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ARTICLE INFO Background: The purpose of this study was to assess impingement-free internal rotation (IR) in a virtual
reverse shoulder arthroplasty simulation using a Statistical Shape Model based on scapula size.
Keywords: Methods: A database of over 10,000 scapulae utilized for preoperative planning for shoulder arthro-
Shoulder arthroplasty plasty was analyzed with a Statistical Shape Model to obtain 5 scapula sizes including the mean and 2
Virtual . . standard deviations. For each scapula model, one glenosphere size (33-42 mm) was selected as the best
F;f:ﬁ,?f:ggf;inn'"g fit based on consensus among 3 shoulder surgeons. Virtual implantation variables included 1) lateral
offset (0-12 mm in 2-mm increments), 2) inferior eccentricity (0, 2.5, 5, and 7.5 mm), and 3) posterior

Range of motion .. . . .
Lateralization eccentricity (0, 2.5, and 5 mm). The neck shaft angle was fixed at 135° with an inlay design humeral

Offset
Scapula size

Level of evidence: Basic Science Study;
Computer Modeling

prosthesis. IR at the side (IR0) and in abduction (IRABD) were then simulated.
Results: Maximum impingement-free IRO was reached with increasing inferior offset in combination with
increasing lateralization. Lateralization was the most important variable in increasing impingement-free
IRABD. Maximum IRABD was reached at 4-6 mm of lateralization with smaller scapula (-2 to O stan-
dard deviation). Increasing lateralization up to 12 mm continues to increase IRABD for larger-sized scapula
(+1 to +2 standard deviation). Optimal inferior offset and lateralization to maximize IR did have a small
loss of external rotation in neutral abduction. There was no loss of external rotation in 60° of abduction.
Conclusion: In a virtual model, the glenosphere position required to maximize IR varied by scapula size.
For smaller scapulae, maximum IR0 was reached with a combination of 2.5-mm inferior offset and 0- 4
mm of lateralization. For larger scapulae, maximum IR0 was reached with a combination of 2.5 mm of
inferior offset and 4 mm of lateralization. The amount of lateralization required to maximize IRABD also
varies by scapula size. Maximum IRABD was reached in smaller scapula with 4-6 mm of lateralization
and at least 12 mm of lateralization in larger scapula. These findings may be applied in the clinical
decision-making process knowing that impingement-free IR and IRABD can be maximized with com-
binations of inferior offset and lateralization based on scapula size with minimal effect on external
rotation and external rotation in 60° of abduction.
© 2024 The Author(s). Published by Elsevier Inc. on behalf of American Shoulder and Elbow Surgeons.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

As the number of shoulder arthroplasties performed each year
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continues to increase, improving patient outcomes continues to be
the focus of surgeons.”> Accurately predicting impingement-free
range of motion (ROM), specifically internal rotation (IR), from
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Figure 1 Statistical shape model of 5 scapula sizes including the mean scapula size and 2 standard deviations.

preoperative planning software is one of the final unanswered
questions.”® Loss or minimal improvement of IR after reverse
shoulder arthroplasty (RSA) is a known outcome that can have
many contributing factors like capsular contracture, subscapularis
dysfunction, bony impingement, and various implant
factors.>®14-162123 previous reviews of the literature have aimed to
elucidate the most important implant factors for maximizing IR.2

Preoperative planning for shoulder arthroplasty allows surgeons
to better understand patient anatomy and deformity. Several
studies have also shown that surgeons are accurately replicating
their preoperative plans intraoperatively.®!%** However, predicting
postoperative ROM, specifically IR, from preoperative planning
software is one of the final challenges.? Several virtual ROM studies
have attempted to provide guidelines for glenoid component
position and lateralization."'"">?%?8 The majority of these studies
have used a model based on only one or very few scapula. Thus,
previous studies do not account for variability in scapular size
and are limited in the ability to make patient-specific
recommendations.

The primary goal of this study was to assess impingement-free
IR in a virtual RSA simulation using a Statistical Shape Model
(SSM) based on scapula size. The hypothesis was that optimal
glenoid-sided implant position and lateralization to achieve
maximal impingement-free IR would vary based on scapula size.

Methods

A database including over 10,000 computed tomography (CT)
scans, which included the proximal humerus and entire scapula,
was queried. CT scans were collected from the Virtual Implant
Positioning (VIP; Arthrex, Naples, FL, USA) database to represent
the diverse patient population. From this database, a shoulder SSM
was created. SSMs are 3-dimensional (3D) geometric models that
represent an average shape as well as variations in shape. For the
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SSM, only right shoulders were considered and left shoulders were
mirrored to simulate right shoulders. All patients with previous
metal implants were excluded. All CT scans were manually
segmented, and 3D surfaces of the humerus and scapula were
reconstructed using Mimics (Materialise NV, Leuven, Belgium). To
compute the shoulder SSM correspondences between all points,
the training set surfaces were determined according to previously
described methods for the humerus and scapula correspondences
computation.'® We then applied a Principal Component Analysis to
compute the principal modes of variations, eigenvectors with their
eigenvalues, of the shoulder SSM. The computed principal modes of
variation allow for alterations of the shoulder SSM along the
anatomical variations so that a large number of shoulder models
were created.

From the database of 10,000 scapulae, 100 were randomly
selected and then analyzed to obtain 5 scapulae sizes including the
mean and 2 standard deviations. (Fig. 1). Virtual implantation was
then conducted and glenohumeral ROM was simulated. For each
scapula size model, one glenosphere diameter (33-42 mm) was
selected as the best fit based on consensus among 3 fellowship-
trained shoulder surgeons. Virtual implantation variables included
1) lateral offset (0-12 mm in 2-mm increments), 2) inferior eccen-
tricity (0, 2.5, 5, and 7.5 mm), and 3) posterior eccentricity (0, 2.5, and
5 mm). (Figs. 2—4) On the humeral side, a 135° inlay component was
virtually implanted with a 3-mm polyethylene in all cases.

ROM was simulated in 4 planes using the 3D-reconstructed
humerus and scapula: IR in neutral abduction (IRO), IR in 60° of
abduction (IRABD), external rotation in neutral abduction (ERO),
and external rotation in 60° of abduction (ERABD) (Fig. 5). For each
plane, glenohumeral ROM was then simulated to the point of bony
impingement (Fig. 6). As the model only simulated bony gleno-
humeral ROM, the maximum ROM in all planes was capped at 90°.
Setting a realistic constraint on maximum ROM in a simulated
model was to account for soft tissue constraints.
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Figure 2 Scapular models demonstrating virtual implantation variables of increasing lateral offset in 2-mm increments.
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Figure 3 Scapular models demonstrating virtual implantation variables of increasing inferior offset in 2.5-mm increments.
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Figure 4 Scapular models demonstrating virtual implantation variables of increasing posterior offset in 2.5-mm increments.
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Results offset up to 7.5 mm. With lateralization alone, IRO progressively
decreased until 8 mm of lateralization, at which point it again
IR0 and ERO increased. Increasing posterior offset without lateralization also

As shown in Fig. 7, increasing inferior offset had a small pro-
gressive increase on IR0 until impingement occurred for the —2
standard deviation (SD) to 0 SD size scapula. For the +1 SD and +2
SD size scapula, IRO reached a maximum with increasing inferior

decreased IRO. For —2 SD to 0 SD size scapula, maximum IRO was
reached with a combination of 2.5 mm inferior offset and 0 to 4 mm
of lateralization. For +1 SD and +2 SD size scapula, maximum IR0
was reached with a combination of 2.5 mm of inferior offset and 4
mm of lateralization (Fig. 8).
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Figure 5 Four planes of simulated range of motion: IR0, ERO, IRABD, and ERABD. ERO, external rotation in neutral abduction; ERABD, external rotation in 60° of abduction; IR0,
internal rotation in neutral abduction; IRABD, internal rotation in 60° of abduction.
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Figure 6 Examples of simulated maximum ROM to the point of bony impingement. ABD, abduction; ER, external rotation; IR, internal rotation; ROM, range of motion.
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Figure 7 Effect of glenosphere position on IR0. IR0, internal rotation in neutral abduction.
Internal Rotation at 0° Abduction
Inferior=0, Posterior=2.5 Inferior=2.5, Posterior=0 Inferior=2.5, Posterior=2.5
80
60 -
| =t
o
°
=}
=]
Qo
<
o
©
c 40+
2
s
<]
x
©
=
9]
=
20+
O il

T T T T T T T T T T T

0 2 4 6 8 10 120 2 4 6 8 10 120 2 4 6 8 10 12

Lateral Position
[ SD (Glenosphere) -2 (33) -1(33) 0 (36) 1(39) 2(39) |

Figure 8 Effect of lateralization in combination with glenosphere position on IRO. IR0, internal rotation in neutral abduction.

1252



LA. Galasso, A. Lidermann, B.C. Werner et al.

JSES International 8 (2024) 1248—1258

External Rotation at 0° Abd

Inferior Position

Lateral Position

Posterior Position

60

50

40

30+

20+

External Rotation at 0° Abd

10

T T LI T T

2.5 750

(&)

T T T T T T

10 120 25

Value

[ SD (Glenosphere)

— -1

2 (33)

(33)

0 (36)

1(39) w2 (39) |

Figure 9 Effect of glenosphere position on ERO. ERO, external rotation in neutral abduction.

Increasing inferior offset, lateralization, and posterior offset all
led to an increase in ERO for all scapula sizes. Posterior offset of 5
mm predicted maximal ERO (Fig. 9). As shown in Fig. 7, posterior
offset of 2.5 mm predicted a loss of external rotation (ER) with
increasing lateralization. The combination of 2.5 mm of inferior
offset and 0 mm of posterior offset predicted an increase of ERO
with increasing lateralization. The combination of 2.5 mm of infe-
rior and 2.5 mm of posterior offset predicted the highest ERO at 10
mm of lateralization (Fig. 10).

IRABD and ERABD

In the abducted position, lateralization had the largest impact
on IRABD. Maximum IRABD was reached at 4 mm of lateralization
with the —2 SD and —1 SD size scapula and at 6 mm with the 0 SD
size scapula. For scapula sizes +1 SD and +2 SD, lateralization up to
12 mm continued to increase IRABD. Only a slight increase in IRABD
was observed with increasing inferior or posterior offset (Fig. 11).
Inferior and posterior offset have similar effects leading to
increased IRABD with increasing lateralization (Fig. 12). Increasing
lateralization increased ERABD with O mm of inferior and posterior
offset. Increased posterior and inferior offset beyond 0 mm had
minimal effect on ERABD (Fig. 13).

Discussion

The most important finding of this virtual ROM study was that
variations in glenoid-sided implant position required to maximize
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IR does vary by scapula size. In a neutral arm position, maximum
IRO was reached with a combination of 2.5-mm inferior offset and
0- 4 mm of lateralization for —2 SD to 0 SD scapula. For +1 SD
and +2 SD scapula, maximum IR0 was reached with a combination
of 2.5 mm of inferior offset and 4 mm of lateralization. Again, this
demonstrates that smaller and larger scapula necessitate different
glenosphere positions when maximizing IRO is the goal. In the
abducted position, our virtual model demonstrated that increased
lateralization is most important in maximizing IRABD compared to
inferior or posterior offset. It was also shown that the amount of
lateralization required to maximize IRABD varies by scapula size.
For the 2 smallest scapula, maximal IRO was achieved with 4 mm of
lateralization, for the mean size 6 mm was required, whereas for
larger scapula IRO continued to increase out to 12 mm and did not
reach a ceiling. Furthermore, our virtual model demonstrated no
loss in ERABD with changes to implant position to maximize IRABD.
These findings may have implications for patient-specific planning
considerations.

Loss or minimal improvement in IR after RSA is a known
outcome that can have many contributing factors like capsular
contracture, subscapularis dysfunction, bony impingement, and
many implant factors.®%223 Previous reviews of the literature
have aimed to elucidate the most important implant factors for
maximizing IR. Improved IR is associated with: lower humeral neck
shaft angle, increased glenoid lateralization, decreased humeral
retroversion, inferior baseplate position, inferior baseplate tilt, and
subscapularis repair.® A multicenter retrospective review by
Werner et al?’ studied active IR after RSA in a 135° humeral inlay
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Figure 10 Effect of lateralization in combination with glenosphere position on ERO. ERO, external rotation in neutral abduction.

prosthesis with varying amounts of glenoid lateralization. They
found that increasing glenoid-sided lateralization improved IR,
with 6- 8 mm yielding the best results; however, even with a lat-
eralized glenoid approximately 50% of patients fail to achieve
functional IR after RSA. Variations in scapula size based on patient
sex or height were not analyzed in the study. Almost half of those
patients failed to achieve functional IR, this could be related to the
amount of lateralization not tailored to variations in patient scapula
size and morphology. Our findings confirm that increased lateral-
ization with glenosphere size matched to scapula size and inferior
offset maximizes IR0 in a virtual model.

Similar to our findings, Werner et al showed with their virtual
model that increased lateralization had the most effect on
increased total ROM.?® However, they only examined lateralization
out to 5 mm in 1 scapula model. Keener et al also showed a sig-
nificant increase in ROM in all measured planes with increased
lateralization out to a maximum of 10 mm in 10 consecutive
specimens.'” Virani et al's virtual model of a single scapula found
that increasing lateralization and inferior offset maximizes IR,
similar to our findings.>> Maximum IRABD has been analyzed in a
previous virtual model conducted by Li et al which demonstrated
increased IR with increased lateralization. Li et al also showed that
increasing inferior offset increased IRABD.!® Many activities of daily
living require the arm to be slightly abducted; therefore, these
models support clinically meaningful predictions in ROM.

Anthropometric studies have been conducted which prove that
height can be accurately predicted from scapula size; therefore,
patient height can be used as a guide when selecting glenosphere

1254

size.*” Appropriately matched glenosphere size to patient anatomy
can maximize ROM by reducing bony impingement.'® Matuski et al
found no significant differences in postoperative ROM between
38—, 42—, and 46—mm-diameter glenospheres selected based on
surgeon preference in a 145° neck shaft angle prosthesis. They
found that small- and tall-stature patients had significantly less
postoperative ER gain compared to average-stature patients.!” For
small-stature patients, the 38-mm diameter glenosphere may in-
crease risk for bony impingement, resulting in a loss of ER
compared to average-stature patients. Height-matched gleno-
sphere size correlates with improved patient outcome scores.?” In
our virtual model, we found that smaller scapulae (-2 to 0 SD)
would achieve maximum IR with 0 to 4 mm of lateralization with
2.5 mm inferior offset. Larger scapulae (+1 to +2 SD) reached
maximum IR with lateralization of 4 mm with 2.5 mm inferior
offset. Our virtual model findings can be applied in the clinical
decision-making process knowing that IR is maximized with at
least 4 mm of lateralization plus 2.5 mm inferior offset in small- and
average-sized scapula. Future work may therefore include guide-
lines of lateralization and inferior position based on predictive
modeling of the scapula.

While scapula size and therefore glenoid size varies based on
patient height, other variations in scapula and humeral anatomy
can affect optimal implant size and position for maximizing ROM.>*
Variations in the anatomy of the coracoid, acromion, scapular neck
length, glenoid inclination, and greater/lesser tuberosities can all
affect maximum ROM before bony impingement. All of these var-
iations may be considerations when selecting the appropriate
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Figure 11 Effect of glenosphere position on IRABD. IRABD, internal rotation in 60° of abduction.

implant size and position, as well as the functional goals of each
patient. Further research is therefore needed in this area as our
model only accounted for scapula size.

There are several limitations of this study. The virtual model is
based on a single 135° neck shaft angle inlay design prosthesis
implant. Our findings may not be translatable to other implant
systems. Likewise, our model does not account for variation in
humeral version. It has been shown that humeral version impacts
IR.2 Our virtual model does not account for soft tissue constraint or
soft tissue impingement. This could overestimate maximum ROM
before clinically significant impingement in vivo. We attempted to
control for this by setting realistic maximum ROM. Another limi-
tation is that this virtual model had no variation in humeral side
anatomy. Bony impingement with the greater tuberosity and
acromion with abduction as well as between the greater tuberosity
and coracoid with forward flexion, abduction and IR may occur. We
controlled for patient variability on the scapular side, but not the
humeral side. Finally, our virtual model does not account for mo-
tion through the scapulothoracic joint. The orientation of the
scapula was not taken into account for in our model which can have
an effect when bony impingement is occurring.

Conclusion

In a virtual model, the glenosphere position required to maxi-
mize IR varied by scapula size. For smaller scapulae, maximum IR0
was reached with a combination of 2.5 mm of inferior offset and
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0-4 mm of lateralization. For larger scapulae, maximum IR0 was
reached with a combination of 2.5 mm of inferior offset and 4 mm
of lateralization. The amount of lateralization required to maximize
IRABD also varies by scapula size. Maximum IRABD was reached in
smaller scapula with 4 to 6 mm of lateralization and at least 12 mm
of lateralization in larger scapula. These findings may be applied in
the clinical decision-making process knowing that impingement-
free IR and IRABD can be maximized with combinations of infe-
rior offset and lateralization based on scapula size with minimal
effect on ER and ERABD.
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Figure 13 Effect of lateralization in combination with glenosphere position on ERABD. ERABD, external rotation in 60° of abduction.
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