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SHOULDER

Glenoid concavity has a higher impact on shoulder stability 
than the size of a bony defect

Jens Wermers1  · Benedikt Schliemann1 · Michael J. Raschke1 · Philipp A. Michel1 · Lukas F. Heilmann1 · 
Felix Dyrna1 · Julia Sußiek1 · Andre Frank1 · J. Christoph Katthagen1

Received: 12 December 2020 / Accepted: 30 March 2021 / Published online: 11 April 2021 
© The Author(s) 2021

Abstract
Purpose Surgical treatment of shoulder instability caused by anterior glenoid bone loss is based on a critical threshold of the 
defect size. Recent studies indicate that the glenoid concavity is essential for glenohumeral stability. However, biomechani-
cal proof of this principle is lacking. The aim of this study was to evaluate whether glenoid concavity allows a more precise 
assessment of glenohumeral stability than the defect size alone.
Methods The stability ratio (SR) is a biomechanical estimate of glenohumeral stability. It is defined as the maximum dis-
locating force the joint can resist related to a medial compression force. This ratio was determined for 17 human cadaveric 
glenoids in a robotic test setup depending on osteochondral concavity and anterior defect size. Bony defects were created 
gradually, and a 3D measuring arm was used for morphometric measurements. The influence of defect size and concavity 
on the SR was examined using linear models. In addition, the morphometrical-based bony shoulder stability ratio (BSSR) 
was evaluated to prove its suitability for estimation of glenohumeral stability independent of defect size.
Results Glenoid concavity is a significant predictor for the SR, while the defect size provides minor informative value. The 
linear model featured a high goodness of fit with a determination coefficient of R2 = 0.98, indicating that 98% of the SR is 
predictable by concavity and defect size. The low mean squared error (MSE) of 4.2% proved a precise estimation of the SR. 
Defect size as an exclusive predictor in the linear model reduced R2 to 0.9 and increased the MSE to 25.7%. Furthermore, 
the loss of SR with increasing defect size was shown to be significantly dependent on the initial concavity. The BSSR as a 
single predictor for glenohumeral stability led to highest precision with MSE = 3.4%.
Conclusion Glenoid concavity is a crucial factor for the SR. Independent of the defect size, the computable BSSR is a pre-
cise biomechanical estimate of the measured SR. The inclusion of glenoid concavity has the potential to influence clinical 
decision-making for an improved and personalised treatment of glenohumeral instability with anterior glenoid bone loss.
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Glenoid concavity

Abbreviations
BSSR  Bony shoulder stability ratio
CP  Coracoid process
CT  Computed tomography
FEM  Finite-element method
MSE  Mean squared error
SR  Stability ratio

Introduction

The mechanism of concavity compression is known to be a key 
factor for glenohumeral stability in the mid-range of motion 
due to a laxity of the capsule and ligaments [7, 13, 15]. The 
humeral head is actively pressed into the glenoid cavity by the 
rotator cuff with a compression force of up to 81% of the body 
weight during an abduction movement [1]. The more intensely 
this medial compression force is exerted, the more force is 
required to trigger an anterior dislocation, as the humeral head 
must move anterolaterally across the glenoid rim. The ratio of 
the maximum dislocating force the joint can resist related to 
the medial compression force is defined as the stability ratio 
(SR). The SR is given as a percentage and is frequently used 
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in numerous biomechanical studies focusing on glenohumeral 
instability [5, 7, 8, 13, 15, 29].

The SR may be affected by prevalent injuries such as a 
Bankart lesion, a fracture of the anterior glenoid rim, or by 
chronic bone loss [7, 8, 13, 22, 29]. Small defects can be 
treated well with an arthroscopic Bankart repair, whereas 
significant bone defects lead to a recurrence rate of up to 
67% when treated with a soft tissue reconstruction alone [3]. 
A bone loss of 20–25% relative to the glenoid extent of the 
short axis, hereinafter referred to as defect width, is a widely 
accepted threshold at which bony reconstruction is preferred 
over soft tissue Bankart repair [6, 8, 16, 29]. However, current 
studies and clinical outcomes recommend lower thresholds 
to indicate subcritical or minor bone loss [11, 24, 25, 30]. In 
addition, Giacomo et al. and Lacheta et al. recently stated that 
factors other than the degree of bone loss should be considered 
to tailor the treatment more closely to the patient [4, 12].

The defect size as a single decisive criterion for the surgi-
cal treatment was recently challenged by Moroder et al. [18, 
19]. Instead of adapting the critical threshold, they postulated 
the glenoid concavity as another important parameter for 
stability in their finite-element method (FEM)-based study. 
The authors proved that constitutional differences in glenoid 
shape led to significant biomechanical implications. In addi-
tion, they derived the bony shoulder stability ratio (BSSR), a 
mathematical approximation of the SR independent of defect 
size [19–21]. In principle, the BSSR is based on measure-
ments of the bony structure and can be computed from CT 
data by measuring the glenoid depth and the sphere radius of 
the humeral head. Therefore, the BSSR could be established 
clinically as a supplement to the defect size measurement. 
Moroder et al. thus introduced a theoretical background for a 
new concept of assessing glenohumeral stability, which to date 
has not been supported by biomechanical research.

This biomechanical study focused on the stabilising role 
of glenoid concavity depending on the defect size of anterior 
glenoid bone loss. The objective was to prove if glenoid 
concavity might be a suitable parameter for a more custom-
ised surgical treatment in the future. It was hypothesised 
that the SR depends mainly on glenoid concavity and that 
the initial concavity affects the loss of stability caused by 
bony defects. Results of this study could thus optimise the 
treatment of shoulder instability, which is currently based 
on bony defect size, toward a more personalised approach 
based on concavity.

Materials and methods

Specimen preparation

A total of 22 human cadaveric scapulae were obtained from  
the University of Lübeck, Germany with institutional review 

board approval (IRB No. 2014-421-f-N, University of Mün-
ster, Germany). All donors provided written consent to use 
their bodies for scientific and/or educational purposes. The 
specimens were thawed overnight, and all soft tissue was 
dissected to focus on the effects of osteochondral integrity 
on glenohumeral stability. The acromion and the coracoid 
process (CP) were removed from the scapulae to ensure 
a standardised movement of the humeral head. The car-
tilage was moistened with saline during the entire testing 
procedure.

Five glenoids suffered from macroscopically visible 
osteoarthritis and were excluded from testing. The remain-
ing n = 17 specimens [11 right, 6 left, 10 females, 7 males, 
age 79.06 ± 8.68 (62–93) years] were embedded with pol-
yurethane casting resin (RenCast PU, Gößl + Pfaff GmbH, 
Karlskron/Brautlach, Germany) in a custom-made frame. 
The casting mould was positioned in the test setup with the 
glenoid plane aligned horizontally with the floor (Fig. 1 and 
additional file 1). To focus on osteochondral effects of the 
glenoids, and to minimise influences of cartilage or bone 
defects at the human cadaveric humeri, artificial proximal 
humeri (1028/1028-20, Sawbones, Malmö, Sweden) were 
potted and equipped with stemless shoulder implants and 
trial heads (Eclipse, Arthrex GmbH, Munich, Germany). 
Size and radius of the implants were chosen individually for 
each glenoid according to a best-fit approach. Two surgeons 
selected the trial heads according to their clinical experi-
ence, starting with the smallest head and increasing the size 
until the glenoid cavity was completely covered. If both sur-
geons yielded different sizes, the smaller size was chosen 
to ensure that the trial head was always in contact with the 
deepest point of the glenoid cavity.

Fig. 1  Human specimen in robotic test setup; experimental setup con-
sisting of 3D measuring arm, industrial robot, force torque sensor, 
artificial bone with stemless shoulder implant and human cadaveric 
scapula. The humeral head is shifted in the 3 o’clock direction to per-
form an anterior dislocation
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Digitization and test setup

The implanted artificial humeri were mounted together 
with a force torque sensor (Mini45, ATI Industrial Auto-
mation, Apex, USA) onto a six-axis industrial robot (KR 
60-3, KUKA, Augsburg, Germany) (Fig. 1). The accuracy of 
position repeatability was 60 µm, and the force measurement 
error was less than 0.25 N. Robot control was performed 
with simVITRO (Cleveland Clinic BioRobotics Lab, Ohio, 
USA), a software for robotic joint testing.

Anatomical landmarks of each glenoid and humerus were 
digitised using a 3D measuring arm (Absolute Arm 8320-
7, Hexagon Metrology GmbH, Wetzlar, Germany) with a 
measurement error of less than 50 µm. To ensure glenoid-
specific translations, a joint coordinate system was defined 
for each glenoid. The superoinferior and anteroposterior axes 
of this joint coordinate system were aligned with the long 
and short axes of the glenoid, respectively. By performing 
the robot movement in these axes, the effects of a physiologi-
cal version could be minimised as well as effects of a version 
due to minimal potting inaccuracies. The 3D measuring arm 
was further used to capture the articular surface of the gle-
noid. For this, a total of more than 100 surface points were 
measured (Fig. 2 and additional file 1).

Biomechanical experiments

Testing was performed in glenohumeral abduction of 56° 
(corresponding to 90° humerothoracic elevation) and neutral 
internal rotation [17]. This elevation was chosen to simulate 
a load-and-shift test, in which soft tissues are rather lax, and 
stability is mainly provided by the articular surface [8]. The 
humeral head was positioned manually inside the glenoid 
cavity. A medial aligned compression force of 50 N was 
exerted through the robot while all other forces were mini-
mised. Thereby, a neutral starting position was achieved. 
The compression of 50 N, frequently used for the determina-
tion of the SR in the past, was continuously maintained to 
keep the humeral head uniformly compressed in the glenoid 
cavity [8, 13, 15, 22, 29, 31]. Anterior dislocations were 
performed by shifting the humeral head in the 3 o’clock 
direction relative to a right scapula (Fig. 3). Bony defects 
were created parallel to the long axis at the anterior glenoid 
rim by means of a hand-guided rotary tool (Multitool 4000, 
Dremel, Breda, Netherlands). This defect orientation is typi-
cally associated with osseous anterior defects [2, 23]. The 
defect size was increased in steps of 2 mm width (additional 
file 1). For each defect, dislocations were repeated, and the 
defect line was digitised for evaluation of the true defect size 
(Fig. 4). Defect creation was stopped when dislocation of 
the humerus occurred only by application of compression.

The following characteristics were evaluated for each 
defect step. The true defect size was determined as a 

percentage of the intact glenoid width to report the results 
independent of glenoid size. The SR was obtained as a per-
centage of the maximum anterior force required for disloca-
tion divided by the constant compression force of 50 N. The 
robot movement was used to acquire the lateral and anterior 

Fig. 2  Morphometric measurements of the intact glenoid; the 3D 
measurements were used to determine features of the glenoid (red) 
such as length and width as well as the sphere radius of a best-fit 
humeral head (blue), hereinafter referred to as concavity radius (r)

Fig. 3  Right human cadaveric glenoid with artificial bone defect; the 
defect line is aligned parallel to the long axis of the glenoid. Anterior 
dislocations were performed in the 3 o’clock direction
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displacement of the humeral head. This displacement is 
shown in Fig. 5 for a single specimen with different defect 
sizes. Furthermore, the bony shoulder stability ratio (BSSR) 
was computed with the following equation as derived by 
Moroder et al. [20]:

BSSR =

√

1 −

(

r−d

r

)2

r−d

r

In this equation, (r) is the concavity radius, and (d) 
is the glenoid depth. The concavity radius (r) equals the 
sphere radius of a best-fit humeral head, which was deter-
mined from digitised surface points of the glenoids. The 
glenoid depth (d) equals the maximum lateral displace-
ment of the robot. In addition, the curvature of the dis-
placement was analysed as follows: the slope of a tangent 
line in a single point was calculated as the ratio of lateral 
displacement (ΔL) to anterior displacement (ΔA). This 
ratio was also denoted as the gradient in this single point. 
The maximum occurring gradient for a displacement curve 
was then determined as the maximum ratio of lateral dis-
placement (ΔL) to anterior displacement (ΔA) for all data 
points. This value was determined for each defect step and 
defined as concavity gradient given as a percentage.

Statistical analysis

A custom-made MATLAB-Script (R2019a, The Math-
Works Inc., Massachusetts, USA) was developed for signal 
processing of all characteristics in each defect step. For all 
statistical evaluations, non-parametric linear mixed-effects 
models were deployed. The significance level was set to 
p < 0.05, and the resulting linear coefficients are presented 
as mean ± SE (95% CI).

A first linear model was established using the defect 
size and concavity gradient as predictors for the SR. The 
linear coefficients of both predictors were evaluated to 
compare their impact on the SR. The model determina-
tion coefficient (R2) and the mean squared error (MSE) 
were used as outcome measurements for the correlation. A 
second linear model was determined using only the defect 
size as a predictor for the SR to evaluate its expressiveness 
without usage of concavity information.

The loss of SR with increasing defect size was further 
analysed by classifying the specimens according to their 
initial concavity into three equal groups of low (< 25%), 
medium (25–35%) and high (> 35%) initial concavity 
gradients. For each group, a separate linear model with 
defect size as a single predictor for the SR was set up. The 
coefficients of these models were compared to prove the 
impact of initial concavity on the loss of SR caused by 
bone defects. Lastly, the correlation between the morpho-
metric-based BSSR and the measured SR was analysed in 
a linear model to examine the suitability of the BSSR as a 
predictor in clinical daily routine.

For an estimated correlation coefficient of r = 0.7 based 
on biomechanical studies focusing on the SR [13, 15], a 
sample size of 17 is required to demonstrate a significant 
effect with a statistical power of 0.9 and a significance 
level of p < 0.05.

Fig. 4  Processed 3D measuring data of intact glenoid and true arti-
ficial defect lines; the colour bar illustrates the mediolateral glenoid 
extent equivalent to the glenoid depth

Fig. 5  Displacement of the humeral head for a single specimen and 
different defect sizes; the maximum lateral displacement is used for 
estimation of glenoid depth (d). The concavity gradient is determined 
as the maximum ratio of lateral displacement (ΔL) related to anterior 
displacement (ΔA)
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Results

The characteristics of all n = 17 specimens are summarised 
in Table 1 for the intact state. The first linear model with 
glenoid concavity and defect size as predictors for the SR 
is depicted in Fig. 6.

The linear coefficient for the effect of concavity gradi-
ent averaged 1.1 ± 0.1 (95% CI [1.0, 1.1]), meaning that 
the SR increases by 1.1% with each percentage of concav-
ity gradient. This coefficient differed significantly from 
zero with p < 0.001. The defect size had only a minor 
and indirect impact on the SR, as the linear coefficient of 
− 0.03 ± 0.04 (95% CI [− 0.1, 0.1]) was insignificantly dif-
ferent from zero with p = 0.53. The linear model featured 
a high goodness of fit with a determination coefficient of 
R2 = 0.98 corresponding to a high predictability of the SR 
of 98% by concavity gradient and defect size. The low 
MSE of 4.2% also indicates a high quality of estimation. 
In a second linear model, the defect size was applied as 
an exclusive predictor for the SR. This reduced R2 to 0.87 
and increased the MSE to 25.7%, thus, degrading both 
outcome parameters. These results reveal a more precise 
estimation of the SR when using not only the defect size 
but also the concavity gradient as a predictor.

The separate linear models for each group of low 
(< 25%), medium (25–35%) and high (> 35%) initial con-
cavity gradients incorporating the defect size as a single 
predictor for the SR are shown in Fig. 7. Statistics of the 
three linear models are listed in Table 2. The mean loss 
of SR due to increasing defect size differs significantly 
among the three groups of initial concavity gradients. The 
group with the highest initial concavity produces the high-
est loss of SR. In this group, each additional percent of 
defect size leads to an average loss of SR of 1.3%. On the 
other hand, a low initial concavity results in a much lower 
loss of SR with a mean value of 0.6%.

In a last step, the exclusive effect of the morphometri-
cal-based BSSR on the measured SR was analysed with a 
linear model presented in Fig. 8. This linear approximation 
was determined independent of the defect size and resulted 
in a high determination coefficient of R2 = 0.98 and a 
low MSE of 3.4%. The linear coefficient was 0.9 ± 0.01 
(95% CI [0.85, 0.91]) and differed significantly from zero 
(p < 0.001).

Table 1  Initial morphometric 
measurements and outcome 
parameters presented as 
mean ± standard deviation 
(range)

Morphometric measurements Outcome parameters

Glenoid length in mm 32.3 ± 3.6 (26.4–41.0) Concavity gradient in % 30.8 ± 9.9 (17.5–56.0)
Glenoid width in mm 25.1 ± 3.0 (18.7–32.6) Bony shoulder stability 

ratio (BSSR) in %
39.2 ± 12.1 (23.3–67.8)

Glenoid depth (d) in mm 2.2 ± 1.1 (0.7–5.3) Stability ratio (SR) in % 39.6 ± 12.0 (24.1–70.4)
Concavity radius (r) in mm 31.3 ± 2.9 (25.4–35.8)

Fig. 6  Linear model with concavity gradient and defect size as pre-
dictors for the SR; the SR is mainly dependent on the concavity gra-
dient whereas the defect size has a minor, indirect influence

Fig. 7  Linear models with defect size as predictor for the SR; the 
specimens were classified in three groups by their initial concavity 
gradient. The decline of the linear slopes corresponds to the loss of 
SR with increasing defect size
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Discussion

Three main findings can be summarised from the results of 
this study: (1) the SR is significantly dependent on glenoid 
concavity, whereas the defect size has a minor influence. 
(2) The loss of SR with each percentage of defect size 
is significantly dependent on the initial concavity. There-
fore, a certain defect size can have different impacts on 
the stability. (3) For an estimation of the SR independent 
of defect size, the BSSR proved to be a reliable and most 
precise predictor.

Over the last several years, many studies have attempted 
to establish the most precise critical threshold of the defect 
size as a decision criterion for surgical treatment of shoul-
der instabilities [5, 8, 11, 16, 22, 25, 26, 29, 31]. Until 
now, a defect width of 20–25% was a commonly applied 
critical threshold [6, 8, 16, 29]. However, Shaha et al. [24] 
reported significantly inferior clinical outcomes for defect 
widths greater than 13.5%, if only soft tissue stabilisation 
was performed. Shin et al. [25] reported a significant loss 
of glenohumeral stability at a defect size of 7.5% accord-
ing to 2 mm glenoid width. In addition to a successive 

adjustment of the critical threshold, some studies based 
on CT scans and FEM simulations have recently indi-
cated that the defect size alone is insufficient to assess the 
SR, a biomechanical estimate of glenohumeral stability. 
Moroder et al. concluded that the biomechanical effect of 
glenoid defects varies with interindividual constitutional 
glenoid shape differences. To achieve a better estimation 
of the remaining stability, they derived the bony shoulder 
stability ratio (BSSR) and provided new insights in the 
discussion about a critical threshold. However, to date, 
there has been no biomechanical study examining the 
influence of defect size and glenoid concavity, even though 
many studies focusing on glenohumeral instabilities refer 
to concavity compression as a main stabiliser in the mid-
range of motion [6–8, 13–15].

In this experimental study, a crucial biomechanical influ-
ence of glenoid concavity on the SR was demonstrated, 
whereas the defect size measurement had minor explana-
tory power. The results reinforce the statement of Moroder 
et al. that the biomechanical effect of a certain defect size 
varies with constitutional glenoid shape differences [19]. 
Furthermore, the results explain why there is no consensus 
to date in the search for a single threshold and the defect size 
measurement that is well suited for all patients [28]. For this 
reason, a single critical threshold of the defect size seems 
inappropriate for decision-making in surgical treatment. In 
contrast, a clinical inclusion of concavity information may 
allow for a more personalised and optimised treatment plan.

The classification of specimens into three groups 
according to their initial concavity revealed that a concav-
ity is associated with a higher loss of SR for a certain size 
of bony defect. Hence, a 20% bone defect can result in a 
total loss of SR of 25% for high initial concavity gradients, 
or in a total loss of SR of 11% for low initial concavity 
gradients. Furthermore, the SR of 3 specimens in the intact 
state was already lower than the residual SR of glenoids, 
which had a high concavity but were affected by a defect 
size of 20%. These relations indicate that without includ-
ing concavity information, it is not possible to accurately 
estimate remaining stability when a surgeon is faced with 
a 20% bone loss. In the event of a large concavity, the 
bony structure can provide more stability despite a certain 
bony defect compared to a flat glenoid even in the intact 
state. Therefore, it is conceivable that arthroscopic soft 

Table 2  Results of linear 
models for three groups of 
initial concavity gradient

Initial concavity gradient Initial SR Loss of SR with increas-
ing defect size

Model determination

Mean SE 95% CI Mean SE 95% CI

Low, < 25% 29.7 1.6 [26.4, 33.0] 0.6 0.05 [0.7, 0.5] R2 = 0.83
Medium, 25–35% 38.3 2.0 [34.3, 42.3] 0.8 0.04 [0.9, 0.7] R2 = 0.93
High, > 35% 53.1 2.2 [48.6, 57.6] 1.3 0.06 [1.4, 1.1] R2 = 0.95

Fig. 8  Linear model with BSSR as predictor for the SR; the BSSR 
is a highly correlated indicator for the measured SR independent of 
defect size
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tissue reconstruction may be adequate for stabilisation in 
bony defects of 20% if the glenoid has a distinct concavity. 
On the other hand, bony reconstruction may be preferred 
for much smaller defects if the glenoid shape is very flat. 
Since the stabilising role of the surrounding soft tissue 
remains unclear in this context, further investigation is 
needed. In addition, the correlation with clinical outcomes 
is needed to determine an appropriate critical concavity 
threshold below which bony reconstruction should be 
preferred.

In this study, the concavity gradient was established since 
neither the effective depth, nor the effective width can pro-
vide a separate estimate of the glenoid curvature [19]. How-
ever, the gradient of curvature is hard to determine in clinical 
practice. Therefore, the morphometrical-based BSSR was 
also evaluated [19, 20]. This mathematical approximation 
of the measured SR achieved the highest correlation and 
fewest errors independent of the defect size. The BSSR is 
computable from glenoid depth and the sphere radius of 
the humeral head. As both values can be measured in CT 
data, the BSSR represents a proper parameter for a clinical 
application in the future. However, it is important to note 
that the BSSR as defined by Moroder et al. refers only to 
the bony structure as captured in CT data. In this study, the 
osteochondral surfaces were examined in the calculation of 
the BSSR, and good coverage of the biomechanical proper-
ties was demonstrated. To assess the SR in clinical practice, 
the bony structure and the cartilage must be considered by a 
proper method to calculate the BSSR.

A major limitation of this study is that all soft tissues 
were dissected from the specimens. Under physiological 
conditions, glenohumeral stability is provided by both the 
surrounding soft tissues and the articular surface. It is known 
that the labrum contributes to a large extent to glenohumeral 
stability by increasing the effective glenoid depth [7, 13]. 
Nonetheless, it was decided to dissect the labrum, as its sta-
bilising effect had been extensively investigated [7, 8, 10, 
13–15, 22]. As in comparable studies focusing on isolated 
bony effects, influences of the labrum should be avoided 
[25, 30]. In addition to the labrum, capsuloligamentous and 
muscular restraints also contribute to stability, especially 
during extreme and complex movements. For this reason, 
the test was performed in a position where soft tissues are 
known to have a minor influence on the overall stability 
[13]. Furthermore, the aim of this study was to analyse the 
biomechanical influences of the bony glenoid structure and 
to compare the usual clinical treatment based on a defect 
size measurement with new findings on concavity. In a 
clinical situation with glenoid bone loss, surgical treatment 
is mainly based on defect size, with less focus on the soft 
tissues. However, as shown in this study, concavity rather 
than defect size should be used to assess bony stabilisation. 
Thus, even without considering the soft tissues, the results 

are relevant for improvements in clinical decision-making in 
the treatment of glenoid bone loss.

Another limitation of this study is that the CP was cut off 
before testing. For a translation in the 3 o’clock direction, 
the CP usually has no resistive effect on the humeral head. 
However, the humeral head might be deflected inferiorly 
by a small coracohumeral interval during anterior transla-
tion. Pilot tests revealed that this effect would lead to unre-
liable and disturbed measurements. To focus on concavity, 
defect size and stability, the CP was resected, resulting in 
this trade-off. Nevertheless, the higher predictability of 
SR by concavity is expected to persist, even if a deflection 
might occur by the CP. Finally, the high age of specimens 
is another limitation. To reduce the effects of chondral and 
bony defects due to pre-existing conditions such as osteo-
arthritis, only the cadaveric glenoids were tested. Best-fit 
humeral implants were used as a standardised counterpart, as 
the spheres of glenoid and humeral head fit very well [9, 27]. 
With this approach, it was assumed that the results would 
apply also to younger patients who are physically active and 
who most commonly experience glenoid bone loss. How-
ever, it follows that only bony defects at the glenoid, and 
not at the humeral head, could be considered. The effects of 
a Hill–Sachs lesion or bipolar bone loss remain unexplored 
in terms of concavity.

Conclusion

Glenoid concavity is a crucial factor for the SR, a biome-
chanical estimate of glenohumeral stability. Inclusion of 
concavity allows a more precise assessment of the SR than 
the defect size alone. The computable BSSR is a reliable 
and accurate biomechanical estimate of the measured SR 
independent of anterior defect size. In the future, this may 
allow for an improved and personalised treatment of shoul-
der instability in clinical daily routine.
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