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Background: The treatment of bony glenoid defects after anteroinferior shoulder dislocation currently depends on the amount of
glenoid bone loss (GBL). Recent studies have described the glenoid concavity as an essential factor for glenohumeral stability.
The role of glenoid concavity in the presence of soft tissue and muscle forces is still unknown.

Hypothesis: Glenoid concavity would have a major impact on glenohumeral stability in an active-assisted biomechanical model
including soft tissue and the rotator cuff’'s compression forces.

Study Design: Controlled laboratory study.

Methods: In 8 human shoulder specimens, individual coordinate systems were calculated based on anatomic landmarks. The
glenoid concavity was measured biomechanically and based on computed tomography. Static load was applied to the rotator
cuff tendons and the deltoid muscle. In a robotic test setup, anteriorly directed force was applied to the humeral head until trans-
lation of 5 mm (N,nt) was achieved. N was used as a parameter indicating shoulder stability. This was performed in the following
testing stages: (1) intact joint, (2) labral lesion, (3) 10% GBL, and (4) 20% GBL. The 8 specimens were divided equally into 2 sub-
groups (low concavity [LC] versus high concavity [HC]), with 4 specimens each, according to the previously measured concavity.

Results: Anterior glenohumeral stability was highly correlated with the native glenoid concavity (R? = 0.8). In the testing stages 1
to 3, we found a significantly higher mean stability in the HC subgroup compared with the LC subgroup (P < .0142). The HC sub-
group still showed higher absolute N, values with 20% GBL; however, there was no significant difference from the LC
subgroup. The loss of stability in 20% GBL was correlated with the initial concavity (R?> = 0.86). Thus, a higher loss of N in
the HC subgroup was observed (P = .0049).

Conclusion: In an active-assisted model with intact soft tissue surrounding and muscular compression forces, the glenoid con-
cavity correlates with shoulder stability. In bony defects, loss of concavity is an essential factor causing instability. Due to their
significantly higher native stability, glenoids with HC can tolerate a higher amount of GBL.

Clinical Relevance: Glenoid concavity should be considered in an individualized treatment of bony glenoid defects. Further stud-
ies are required to establish reference values and develop therapeutic algorithms.
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Due to the glenohumeral anatomy, the shoulder joint pro-
vides the highest range of motion of all human joints.'” The
excessive mobility predisposes the glenohumeral joint to
instability, leading to mainly anteroinferior humeral dislo-
cation. Concomitantly, glenoid injuries include not only
labral lesions (Bankart lesions) or glenolabral articular
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disruption but also glenoid fractures, occurring in up to
40% to 50% of patients after first-time anteroinferior dislo-
cation.2 4619

The principle of concavity compression describes the
interaction between the concave glenoid, shaped by the gle-
noid bone stock, articular cartilage, and the labrum, and
the glenohumeral compression forces exerted by the rota-
tor cuff.”'*1%1% Egpecially in midrange glenohumeral
motion, stability is dependent mainly on concavity com-
pression, due to maximum capsular and ligamentous
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laxity,1517:19:23.27.28 Iy 3 cadaveric study, Wermers et al®

found the highest glenoid concavity in anteroinferior, post-
eroinferior, and superior positions.

In the case of glenoid bone loss (GBL), threshold values
indicating bony reconstruction have decreased in the last
decade. Studies have shown an increase of instability
with GBL between 13.5% and 16%.%'22%22 In addition,
the loss of glenoid concavity plays a major role in gleno-
humeral instability. Focusing on the 3-dimensional (3D)
glenoid morphology as a main glenohumeral stabilizer,
Moroder et al'® established the computed tomography
(CT)-based bony shoulder stability ratio (BSSR), depend-
ing on the glenoid depth and the radius of the humeral
head. By performing CT-based finite element analyses,
a high correlation between glenoid concavity and shoulder
stability was found.'® Biomechanically, Wermers et al®’
confirmed the importance of the glenoid concavity in
cadaveric glenoids, describing a significant reduction of
anterior stability in the presence of anterior GBL. Physio-
logical stabilizing forces exerted by the rotator cuff were
not included in this osteochondral model.

Anterior glenohumeral stability and the impact of the
glenoid concavity have yet to be investigated in an
active-assisted model including the rotator cuff’'s compres-
sion force. We hypothesized that glenoid concavity would
play an integral role for glenohumeral stability in the pres-
ence of intact soft tissue surrounding and the mechanism
of concavity compression. Therefore, we developed a biome-
chanical model based on the physiological distribution
of forces exerted by the rotator cuff and the deltoid
muscle,”?531

METHODS

Specimen Preparation

A total of 8 fresh-frozen human cadaveric shoulders (3
right, 5 left; 1 female shoulder, 7 male shoulders; mean
age, 82.25 *= 8.12 years [age range, 76-98 years]) with
intact rotator cuff on magnetic resonance imaging scans
were included with institutional review board approval
(IRB No. 2022-323-f-S, University of Muenster, Germany).
All donors provided written consent to use their bodies for
scientific and/or educational purposes. After thawing of the
specimens at room temperature, preparation included skin
and subcutaneous tissue resection. The deltoid muscle, all
rotator cuff tendons, the biceps brachii muscle, the joint
capsule, the glenohumeral ligaments, and the labrum
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Figure 1. Preparation of human specimen. A labral lesion is
applied via an anteroinferior capsulotomy.

were all preserved. To be capable of loading the delta mus-
cle and the rotator cuff tendons, sutures were applied in
Krakow stitch technique to each tendon, adjacent to the
tendon’s insertion points, with FiberWire Sutures (US 5,
Arthrex). Hereafter, an anteroinferior capsule incision
was performed to relieve negative intra-articular pressure
and avoid influence of the vacuum effect on shoulder
stability.>8?°

To define joint-specific coordinate systems, 5 drill holes,
each 2.7 mm in diameter, were placed into the cortical bone
of the scapula and the proximal humerus. Using a CT scan,
the drill holes and anatomic reference points were mea-
sured, resulting in a rigid body system for each bone.
This spatial relationship was later used to calculate the
position of anatomic reference points, such as the center
of glenohumeral rotation or the humeral epicondyles, by
measuring the fiducial points (drill holes) only.32430

The specimens were then attached to a custom-made
construction via Schanz screws and a ring fixator, allowing
for individual, selective muscle loading. Four Schanz
screws were drilled through the scapular spine as well as
the medial and lateral scapular margins, to achieve maxi-
mum stability of the scapula in the test setup. The distal
humerus was embedded in polyurethan casting resin (Ren-
Cast PU, GoBl + Pfaff GmbH).

Since stability testing was performed in intact joints as
well as in the presence of labral Bankart lesions and Bank-
art fractures, surgical modification of the specimens’ gle-
noids was performed successively to allow each of the
following testing stages (Figure 1)12: (1) intact glenohum-
eral joint, (2) labral detachment (Bankart lesion), (3) 10%
GBL, and (4) 20% GBL.

These procedures were performed by an experienced,
fellowship-trained shoulder surgeon via an anteroinferior
capsulotomy (J.C.K.). Biomechanical testing was per-
formed for each defect stage.
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Figure 2. Human specimen in robotic test setup with the dis-
tal humerus attached to a 6-axis industrial robot (KR 60-3,
KUKA). Stable scapular fixation via Schanz screws and ring
fixator. Loading of rotator cuff and deltoid muscle tendons
with custom-made FiberWire-construction (US 5, Arthrex) in
Krakow suture technique.

Test Setup

To perform controlled glenohumeral translation, the scap-
ula was fixed in a ring fixator, as described above, while
the distal humerus was attached to a 6-axis industrial
robot (KR 60-3, KUKA) (Figure 2). Its accuracy of position
repeatability was =60 pm. Forces arising during humeral
motion were monitored by a force/torque sensor (FT
Mini45, ATI Industrial Automation), which had a measure-
ment error of <0.25 N and <0.01 N-m, respectively. Robot
control was performed with the simVITRO software
(Cleveland Clinic BioRobotics Lab).

The scapular and humeral fiducial points (drill holes)
were digitized using a 3D measuring arm (Absolute Arm
8320-7, Hexagon Metrology GmbH) with a measurement
error of <50 pm. In combination with the specimens’ CT
scans, a joint-specific 3D coordinate system was calculated
using the rigid body definitions. To ensure specific gleno-
humeral translation, an individual coordinate system was
defined for each specimen. Its mediolateral axis was
directed from the scapular spine’s medial border to the cen-
ter of the humeral head. The anteroposterior axis was set
orthogonally to the plane defined by the inferior angle,
the scapular spine’s medial border and the center of the
humeral head. The superoinferior axis was then aligned
orthogonally to the mediolateral and anteroposterior axes.

Biomechanical Experiments

Load and shift testing was performed with the specimen
fixed in 60° of glenohumeral abduction (corresponding to
90° of humerothoracic elevation) in neutral rotation, simu-
lating an articular position with loosened capsule and
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ligaments, in which stability is provided mostly by the gle-
noid shape and muscular guidance.!%1%-16

To achieve centering of the humeral head and assess the
anatomic stating position, an isolated compression force of
10 N was applied to the humerus first, while all other joint
forces were minimized and no muscular loads were
applied. To assess glenoid depth and concavity, the
humeral head was shifted anteriorly to 90% of the antero-
posterior glenoid radius and posteriorly to 50% of the gle-
noid radius at a maximum displacement rate of 1 mm/s.
Since the humeral head hereby had continuous contact to
the glenoid surface, the deepest point of the glenoid cavity
was detected reliably.

Loading of the deltoid and rotator cuff tendons was then
established. Due to the individual anatomy and different-
sided specimens, the tension vectors were adapted by
adjusting the construction for each specimen. Anatomic
force application and muscle loading was then achieved.
According to the muscular cross-sectional area and the
physiological force ratio distributed by the rotator cuff
and the deltoid muscle, the tendons were loaded to the fol-
lowing extent: the deltoid muscle was loaded with 42.3 N
(14.1 N for each of the 3 deltoid parts), the supraspinatus
muscle (SSP) with 8.7 N, the infraspinatus (ISP) and teres
minor muscle (TM) combined with 22 N, and the subscapu-
laris muscle (SSC) with 22.4 N. After muscle loading, no
further external compression forces were required for
humeral head centering.”?%:3!

To evaluate anteroinferior shoulder stability under
muscle loading, the humeral head was again shifted ante-
riorly and posteriorly up to 90% and 50% of the glenoid
radius, respectively, by the robot. Importantly, the robot
performed position-controlled anteroposterior translation.
Superoinferior and mediolateral shifting were not con-
strained and, therefore, force controlled. Thus, a physiolog-
ical anteroinferior humeral translation was evoked, due to
the humeral head seeking the path of least resistance and
being deflected inferiorly by the coracoid. Nonconstrained
mediolateral humeral motion was influenced by rotator
cuff loading and the individual glenoid concavity. The
anteriorly directed forces exerted by the robot to achieve
a 5 mm anterior translation were monitored. This setup
was repeated throughout the different testing stages,
beginning with intact glenohumeral joints followed by
equivalent testing in the presence of a labral Bankart
lesion as well as Bankart fractures with 10% and 20%
anteroinferior GBL, respectively.

Throughout all testing stages and specimens, the maxi-
mum force required for 5 mm of anterior translation under
muscle loading and the direction of dislocation (0° for ante-
rior, >0° for anterosuperior, and <0° for anteroinferior dis-
location) was measured. The initial glenoid depth and
concavity were assessed by load and shift testing without
muscle loading as well as by CT scans. In the robotic test
setup, the glenoid depth was defined as the maximum lat-
eral displacement of the humeral head during translation.
The glenoid concavity was determined as the ratio of max-
imum lateral displacement in relation to the anterior dis-
placement. In the CT scans, the BSSR was calculated
using glenoid radius and depth.



4 QOenning et al

A
60 |
1
5 L e
& I R2=0.8
2 40 | °
g ) 1
£ . |
‘é 1
) 1
1
0 T T T 1
0.0 0.1 0.2 0.3 0.4

Concavity

The Orthopaedic Journal of Sports Medicine

B
60 p= 0.0021
r 1

S %
5 IS U
2 404 °
o ° A
E  foone S ——
S 201 *
Zm

0 T T

Low concavity High concavity

Figure 3. (A) Correlation between glenoid concavity and N in a linear regression model with a determination coefficient of R® =
0.8. (B) Definition of LC and HC subgroups with significantly higher N4 values in the HC subgroup in native specimens (P =
.0021). HC, high concavity; LC, low concavity; Nant, anteriorly directed force to achieve a 5 mm anterior translation.

For subgroup analyses, 2 cohorts were defined. After an
initial analysis of glenoid concavity, the 8 specimens were
divided into 2 subgroups of 4 specimens each. Due to the
unknown physiological ranges of glenoid concavity, the 4
specimens with the lowest concavity and the 4 specimens
with the highest concavity were grouped together. Thus,
2 equally sized subgroups were formed, according to the
specimens’ concavity.

Statistical Analysis

A custom-made MATLAB-script (R2019a, The MathWorks
Inc) was developed for signal processing. Statistical analy-
sis of the influence of each stage of glenoid pathology on
shoulder stability was performed with GraphPad Prism
Version 9 (GraphPad Software). For group comparisons,
2-way repeated-measures analysis of variance and Sidak
post hoc test with a correction for multiple comparisons
were chosen. A significance level of P < .05 was set.

To analyze the correlation between maximum anterior
force and glenoid depth and concavity, a linear regression
model was applied, and the determination coefficient (R?)
was used to measure the correlation.

RESULTS

In the 8 native joints, a high correlation between glenoid
concavity and the required anteriorly directed force to
achieve a 5 mm anterior translation (N,,;) was observed
in a linear regression model with a determination coeffi-
cient of R? = 0.8 (Figure 3A). The concavity values ranged
from 0.19 to 2.19 and were divided into low concavity (LC)
and high concavity (HC) subgroups. Concavity in these sub-
groups ranged from 0.19 to 1.31 and 1.89 to 2.19, respec-
tively. Comparing the LC and HC subgroups, significantly

higher initial N,,; values were observed in the HC subgroup
(P =.0021; 95% CI, 5.021-25.57) (Figure 3B).

A difference between the LC and HC subgroups was
also observed in the first stages of defect size, including
labral Bankart lesions and a 10% anteroinferior bony gle-
noid defect. Significantly higher N,,; values were found
in HC specimens compared with LC specimens (P = .0044
and P = .0142, respectively). In the final defect size of
20% GBL, the mean N,,; was still higher in the HC sub-
group compared with the LC subgroup, without showing
statistical significance (P = .0621) (Figure 4 and Table 1).
In addition, mean N,,; in HC joints after applying a 20%
glenoid lesion was higher than every mean N,,; value of
the preceding testing stages in the LC subgroup without
statistical significance.

Analyzing the N,,; values in each subgroup, a signifi-
cant decrease of N,,; was found in the HC subgroup in
every defect stage compared with the native N, values
(Bankart lesion: P = .0104, 10% GBL: P = .0002, 20%
GBL: P < .0001). The decrease in stability between labral
lesions and 10% bony defect was not statistically signifi-
cant (P = .4014; 95% CI, -1.04 to 4.48), whereas the transi-
tion from 10% to 20% GBL led to significantly lower N,
values (P = .0118; 95% CI, 0.62 to 6.14). In the LC sub-
group, significantly reduced N,,; values were observed in
the 20% bony defect stage compared with the native test-
ing stage (P = .0206; 95% CI, 0.38 to 5.91).

Regarding the loss of anterior shoulder stability, it was
observed that bony defects led to a higher reduction of N,;
in specimens with an initial HC. There was no significant
difference in loss of N,,; between both subgroups after
applying labral lesions (P = .8269; 95% CI, -2.96 to 4.97).
However, we found a significantly higher loss of N,,; in
the 20% bony defect stage in the HC subgroup compared
with the LC subgroup (P =.0049; 95% CI, 1.56 to 9.22) (Fig-
ure 5). In a linear regression model analyzing the loss of
Nant in the 20% bony defect stage, we found a high determi-
nation coefficient of R? = 0.86. The high correlation
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Figure 4. N, values of LC and HC subgroups throughout all
testing stages. Significantly higher N,.; values were seen in
the HC subgroup in native joints and after applying Bankart
lesions and 10% bony glenoid defects (P < .05). There was
no statistical significance (ns) at the 20% bony defect stage
(P =.0621). HC, high concavity; LC, low concavity; Nant, ante-
riorly directed force to 5 mm anterior translation. Statistically
significant differences are indicated (*, P < .05; **, P < .01).

indicates that the more initial concavity was present in the
specimens, the more they suffered from stability loss in
20% glenoid defects (Figure 6).

In addition, the correlation of the specimens’ CT-based
BSSR with their N,,; and loss of N,,. was assessed.
Throughout all testing stages from native joints to 20%
bony defects, a medium-to-good correlation between
BSSR and anterior shoulder stability was found. For exam-
ple, the determination coefficient in a linear regression
model for the correlation between N,,; in native joints
and the CT-based BSSR was R? = 0.52. Statistical analyses
showed comparable values for the loss of N,,; after apply-
ing Bankart lesions and 10% and 20% bony glenoid defects
(R? = 0.56, 0.59, and 0.49, respectively).

DISCUSSION

In this biomechanical model including soft tissue and the
rotator cuff’s concavity compression, we can summarize
the following main findings: (1) the glenoid concavity
showed a high correlation with anterior shoulder stability.
High glenoid concavity led to a high glenohumeral stabil-
ity, thus playing a major role in preventing anteroinferior
dislocation of the humeral head. (2) In labral and bony gle-
noid defects, highly concave-shaped glenoids lose more sta-
bility than glenoids with initial LC. However, even with
20% GBL, the HC subgroup provided higher absolute sta-
bility values than native, intact LC glenoids. Since this dif-
ference was not statistically significant, we assume that
the small sample size of 8 specimens was not sufficient to
create significant results. Nevertheless, it underlines the
importance of glenoid concavity for shoulder stability.
Understanding global glenohumeral stability as the
summation of bony stability and other soft tissue-related
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Figure 5. Mean loss of N, values in the LC and HC sub-
groups throughout all testing stages compared with Ng,; val-
ues in native joints. A significantly higher loss of Na.t in the
HC subgroup was seen compared to LC joints in 20%
bony defect stage (P = .0049). HC, high concavity; LC, low
concavity; Nant, anteriorly directed force to 5 mm anterior
translation.

stabilizing factors, the glenoid concavity can be considered
decisively responsible for bony stability. In glenohumeral
joints with low glenoid concavity, stability would have to
be achieved by other stabilizing factors (higher, compres-
sive forces exerted by the rotator cuff, for example) to with-
stand anterior dislocation force. The impact of the glenoid
retroversion angle on bony glenohumeral stability is not
yet known.

Threshold values indicating bony reconstruction have
long been a matter of discussion. Recent studies have
revealed a relevant increase of instability in glenoid defects
between 13.5% and 16%.31%2122 In previous literature, the
range of subcritical GBL differs between 13.5% and
25%.212232 Qur results lead us to consider the loss of gle-
noid concavity to be a more precise predictor for persistent
glenohumeral instability compared with size of a glenoid
defect. Especially in patients with subcritical bone loss,
the loss of concavity can help to assess the need for bony
glenoid reconstruction. Thus, the initial glenoid concavity,
as well as the loss of concavity, should be considered as
part of an individual, therapeutic approach. For future
studies, the unknown impact of additional stabilizing fac-
tors (glenoid retroversion, muscular forces, and capsular
tension, for example) should be considered. This leads to
the question of whether surgical treatment should focus
on reconstructing the initial concavity or building up
a higher concavity to increase bony stability.

Regarding the CT-based BSSR, we found a medium-to-
good correlation between the BSSR and anterior glenohum-
eral stability and the loss of stability in our specimens. We
consider this to be due mainly to the rather small sample
size of 8 and would expect the correlation to be higher in
future studies including a larger number of specimens.
Also, the individual chondral morphology and integrity could
cause differences between the BSSR and the glenohumeral
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TABLE 1
Anteriorly Directed Force to 5 mm Anterior Translation®
Native Bankart Lesion 10% GBL 20% GBL
LC 28.95 26.65 26.76 25.8
HC 44.24 40.81 39.09 35.71
P value (LC vs HC) .0021 (**) .0044 (**) .0142 (*) .0621 (ns)
95% CI 5.02 to 25.57 3.881 to 24.43 2.05 to 22.6 -0.37 to 20.18

“Data are reported as mean unless otherwise indicated. Statistical analysis of N, in all testing stages, including comparison of L.C and
HC subgroups for each testing stage by 2-way analysis of variance and Sidak post hoc test with correction for multiple comparisons. GBL,
glenoid bone loss; HC, high concavity; LC, low concavity; N, anteriorly directed force to 5 mm anterior translation; Statistically significant
differences are indicated (¥, P < .05; **, P < .01); ns, not significant.
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Figure 6. Linear regression model of the loss of N4, and ini-
tial glenoid concavity in 20% bony glenoid defect testing
stage. The high determination coefficient of R? = 0.86 indi-
cates greater correlation between glenoid concavity and
loss of anterior glenohumeral stability. Nan, anteriorly
directed force to 5 mm anterior translation.

stability in our biomechanical model. Since the BSSR is
based on CT scans, chondral and labral effects on glenohum-
eral stability were not taken into account.'®'"?8

Limitations

Regarding our biomechanical model, the rather small num-
ber of specimens can be considered a limitation, although it
lies within the range of sample sizes in comparable, cadav-
eric studies.>?® We assumed that our results within the
20% GBL testing stage and the correlation between mea-
sured concavity and BSSR would be clearer in case of
larger sample sizes. However, all shoulder joints and their
soft tissue surroundings were examined and ruled out in
case of preexisting, macroscopic injury, resulting in 8
specimens for biomechanical testing. Exclusion was per-
formed by macroscopic inspection, as well as CT and mag-
netic resonance imaging scans of all potential specimens.
Rotator cuff tears, chondral lesions, and osteophytes could
be detected reliably, which led to excluding specimens. We
sought to increase our study’s quality and reliability as
a result.

Due to the specimens’ older age, with a mean of 82.3 +
8.12 years, microscopic, degenerative changes could still

have affected shoulder stability and tendon integrity.
Thus, muscle loading was applied carefully to prevent ten-
don rupture, as Williamson et al?® described SSP tendon
tears in the case of loading >20 N. In addition, the same
muscle loading protocol was applied to all specimens, not
adjusting it to the individual donor’s size and weight. In
previous literature, testing protocols varied from static to
partially and fully dynamic muscle loading. Since we per-
formed testing with the specimen fixed in 60° of glenohum-
eral abduction, differentiated, static loading protocols were
used. Wu et al®! described the force distribution of various
muscles involved in glenohumeral motion. The ratio of del-
toid and rotator cuff force exertion during active gleno-
humeral abduction to 60° was comparable with the ratio
of the muscles’ anatomic cross-section areas.?>?! There-
fore, it was implemented in our model to achieve physiolog-
ical conditions, while the scale of loading forces was similar
to that of recent cadaveric studies.®>?° However, it remains
probable that the physiological compression force exerted
by the rotator cuff exceeds that of our muscle loading pro-
tocol, as Klemt et al'! pointed out in their study regarding
daily life, shoulder-related activity.

Finally, it is unknown whether our subgroup determi-
nation is consistent with the physiological range of glenoid
concavity. In this study, the group of 8 specimens was
divided into 2 equally sized subgroups according to their
concavity, due to the unknown physiological ranges of
concavity.

Further biomechanical and clinical studies are needed
to establish reference values and develop therapeutic algo-
rithms. The evaluation of physiological glenoid concavity
and retroversion as well as its clinical relevance are our
working group’s current and future study topics.

CONCLUSION

Glenoid concavity is an essential factor for anterior gleno-
humeral stability in an active-assisted, biomechanical
model including soft tissue surroundings. High concave-
shaped glenoids — even in the presence of GBL — showed
a higher stability than intact shoulder joints with LC.
Therefore, in the case of posttraumatic or chronic anterior
shoulder instability, the glenoid concavity must be consid-
ered. The results of this study should be translated into
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a clinical setting to allow an individual, therapeutic
approach considering glenoid concavity as an important
factor for glenohumeral stability.
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