¼ 30) 10 � 5 –6 � 4 33 � 5 35 � 4 27 � 3
Eroded (n ¼ 210)
A1 10 � 5 –7 � 4 28 � 3* 36 � 3 28 � 3 –1 � 1*

A2 9 � 6 –4 � 5* 25 � 3* 38 � 4* 27 � 3 –5 � 2*

B2 6 � 6* –14 � 6* 27 � 6* 38 � 4* 27 � 3 –2 � 2*

B3 14 � 7* –21 � 6* 25 � 2* 37 � 3* 27 � 3 –5 � 2*

D 3 � 7* 9 � 6* 24 � 4* 38 � 4* 28 � 4 –2 � 3*

E2 22 � 6* –8 � 8 28 � 4* 38 � 4* 29 � 3* –3 � 1*

E3 20 � 5* –4 � 4* 28 � 6* 37 � 4* 29 � 4* –4 � 2*

SSM (n ¼ 210)
A1 10 � 5 –6 � 3 32 � 7 35 � 3 27 � 3 0 � 1
A2 10 � 4 –7 � 3 32 � 8 35 � 4 27 � 3 –1 � 1*

B2 10 � 4 –7 � 3 31 � 7 35 � 3 27 � 3 –1 � 1*

B3 10 � 5 –6 � 3 31 � 8 35 � 3 27 � 2 –1 � 1*

D 10 � 4 –7 � 3 30 � 8* 35 � 3 27 � 3 –1 � 1*

E2 11 � 4 –6 � 3 32 � 8 35 � 3 27 � 3 –1 � 1*

E3 11 � 4 –6 � 4 32 � 8 35 � 3 27 � 3 –1 � 1*

SSM, statistical shape model.
* P � .05 relative to the corresponding premorbid value.
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type A1 and A2 erosions (P > .99). This was similar for
version, as all erosion types, excluding type A1 and E2
(P > .99), had significantly different version compared
with the control glenoid group (P � .036). Statistically
significant differences were detected between the control
group and all erosion patterns for the mean values of the
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radius of the best-fit glenoid sphere (P � .001) and joint
line position (P � .002). All erosion patterns, except for
type A1 (P ¼ .277), exhibited significantly different gle-
noid height as compared to the control glenoid group
(P � .001).

In 4 of 6 glenoid metrics, the SSM prediction of the
premorbid glenoid was not significantly different from that
of the healthy control group (Table III). No statistically
significant differences for any erosion type were observed
between the control and the SSM prediction for the mean
values of glenoid inclination (P � .721), version (P > .99),
height (P > .99), and width (P � .078). The average radius
of the best-fit sphere for the SSM prediction with type D
erosions, however, was significantly different from that of
the control group (P ¼ .030). For all other erosions, there
were no significant differences (P � .171) with the SSM
prediction. The glenoid joint line position was predicted
using the scapular SSM to within –1 � 1 mm of the control
group for all erosion patterns. However, the SSM prediction
of the joint line position for all erosion patterns was
significantly different compared with the control group
(P � .010), except for the type A1 erosion pattern (P > .99).

Mean absolute differences relative to the control
glenoid group

The mean absolute differences for both the pathologic and
SSM-predicted glenoid cohorts relative to the control
cohort for all outcome variables and erosion patterns are
presented in Fig. 5. For the pathologic group, the mean
absolute difference relative to the control group for glenoid
inclination, version, height, width, radius of best-fit sphere,
and joint line were 7� � 5�, 7� � 7�, 2 � 2 mm, 2 � 2 mm,
7 � 4 mm, and 3 � 2 mm, respectively. When the scapular
SSM was applied, these mean absolute differences were
significantly reduced for inclination (3� � 2�, P < .001),
version (3� � 2�, P < .001), glenoid radius of best-fit
sphere (5� � 4�, P ¼ .018), joint line position (1� � 1�,
P < .001), and glenoid height (1� � 1�, P < .001) but not
for glenoid width (2� � 1�, P ¼ .883).

The type of glenoid erosion was not found to signifi-
cantly influence the prediction of the premorbid glenoid
using the scapular SSM for glenoid inclination (P > .99),
version (P > .99), best-fit sphere radius (P > .99), height
(P > .99), or width (P > .99). However, statistically sig-
nificant differences in the mean absolute joint line position
error were observed between type A1 erosions (1 � 1 mm)
and type A2 (1 � 1 mm, P ¼ .005) and E3 (1 � 1 mm,
P ¼ .014) erosions.
Discussion

Scapular SSMs are a useful tool for determining the
average shape and common shape variations across a
sample population. They can also be used for several other
purposes, including the quantification of glenoid bone
loss,36 predicting scapular bone density distribution,42,45

and to correlate premorbid glenoid anatomy to humeral
head translation49,50 and erosion patterns.47 However, the
ability of an SSM to be overlapped with the normal regions
of a patient’s bone, which then highlights the differences
between the SSM-predicted premorbid anatomy and the
pathologic bone, may be one of the most important
functions of this model.

This study validated the accuracy of a scapular SSM in
predicting premorbid glenoid morphology in patients with
GHOA or CTA. The methods used provide a strong vali-
dation of this model. The SSM was evaluated against 7
different erosion patterns observed clinically. Furthermore,
30 unique erosions were created for each erosion type, all
of which captured various morphologic attributes that have
previously been clinically observed. This further increased
the variability of glenoid erosion patterns against which the
SSM was validated. Additionally, the creation of these
erosions from healthy scapulae allowed the prediction of
the SSM to be compared directly to the known premorbid
ground truth glenoid as opposed to average healthy glenoid
parameters. This fully automated SSM can eventually be
integrated into preoperative planning software and can thus
be used as a patient-specific template for premorbid glenoid
morphology, which can assist with preoperative planning in
TSA and RSA.

SSMs have previously been investigated for predicting
glenoid bone loss. Abler et al2 used a scapular SSM to
predict premorbid glenoid morphology in scapulae with
glenoid erosion patterns described by the Walch classifi-
cation. However, the SSM was only validated using 30
glenoid erosions, which limits the robustness of the vali-
dation. This prevented the authors from forming any con-
clusions regarding specific erosion patterns. Furthermore,
clinical erosions models were used that prevented the SSM
prediction from being compared directly to the known
premorbid ground true glenoid morphology. Instead, gle-
noid metrics from a separate cohort of healthy scapulae
were used to approximate premorbid glenoid parameters.
Our study used 30 unique erosions for each of the 7 erosion
types investigated, allowing the SSM to be evaluated
against a total of 210 different eroded glenoids. Further-
more, these erosions were virtually created from healthy
scapulae, allowing the SSM prediction to be compared to
the known premorbid ground truth glenoid morphology in
each case.

Plessers et al35 also evaluated an SSM in predicting
premorbid glenoid morphology in scapulae with Wallace-
type bone defects.26 In their study, all defects were
virtually created on healthy scapulae, allowing the scap-
ular SSM prediction to be compared directly to the pre-
morbid scapular anatomy, similar to the methods used in
our study. However, the healthy scapula cohort used to
construct the SSM was also used to evaluate the model,
which required a leave-one-out approach to be used for



Figure 5 These plots illustrate the mean (�1 standard deviation) absolute difference for both the pathologic and statistical shape model
(SSM)-predicted cohorts relative to the control group for all outcome variables (moving clockwise from the top left corner: glenoid version,
glenoid inclination, glenoid medialization, glenoid width, glenoid height, glenoid radius of BFS). )Statistically significant difference
(P � .05).
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comparisons between healthy and SSM predictions. We
used a unique cohort of healthy scapula for the SSM
development, and then used a different test cohort for
experimental evaluation. This was done to avoid any
potential bias in the comparative results, and to ensure the
SSM would be effective with any glenoid, not only in the
glenoids used to create the model.
Prior to SSMs, other methods to predict premorbid
glenoid morphology in patients with glenoid bone loss
were investigated. Use of the contralateral scapula as a
template for premorbid glenoid anatomy in patients with
unilateral scapula pathology has previously been investi-
gated. Verhaegen et al51 reported mean differences of 2�

for both inclination and version, and 2 mm of scapular
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offset between healthy bilateral scapulae. These results
support the use of the contralateral scapula to be used as
a patient-specific template for predicting premorbid gle-
noid morphology. Several other studies have also reported
findings suggesting contralateral scapulae share similar
glenoid morphologic parameters, especially when per-
taining to parameters related to glenohumeral insta-
bility.27,34,43 However, use of the contralateral scapula can
only be used in patients with a normal contralateral
shoulder, which oftentimes is not present. Furthermore,
the use of the contralateral scapula as a template for
premorbid glenoid morphology requires bilateral CT
scans to be obtained and requires software to create a
reciprocal model.

Another alternative to a scapular SSM includes the
glenoid vault model developed by Codsi et al.7 In this
study, Codsi and colleagues found the glenoid vault to
exhibit a consistent, and when scaled, congruent shape
between healthy patients. From this, the authors developed
a 3D template of the glenoid vault that could be scaled and
virtually implanted into patient scapulae. This model has
since been used to predict several premorbid glenoid pa-
rameters and quantify glenoid bone loss in patients with
GHOA. Scalise et al39,40 reported the glenoid vault model
to predict glenoid bone loss and premorbid glenoid version
with errors of 1% and 2�, respectively, while using the
nonarthritic contralateral scapula as a template for normal
glenoid vault anatomy. Additional studies have also used
this model to predict premorbid glenoid version, inclina-
tion, and joint line medialization in patients with
GHOA.10,18,37 This model, however, has not yet been
validated in patients with CTA and requires manual posi-
tioning on the CT scan. Gilliland et al12 also proposed a
technique for predicting premorbid joint line. They identi-
fied a set of healthy scapular landmarks that can potentially
be used to predict glenoid joint line in patients with sig-
nificant joint line medialization due to glenoid erosion.
However, this method has not yet been validated on path-
ologic scapulae.

Although all variables assessed in this study are
important in quantifying total premorbid glenoid
morphology, knowledge of premorbid glenoid inclination,
version, and joint line are perhaps the most important for
deciding implant selection and position in shoulder
arthroplasty. In TSA, failure to adequately correct glenoid
retroversion, especially in cases of severe posterior glenoid
wear, can result in eccentric joint loading, leading to sub-
sequent component loosening and glenohumeral
instability.9,16,19,33,41 Although it is debated as to whether
version should be corrected to premorbid values within
these patients,24,37 knowledge of the premorbid glenoid can
aid in surgical planning and decision making. Glenoid joint
line re-creation can be especially difficult in severe B3
erosions, which can exhibit significant glenoid retrover-
sion.6 Additionally, malposition of the glenoid component
in inclination has also been shown to lead to increased
eccentric joint forces and muscle loading.20,23 Knowledge
of the premorbid joint line is also valuable in both TSA and
RSA. In TSA, medialization of the joint line can lead to
rotator cuff muscular shortening, increased rotator cuff and
deltoid loading, and increased eccentric joint loading due to
a change in deltoid line of action.15 In contrast, over-
lateralization may overtension the rotator cuff, leading to
increased joint loading and cuff failure. Excessive medial-
ization in RSA decreases rotator cuff tension and gleno-
humeral stability,3 while also increasing the risk for
scapular notching.28 Lateralization of the joint line in RSA
reduces the risk for scapular notching but can potentially
increase the risk for scapular spine fracture21,53,54 and in-
crease shear loading on the glenoid baseplate.14 Although
the goal in RSA is not to restore the joint line to its pre-
morbid state, understanding of its location can help to
improve implant selection and placement. Additionally,
understanding premorbid anatomy, the postoperative posi-
tion of implants, and the final patient outcomes can assist in
artificial intelligence algorithms to customize implant
location to optimize postoperative outcome parameters.

In our study, we demonstrated that a scapular SSM can
be effective in predicting premorbid inclination, version,
and joint line position for the virtual glenoid erosions
created to mimic those commonly encountered in GHOA
and CTA. The mean absolute error for the SSM predic-
tion in version and inclination across all erosion types
was 3� � 2� and 3� � 2�, respectively. Additionally,
absolute mean version errors of 3� � 2� and 3� � 2�

were observed for type B2 and B3 erosions, respective-
lydpatterns for which predicting premorbid glenoid
version can be difficult because of significant posterior
glenoid wear and retroversion. If the mean values of
inclination (10�) and version (–6�) from the healthy gle-
noid cohort were used to predict premorbid glenoid
anatomy, one could experience errors as great as 13� for
inclination and 9� for version because of the large vari-
ance of these parameters in the healthy glenoid cohort
(Table I), which has also previously been reported.11 The
SSM was also highly accurate in its ability to predict the
premorbid glenoid joint line, such that the prediction was
an absolute mean of 1 � 1 mm different from the control.
This difference was found to be statistically significant
(P � .010); however, we believe that the 1-mm difference
in joint line may not be clinically substantial. Overall,
understanding of the joint line location is especially
important in cases of severe glenoid erosions, such as in
A2, B3, and E3 cases, where there is no remaining
paleoglenoid for estimation.

The scapular SSM was also accurate in predicting pre-
morbid glenoid morphology in all virtual erosion types
evaluated in this study. No statistically significant differ-
ences in the mean absolute error relative to the control
group were observed between the various erosion types for
glenoid inclination, version, radius of best-fit sphere,
height, and width. Type A2 and E3 erosions were observed



2502 C.T. Fleet et al.
to exhibit significantly greater absolute error in predicting
premorbid joint position (1 � 1 mm) compared with type
A1 erosions (1 � 1 mm, P � .014). However, as previously
discussed, these differences are likely not clinically
relevant.

This study is not without limitations. Perhaps the
greatest limitation of this study was the inability to use true
glenoid erosion cases for our eroded glenoid group. All
erosion patterns were virtually created in this study using a
Boolean subtraction between corresponding healthy gle-
noid and humerus models. This method does not simulate
the unconstrained translation and rotation of the humerus,
which contributes to glenoid erosion in these patients.
Furthermore, patients with glenoid erosion can present with
osteophyte formation around the periphery of the glenoid,
which may influence the morphology of the glenoid.
Although the techniques used in this study may not pre-
cisely replicate the true morphology of a pathologic gle-
noid, we believe they provide a strong initial validation of
this scapular SSM across a large group of varying glenoid
erosion patterns. Perhaps the next step in validating the
accuracy and precision of this scapular SSM will be to
apply this model to patients exhibiting unilateral glenoid
erosion due to GHOA or CTA, for which the premorbid
glenoid morphology can be inferred using a healthy
contralateral scapula.39,40,51 This study was also limited in
that bone was only removed from the glenoid for all erosion
types evaluated. However, in patients with CTA, erosion of
the acromion and possibly coracoid can occur as a result of
superior migration of the humeral head.31 This should have
minimal impact on the SSM prediction, however, as the
SSM uses the morphology of the medial scapular body to
align and predict the SSM to the pathologic scapula. Lastly,
the scapular SSM evaluated in this study was only used to
predict premorbid glenoid morphology in scapulae exhib-
iting common glenoid erosion patterns due to GHOA or
CTA. This SSM in theory could also be used to predict
premorbid glenoid morphology in cases of glenohumeral
instability with glenoid bone loss. Further study is needed
to validate this SSM’s ability to predict clinically relevant
morphologic parameters of the glenoid, such as glenoid
inferior best-fit circle and diameter,8,46 in scapulae with
anterior and posterior glenoid bone loss.
Conclusion
The results from this study provide an initial validation
that predictive statistical shape modeling of the
arthritic eroded glenoid can be an effective technique
in determining premorbid glenoid parameters, such as
inclination, version, and dimensions, with a high de-
gree of precision. Further study is needed to better
validate this scapular SSM in predicting premorbid
glenoid bone in patient scapulae with glenoid erosions.
Once validated clinically, this technology can be used
to visualize a 3D patient-specific representation of the
premorbid healthy glenoid, which can assist surgeons
with implant selection and placement during shoulder
arthroplasty.
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