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ARTICLE INFO Background: Glenoid implant loosening is the most common complication of anatomical total shoulder
arthroplasty. It is caused by high glenohumeral shear forces and by an eccentric loading of the glenoid
implant provoking its “rocking”. The critical shoulder angle (CSA) varies with the glenoid inclination and
the acromion length. A higher CSA has been correlated with earlier radiological signs of glenoid loos-
ening. However, the reliability of the CSA in predicting the risk factors of glenoid loosening has yet to be
determined since the same CSA can result from multiple scapular anatomies.
Methods: An inverse-dynamic musculoskeletal model in Anybody Modeling System of the shoulder with
anatomical implants allowing glenohumeral translations was used. The acromion length and the glenoid
implant inclination were varied to create multiple CSA configurations. Muscle forces, the force, and the
moment applied to the glenoid implant were simulated during a shoulder abduction to compare the
risks of glenoid loosening.
Results: Increasing the CSA with an upward-tilted glenoid and a longer acromion led to more eccentric
forces applied to the glenoid. The moment and shear applied to the glenoid implant increased with a
higher CSA and were minimal for the smaller CSAs. Depending on the combination of inclination and
acromion length, the shear and the moment were highly variable for the same CSA.
Conclusion: Measuring the CSA as a global indicator may be insufficient to accurately predict the risk of
glenoid loosening. It suggests that the acromion length could be considered during surgical planning to
determine the adequate glenoid implant inclination.

© 2025 The Authors. Published by Elsevier Inc. on behalf of American Shoulder and Elbow Surgeons.
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Glenoid implant loosening is the main long-term complication
of anatomical total shoulder arthroplasty (aTSA). It represents 24 to
39% of the long-term complications and requires revision surgery in
28% of the cases.”!? The mechanism of glenoid loosening seems to
be the “rocking-horse” phenomenon. In excessive humeral head
translation with respect to the glenoid implant, abnormal eccentric
loads are applied to the glenoid implant.’ The load eccentricity
could then create a moment of force on the glenoid implant,'®
which lifts the edge of the implant and fragilizes its fixation,
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leading to its loosening.” Higher forces applied to the glenoid
implant, especially shear forces, could also risk glenoid loosening
by increasing the likelihood of its cement failure."* Potential risk
factors associated with glenoid loosening have been identified,
such as rotator cuff tear,” implant cementing quality,'? and glenoid
implant malposition.>* In particular, computational and cadaveric
studies showed that an abnormal orientation of the glenoid
implant leads to larger glenohumeral joint forces and larger gle-
nohumeral translations.'#!82630 The critical shoulder angle (CSA) is
an anatomical parameter that increases with an upward-tilted
glenoid and a longer acromion.”* For a nonprosthetic shoulder, a
high CSA was associated with the prevalence of rotator cuff tear
(>35°) and smaller values (<28°) with osteoarthritis.’*>> Watling
et al (2018)*® recently found a correlation between a higher CSA
and earlier radiological signs of anatomical glenoid implant
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A Longer acromion

Normal acromion

Figure 1 Similar critical shoulder angle of 40° with different glenoid inclinations and acromion lengths as defined by Watling et al (2018), ie, the angle in an anteroposterior view of
the scapula between a first line connecting the superior and the inferior margins of the glenoid implant and a second line connecting the inferior margin of the glenoid implant to
the most lateral point of the acromion. (A) Increased acromion length by 13.4 mm with a 5° glenoid inclination. (B) Increased glenoid inclination to 15° with a normal acromion

length.

Table I
Color-coded studied CSA values according to glenoid inclination and acromion
lengthening with 27.7° the CSA of the reference configuration.

Acromion lengthening [mm]

Glenoid inclination -10.8 -5.7 0.0 +6.6 +134
-10° - 15.9° 19.7° 23.6° 27.2°
-5° 15.9° 19.8° 23.7° 27.8° 31.4°
0° 19.7° 23.7° 27.7° 31.7° 35.7°
5° 23.4° 27.6° 31.7° 36.0° 39.9°
10° 27.2° 31.4° 35.7° 40.2°

“

15° 30.9° 35.3° 39.7° 44.3°

CSA, critical shoulder angle.
27.7° is the CSA of the reference configuration (colored in white).
Lower CSA, are colored in blue and higher CSA, are colored in orange.

loosening. Moreover, a higher CSA has been associated with higher
shear forces applied to the glenoid®>'"*>*%42 or the glenoid
implant,'® and with higher glenohumeral translations®!#1718:29.35
which could risk glenoid loosening. This suggests that the CSA
could be used during the surgical planning of aTSA to predict the
potential risks of glenoid loosening depending on the chosen gle-
noid implant orientation and on the patient's scapular anatomy.
However, to our knowledge, the position of the contact point be-
tween the implant components was only evaluated by the finite
element model of Terrier et al (2009)*> for two glenoid implant
inclinations. Due to this limitation of experimental and computa-
tional studies in evaluating the position of the contact point be-
tween the implant components, experimental and computational
studies did not evaluate the moment applied to the glenoid implant
to compare the risks of glenoid loosening for different
CSA 51417182935 Hence, the biomechanical mechanism leading to
higher risks of glenoid loosening for a high CSA is not fully un-
derstood. Besides, the CSA is a combination of two variables: the
acromion length and the glenoid implant inclination. The same CSA
can then correspond to multiple combinations of these variables
(Fig. 1 A and B). Thus, a specific glenoid implant inclination could
create a different CSA depending on the acromion length of the
patient since its length is greatly variable between individuals.?’-*
However, we only found two experimental studies>*' and one
finite element study,’ varying both the acromion length and the

glenoid inclination. These studies altered the CSA by independently
varying the acromion length and the glenoid inclination instead of
defining multiple combinations of acromion length and glenoid
inclination for each studied CSA. It then appears that the CSA’s
reliability in predicting the potential risks of glenoid loosening
during surgical planning depending on the acromial anatomy re-
mains unclear.

The purpose of this study is to assess the effect of altering the
glenoid implant inclination on biomechanical risk factors of glenoid
loosening with multiple combinations of acromion length. The
shear force and the moment applied to the glenoid implant are
compared across several configurations of CSA to evaluate its reli-
ability in predicting the risks of glenoid loosening. We hypothesize
that for the same CSA value, the shear and the moment applied to
the glenoid implant greatly vary, depending on the inclination and
acromion length.

Materials and methods
Musculoskeletal model

We used a computational musculoskeletal model of the right
upper limb previously developed in the Anybody Modeling System
(AnyBody Technology A/S, Aalborg, Denmark), representing a 50th
percentile 75 kg healthy men measuring 1.80 m.>! This model
developed by Sins et al, (2014)*! integrated an anatomical non-
conforming total shoulder implant based on commercially available
implant designs. The humeral component’s diameter was 51 mm
and the glenoid’s was 57.4 mm to match the dimensions of the
bones. The implants' positioning and sizes were validated by our
senior orthopedic surgeon. Then, these components were rigidly
attached to the scapula and the humerus. The glenohumeral
articulation was represented as a 6-degree of freedom joint (3 ro-
tations and 3 translations) instead of a ball and socket joint. The
humeral translations were simulated using the force-dependent
kinematics algorithm." Briefly, the glenohumeral translations were
calculated by finding the position where a quasistatic equilibrium
was obtained in the joint. Due to the rigid-body nature of the
model, the glenohumeral translations provoked the humeral
implant penetration into the glenohumeral implant. This
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Figure 2 Muscle forces for different acromion lengths and glenoid inclinations.

penetration corresponds to the deformation of the least rigid
implant component (the glenoid implant in polyethylene) due to
glenohumeral translations. The contact force between the implant
components then represents the required force to apply to the
glenoid implant to deform it of a certain volume 31. The contact
force between the humeral and glenoid components was evaluated
by multiplying the volume of penetration of the humeral implant
into the glenoid implant, with a pressure module of polyethylene
10'° (N/m?). This value was adjusted to ensure a maximal pene-
tration of 0.4 mm to match the results of previousstudies.'>>® The
position of the center of pressure (COP) on the glenoid implant was
calculated as the average position of penetrating vertices. The
original model®' was modified to add a constant force of 4.5 N
posteriorly and 1.5 N inferiorly on the humerus head for every CSA
configuration. This force was adjusted to obtain a COP of the
reference configuration at the center of the glenoid implant surface
(ie,. the intersection of the inferior-superior and anterior-posterior
axis of the glenoid implant) at 15° of abduction to compare the
effect of altering the CSA.

The model also included the sternoclavicular and acromiocla-
vicular joints to represent the scapulohumeral rhythm using De
Groot and Brand's'® equations, which ensures a realistic scapula
orientation during arm elevations. The model included 22 muscle
groups, including the deltoid (posterior, lateral, and anterior parts),
the rotator cuff muscles, the trapezius, the serratus anterior, the
rhomboideus, the biceps, the triceps, and the pectoralis, repre-
sented by the

Hill-type model.*® Contrary to the original model of Sins et al

(2014),>" our model was based on the 2.4.2 version of the Anybody
Managed Model Repository, particularly to introduce a more physi-
ological deltoid wrapping around the humerus.*

Critical shoulder anglevariation

Critical shoulder anglemeasurement

The CSA in the context of an aTSA was measured in the frontal
plane of the scapula, according to the methodology introduced by
Watling et al (2018).*> The CSA is an angle measured between a first
line that connects the superior and inferior margin of the glenoid
implant (ie, the inferior-superior axis) and a second line connecting
the inferior margin of the glenoid implant and the most lateral
point of the acromion (Fig. 1). The CSA increases with a longer
acromion (Fig. 1A) or an upward inclination of the glenoid (Fig. 1B).
The glenoid implant was tilted, and the CSA was measured using 3D
slicer 5.4.0 (https://www.slicer.org/ 3D Slicer; The Slicer Commu-
nity, Earth, TX, USA).” The glenoid implant rotation matrices were
calculated using the 3D slicer extension SlicerIGT>° and were im-
ported into the musculoskeletal model.

Glenoid inclination

The glenoid inclination is defined as the angle between the
inferior-superior axis of the glenoid and a second line perpendic-
ular to the scapula transverse axis, going through the center of the
glenoid® (Fig. 1). The transverse axis is defined as the line
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connecting the junction of the scapular spine with the vertebral
border of the scapula with the center of the glenoid.* A positive
inclination value corresponds to an upward-facing glenoid.* This
measure was adapted to the context of aTSA by using the inferior-
superior axis of the glenoid implant instead of the axis of the intact
glenoid. The glenoid implant inclination was varied by steps of 5°
within the anatomical range (—10° to 15°)* to match the range of
inclinations simulated in similar biomechanical studies.>®!8:293
The inclination was varied similarly to Engelhardt’s et al compu-
tational study® by rotating the glenoid implant around an axis

parallel to the anteroposterior axis of the glenoid implant and going
through the center of the glenoid implant surface to maintain the
glenoid version (ie, the anterior-posterior rotation angle) at 4°.

Acromion length

The lateral end of the acromion was shifted medio-laterally to
simulate different acromion lengths, which moved the four origin
points of the lateral deltoid lines of action (Fig. 1). This shift ranged
between —10.8 (shorter acromion) and +13.4 mm (longer acro-
mion). The configuration with 0.0° inclination and +0.0 mm
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acromion lengthening, resulting in a CSA of 27.7°, was chosen as the
reference configuration. The acromion lengthenings were deter-
mined to obtain CSAs by steps of 4° from the reference CSA of 27.7°
(with an average error of 0.3°) (Table I).
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Abduction angle [°]

T T T T T T
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. T T T T T T
15 30 45 60 75 90 105 120
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Figure 6 Instability ratio for multiple acromion shifts with a glenoid implant inclination of —10° (A), 0° (B), and 15° (C).

Critical shoulder anglevariation
Thirty scapula geometries were generated by altering the gle-
noid implant's inclination (n = 6) and the acromion's length (n = 5),

resulting in CSAs between 12.2° and 48.5° (Table I). This range of
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CSA included the anatomical range measured by Moor et al** (18.0°
to 43.5°), with additional abnormal CSAs simulating an inadequate
choice of glenoid implant inclination.

Musculoskeletal simulations and analyses

An inverse dynamic simulation of a shoulder elevation in the
scapular plane from 15° to 120° with a 1.5° angle increment was
performed to evaluate muscle kinematics (ie, muscle direction and
moment arms), the glenohumeral translations, the contact force
applied to the glenoid implant, and its COP time histories in the
glenoid implant coordinate system. Musgle forces (f;) were obtained
by minimizing the function G =3 %I where N; is the maximal
muscle isometric force. This muscle recruitment criterion was cho-
sen to ensure the convergence of the model, with an allowed
convergence error of the force dependant kinematics algorithm of 0.1
N. All graphs were produced with the Anypytools Python package.?’

To compare the instability of the glenohumeral joint of the
multiple CSA configurations, the glenohumeral instability ratio was
calculated as the ratio of shear forces over compression forces on the
glenoid implant.!" Two scores were introduced to compare the po-
tential risks of glenoid loosening of the CSA configurations. The first
score is the integral of the total shear force's magnitude applied to
the glenoid implant during the abduction (N.s). The second score is
the integral of the norm of the moment applied to the glenoid
implant about the center of its surface (N.m.s). An integral over time
was used to indicate the global potential risk of glenoid loosening of
a CSA configuration during the abduction movement.

Results
Muscle kinematics

Only the deltoid, the subscapularis, the infraspinatus, and the
triceps long head were sensitive to the CSA variations (Fig. 2). The
force of the trapezius, the serratus anterior, the rhomboideus, and
the supraspinatus varied by less than 5 N, which represents less
than 2% of their maximal force. The remaining muscles were nearly
inactive during the abduction movement (fj < 5 N).

Lateral deltoid kinematics

During the abduction movement, the lateral deltoid wraps
around the humeral head to reach the tip of the acromion. More
lateral deltoid wrapping was observed for the original size acro-
mion (Fig. 1B) than for a longer acromion (Fig. 1A). In particular, for
a 13.4 mm longer acromion, an almost vertical angle (—80°) be-
tween the lateral deltoid’s force and the mediolateral axis of the
scapula was reached, compared to an almost horizontal force
(—15°) when the acromion was 10.8 mm shorter (Fig. 3 Top). Hence,
the lateral deltoid force on the scapula introduced more vertical
shear forces when the acromion was lengthened, destabilizing the
glenohumeral joint. However, the lateral deltoid moment arm was
increaseds by 8 mm for a 13.4 mm longer acromion (Fig. 3 Top),
which decreased the required lateral deltoid force to abduct the
arm by 20 N. On the contrary, reducing the length of the acromion
by 10.8 mm reduced the moment arm by only 2 mm, which induced
a negligible lateral deltoid force difference of 3 N compared to the
reference configuration (Fig. 3 Top). After 90° of abduction, the
difference in deltoid force orientation between a normal and
lengthened acromion was negligible (6 < 3°) (Fig. 3 Top).

However, increasing the glenoid inclination from 0° to 15°
increased the wrapping of the lateral deltoid around the humeral
head, which oriented its force horizontally (—5°) compared to a —50°
orientation of the force for a —10° glenoid inclination (Fig. 3 Bottom).
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Table II

Color-coded shear scores according to the acromion lengthening and glenoid
inclination (ie, integral of the total shear force applied to the glenoid during the
abduction in N.s) with respect to the reference value (0.0 mm acromion lengthening
and 0° glenoid inclination).

Acromion lengthening [mm]

Glenoid inclination -10.8 -5.7 0.0 +6.6 +13.4
-10° 3728 3699 4630 5455 5865
—5° 3394 W 4589 5758 6215
0° 3930 4408 6283 6830
5° 5051 3052 3928 6960 7801
10° 5983 3945 3851 7545 ﬁ
15° 6348 4676 4501 8367

4408 N.s is the shear score of the reference configuration (colored in white).
Lower scores are colored in blue and higher scores are colored in orange.

Table III

Color-coded moment scores according to the acromion lengthening and glenoid
inclination (ie, integral of the total moment applied on the glenoid implant during
the abduction in N.m.s) with respect to the reference value (0.0 mm acromion
lengthening and 0° change in glenoid inclination).

Acromion lengthening [mm]

Glenoid inclination -10.8 -5.7 0.0 +6.6 +13.4
-10° 127 119 149 175 188
-5° 119 ﬁ 150 188 202
0° 135 146 206 224
5° 170 108 133 229 257
10° 200 135 132 249 %
15° 212 158 153 277

146 N.m.s is the moment score of the reference configuration (colored in white).
Lower scores are colored in blue and higher scores are colored in orange.

Then, a more upward inclination decreased the moment arm by up
to 5 mm, which required 20 N more lateral deltoid force. Similarly,
a —10° inclination increased the lateral deltoid moment arm after
90° of abduction, decreasing its force by 20 N.

Anterior and posterior deltoid, and rotator cuff kinematics

A 13.4 mm longer acromion was associated with up to 20 N
higher anterior and posterior deltoid forces after 100° of abduction
and up to 7 N higher subscapularis and infraspinatus forces (Fig. 2).
However, negligible muscle force variations resulted from a
shortened acromion (fi < 5 N). A 15° upward inclination also
increased the anterior deltoid’s force by 20 N after 100° of abduc-
tion and raised the force of the subscapularis and the infraspinatus
by up to 20 N. Hence, the force of the rotator cuff muscles was
maximal for the highest CSA configurations (Fig. 2). The triceps
long-head force increased by 20 N for a —10° downward inclination
and decreased to 0 N for a 15° inclination. A 13.4 mm longer
acromion increased the triceps long-head force by up to 8 N (Fig. 2).

Decreasing the inclination to —10° (Fig. 4A) reduced the peak
superior COP displacement by 4 mm for a 13.4 mm longer acromion
and by 2 mm for a normal acromion length compared to a
0° inclination (Fig. 4B). At 120° of abduction, the downward incli-
nation allowed the COP to reach a 4 mm more inferior and 3 mm
anterior part of the glenoid compared to a 0° inclination. For the
0° inclination (Fig. 4B), a 13.4 mm longer acromion condition
increased the COP displacement by 5 mm superiorly and 3 mm
posteriorly until 90° of abduction compared to the reference
configuration. On the contrary, for a 10.8 mm shorter acromion, the
COP displacement shifted 5 mm inferiorly and 2 mm anteriorly.
After 90° of abduction, the position of the COP was similar between
all acromion lengths for inclinations inferior to 5° since the lateral
deltoid wrapping was similar (Fig. 4 A and B). Raising the inclina-
tion to 15° upward (Fig. 4C) increased the COP displacement by 4
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-Il’-:?clsrft‘;ge of variation between the maximum and minimum moment and shear scores for each group of CSA.
Average CSA 12.2° 15.9° 19.7° 23.7° 27.5° 31.4° 35.7° 39.9° 44.2° 48.5°
(n=30) (n=1) (n=2) (n=3) (n=4) (n=75) (n=15) (n=4) (n=3) (n=2) (n=1)
Moment score - 8% 33% 52% 49% 38% 45% 42% 9% -
Shear score - 0% 30% 47% 46% 37% 42% 40% 9% -

CSA, critical shoulder angle.

The CSA configurations were grouped by the closest values of CSA and their CSAs were averaged.

mm superiorly for all acromion lengths after 90° of abduction
compared to a 0° inclination (Fig. 4B), which maintained the COP in
the superior part of the glenoid. The superior COP displacement
was maximal for the highest CSA configuration (ie, 15° inclination
and +13.4 mm acromion length) (Fig. 4C).

Contact forces

Decreasing the inclination to —10° (Fig. 5 Top), decreased the
superior shear by up to 25 N before 90°, which decreased the
instability ratio (Fig. 6A) compared to a 0° inclination (Fig. 6B). After
90°, the shear was oriented more inferiorly by 45 N, and the
compression decreased by up to 50 N, which greatly increased the
instability ratio (Fig. 6A) compared to a 0° inclination (Fig. 6B).

For a 0° glenoid inclination (Fig. 5 Middle), with a 13.4 mm
acromion lengthening, superior and posterior shear forces
increased by 20 and 15 N and compressive forces decreased by 44 N
(Fig. 5), resulting in an increased instability ratio (Fig. 6B). On the
contrary, a 10.8 mm shorter acromion decreased the instability
ratio by reducing the shear forces and increasing the compression.
After 105° of abduction, variations of shear forces and instability
ratio due to the acromion length were negligible.

Until 90° of abduction, increasing the inclination from 0° to 15°
with the original acromion length introduced a higher increase of
shear than compression (Fig. 5 Bottom), resulting in an increased
instability ratio (Fig. 6C). Then, after 90° of abduction, the instability
ratio reduced due to increased compression forces and to the
contact forces being oriented more horizontally instead of inferi-
orly. The instability ratio was then maximal for the highest CSA
configuration (Fig. 6C).

Shear and moment scores

The moment applied to the glenoid implant was maximal be-
tween 45 and 60° of abduction and was produced at 88 to 98% by
the compressive forces and by the inferior-superior COP displace-
ment. A longer acromion and a greater glenoid inclination
increased the shear and the moment scores (Tables II and III).
Hence, maximal scores were obtained for configurations with an
elongated acromion and a positive glenoid inclination (Tables Il and
II1). Both scores were reduced by decreasing the inclination or
decreasing the length of the acromion. However, the minimal
scores were obtained for a 5.7 mm shortened acromion and in-
clinations between —10 and 5° (Tables II and III). This is due to the
scores increasing while shortening the acromion by more than 5.7
mm. In particular, for a 15° inclination, scores of 4676 N.s and 158
N.m.s were obtained for a 5.7 mm acromion shortening. When
shortening the acromion by 10.8 mm, the scores increased to 6348
N.s (+35%) and 212 N.m.s (+34%).

The scores obtained for the same CSA value were highly variable
depending on the combination of inclination and acromion length
(Table IV). For the same CSA value, the scores varied between 8%
and 52%. The highest variations (30% to 52%) were obtained for
CSAs between 19.7° and 39.9° that had three to five configurations
achieving the same CSA.

Discussion

In the present study, we assessed the effect of CSA variation on
glenoid loosening risk factors using a musculoskeletal model of a
shoulder with aTSA. Watling et al (2018) 43 found a correlation be-
tween a higher CSA and earlier radiological signs of glenoid loos-
ening after an aTSA. However, to our knowledge, no clear
biomechanical explanation of the mechanism linking the CSA to
glenoid loosening was found. Moreover, to our knowledge, no
biomechanical study assessed the variability of shoulder biome-
chanics between multiple glenoid inclinations and acromion lengths
achieving the same CSA value. Our results suggest that increasing the
CSA with either a more upward glenoid implant inclination or a
longer acromion led to larger shear and moment scores applied to
the glenoid implant (ie, integral of the shear and moment over time),
which may risk earlier glenoid loosening. However, depending on
the inclination and acromion length configuration, the results
measured for the same CSA value were highly variable.

Critical shoulder anglerelevance

In the literature, the interaction between the glenoid inclination
and the acromion length was unclear, especially in the context of
aTSA. Indeed, few studies varied both the acromion length and the
glenoid inclination. We found one aTSA study® and two studies on a
nonprosthetic shoulder,”*! varying both parameters. Our results
reinforce that a large CSA could increase the risks of glenoid loos-
ening. Indeed, large joint instabilities, moment, and shear contact
forces were estimated throughout the abduction when the acro-
mion length and the glenoid inclination both increased. On the
contrary, the lowest shear and moment scores were obtained for
the lowest glenoid inclinations and an acromion shortening of 5.7
mm. However, one must keep in mind that a single CSA can
correspond to multiple combinations of acromion lengths and
glenoid inclinations. The studies varying both the inclination and
the acromion length varied these parameters individually instead
of studying multiple combinations achieving the same CSA
value.>>*! Our result showed that the same CSA could have up to
52% difference in moment and shear scores depending on the
glenoid inclination and acromion length. The high result variability
for the same CSA could be the source of the conflicting results of the
literature on the clinical impacts of the CSA. Our study suggests that
only measuring the CSA could be insufficient to fully predict the
risks of glenoid loosening. Instead, both the inclination and the
acromion length could be measured and used to correct the CSA to
decrease the risk of glenoid loosening. However, more clinical
studies are needed to determine if these differences in shear and
moment are clinically significant.

Glenoid inclination

The literature shows that increasing glenoid inclination pro-
vokes higher superior humeral translations in the context of
anatomic arthroplasty®® or intact shoulders.>>!° The increased
superior glenohumeral instability leads to higher risks of superior
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subluxation of the shoulder joint.>*?> This could be explained by
the fact that less force is needed to superiorly destabilize the hu-
merus because of the upward inclination.** Our study confirms the
destabilizing effect of a more upward glenoid implant inclination
with a higher COP eccentricity at the early stages of the abduction.
However, at higher abduction angles, the upward inclination had a
stabilizing effect by preventing the COP from reaching the inferior
part of the glenoid implant, reducing the moment applied to the
glenoid. Nevertheless, throughout the abduction, the moment
scores still increased with higher glenoid implant inclination even
with this stabilizing effect. Our results might suggest that a more
upward glenoid implant inclination could increase the risk of gle-
noid loosening with higher moment and shear applied to the gle-
noid implant. Moreover, several studies suggest that a downward
inclination could counteract the glenohumeral joint instabilities
introduced by rotator cuff tear.'”?%*> Our study confirms the sta-
bilizing effect of a downward glenoid implant inclination that
decreased the COP superior displacement. This suggests that the
risks of glenoid loosening could be reduced with a downward
inclination since it decreased the moment and the shear applied to
the glenoid implant.

Acromion length

To our knowledge, no biomechanical studies assessed the effect
of the acromion length in the context of aTSA. Our study confirms
that the acromion length's influence is similar to what is observed
in a nonprosthetic shoulder: a longer acromion introduced higher
superior shear forces and lower compression forces, which greatly
increased the instability ratio.>>!4%42 Our study also confirms that
a longer acromion oriented the lateral deltoid more superiorly,
which decreased the required abduction force>>>”#! and increased
superior humeral head translations.”>” Consequently, more
eccentric forces were applied to the glenoid implant, which greatly
increased the total moment applied to the glenoid. After 90° of
abduction, the influence of the acromion length was negligible
since the lateral deltoid force directions were similar. Then, short-
ening the acromion length with acromioplasty could reduce the
risks of potential glenoid loosening by reducing the shear forces
and the moment applied to the glenoid. However, shortening the
acromion too much (>5.7 mm) increased the scores by (34%)
increasing the anterior-posterior shear and the moment around the
inferior-superior axis. This suggests that acromioplasty could raise
the risks of glenoid loosening if the acromion is already short. In
addition, acromioplasty has a limited impact on the CSA. According
to the literature, acromioplasty reduces the CSA by 3.7° to 4.2° on
average by reducing the acromion length by 6 mm on average.'%-*
It suggests that acromioplasty could be used as a supplementary
CSA correction but seems insufficient to limit the risks of glenoid
loosening without also correcting the glenoid implant inclination.

Limits of the study

The outputs of the musculoskeletal model used were compared
with the glenohumeral translations measured for healthy subjects,
the position of the COP on the glenoid implant, and the gleno-
humeral contact force.>! However, most of the data used to validate
this model were from healthy shoulders, experimental studies, and
computational models. Hence, more in-vivo studies, especially in
aTSA, would be required to validate our model.

Another limitation to our study is the small variation of the force
produced by the rotator cuff. The subscapularis and the infra-
spinatus were more active to stabilize the highly unstable CSA
configurations. However, the supraspinatus remained slightly
sensitive to the rise of instability, and the teres minor was almost
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inactive during the movement, while these muscles are known to
play a crucial role in joint stabilization.?? It suggests exploring other
muscle recruitment criterion to improve the synergy between the
abductors and the stabilizer muscles. Moreover, our model only
studied an abduction movement and simplified the scapulo-
humeral rhythm as a constant healthy rhythm, while it is highly
variable between individuals, especially for unhealthy shoulders.*>
Furthermore, the acromion lengthening used did not account for
the different acromion shapes. These simplifications could be
mitigated by scaling our model to aTSA patient’s anatomy and ki-
nematics and by studying daily life movements.

Due to the rigid body nature of the model, the implants were
undeformable and rigidly attached to the bones. With these hy-
potheses, the parts' stress or strain could not be evaluated.
Consequently, the direct link between the CSA and the stress on the
implant's fixation could not be assessed. Similarly, the bone quality
underneath the glenoid implant could not be considered when
correcting the glenoid implant inclination, although adequate bone
support underneath the glenoid implant is essential for limiting
glenoid loosening.?? These limitations may suggest the possibility
of combining our musculoskeletal model with a finite element
analysis in future studies to estimate these unmeasured risk factors
of glenoid loosening.

Conclusion

Increasing the CSA with a more upward-oriented glenoid and a
longer acromion leads to larger moment and shear forces being
applied to the glenoid implant in the context of aTSA. An upward
glenoid implant inclination could then increase the risks of glenoid
loosening,especially when the acromion is long. In the case of a
long acromion, the effect of acromioplasty seems limited to
adequately reduce the risk of glenoid loosening. We then recom-
mend maintaining a neutral inclination or reducing the CSA with a
downward inclination to stabilize the glenohumeral joint and
potentially reduce the risks of loosening. Since multiple combina-
tions of acromion length and glenoid implant inclination can result
in the same CSA with large differences in moment and shear forces,
measuring the CSA as a global indicator may be insufficient to
accurately predict the risk of glenoid loosening. It suggests that the
acromion length could be considered during surgical planning to
determine the adequate glenoid implant inclination.

Disclaimers:

Funding: This study received support from Fond de recherche
Québec Nature et Technologies (FRQNT), team grant program.
Conflicts of interest: The authors, their immediate families, and any
research foundation with which they are affiliated have not
received any financial payments or other benefits from any com-
mercial entity related to the subject of this article.

References

1. Andersen MS, de Zee M, Damsgaard M, Nolte D, Rasmussen J. Introduction to
force-dependent kinematics: theory and application to mandible modeling.
J Biomech Eng 2017;139. https://doi.org/10.1115/1.4037100.

2. Bohsali KI, Wirth MA, Rockwood CAJ. Complications of total shoulder arthro-
plasty. JBJS 2006;88:2279. https://doi.org/10.2106/]BJS.F.00125.

3. Bouaicha S, Kuster RP, Schmid B, Baumgartner D, Zumstein M, Moor BK.
Biomechanical analysis of the humeral head coverage, glenoid inclination and
acromio-glenoidal height as isolated components of the critical shoulder angle
in a dynamic cadaveric shoulder model. Clin Biomech 2020;72:115-21. https://
doi.org/10.1016/j.clinbiomech.2019.12.003.

4, Churchill RS, Brems JJ, Kotschi H. Glenoid size, inclination, and version: an
anatomic study. ] Shoulder Elbow Surg 2001;10:327-32.

5. Engelhardt C, Farron A, Becce F, Place N, Pioletti DP, Terrier A. Effects of glenoid
inclination and acromion index on humeral head translation and glenoid


https://doi.org/10.1115/1.4037100
https://doi.org/10.2106/JBJS.F.00125
https://doi.org/10.1016/j.clinbiomech.2019.12.003
https://doi.org/10.1016/j.clinbiomech.2019.12.003
http://refhub.elsevier.com/S2666-6383(25)00016-7/sref4
http://refhub.elsevier.com/S2666-6383(25)00016-7/sref4

D. Soyeux, M. Peixoto, P. Tétreault et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

articular cartilage strain. ] Shoulder Elbow Surg 2017;26:157-64. https://
doi.org/10.1016/j.jse.2016.05.031.

. Favre P, Moor B, Snedeker ]G, Gerber C. Influence of component positioning on

impingement in conventional total shoulder arthroplasty. Clin Biomech
2008;23:175-83. https://doi.org/10.1016/j.clinbiomech.2007.09.009.

. Fedorov A, Beichel R, Kalpathy-Cramer ], Finet ], Fillion-Robin ]-C, Pujol S, et al.

3D slicer as an image computing platform for the Quantitative Imaging
Network. Magn Reson Imaging 2012;30:1323-41. https://doi.org/10.1016/
j.mri.2012.05.001.

. Flieg NG, Gatti CJ, Doro LC, Langenderfer JE, Carpenter JE, Hughes RE.

A Stochastic analysis of glenoid inclination angle and superior migration of the
humeral head. Clin. Biomech. Bristol Avon 2008;23:554-61. https://doi.org/
10.1016/j.clinbiomech.2008.01.001.

. Franklin JL, Barrett WP, Jackins SE, Matsen FA. Glenoid loosening in total

shoulder arthroplasty: association with rotator cuff deficiency. ] Arthroplasty
1988;3:39-46.

Gerber C, Catanzaro S, Betz M, Ernstbrunner L. Arthroscopic correction of the
critical shoulder angle through lateral acromioplasty: a Safe Adjunct to rotator
cuff Repair. Arthrosc J Arthrosc Relat Surg 2018;34:771-80. https://doi.org/
10.1016/j.arthro.2017.08.255.

Gerber C, Snedeker ]G, Baumgartner D, Viehofer AF. Supraspinatus tendon load
during abduction is dependent on the size of the critical shoulder angle: a
biomechanical analysis. ] Orthop Res 2014;32:952-7. https://doi.org/10.1002/
jor.22621.

Gonzalez J-F, Alami GB, Baque F, Walch G, Boileau P. Complications of un-
constrained shoulder prostheses. J Shoulder Elbow Surg 2011;20:666-82.
https://doi.org/10.1016/j.jse.2010.11.017.

de Groot JH, Brand R. A three-dimensional regression model of the shoulder
rhythm. Clin Biomech 2001;16:735-43.

Hopkins AR, Hansen UN, Amis AA, Emery R. The effects of glenoid component
alignment variations on cement mantle stresses in total shoulder arthroplasty.
J Shoulder Elbow Surg 2004;13:668-75. https://doi.org/10.1016/j.jse.2004.
04.008.

Hopkins AR, Hansen UN, Amis AA, Knight L, Taylor M, Levy O, et al. Wear in the
prosthetic shoulder: association with design parameters. ] Biomech Eng
2006;129:223-30. https://doi.org/10.1115/1.2486060.

Hopkins AR, Hansen UN, Amis AA, Taylor M, Emery RJ]. Glenohumeral kine-
matics following total shoulder arthroplasty: a finite element investigation.
J Orthop Res 2007;25:108-15. https://doi.org/10.1002/jor.20290.

Karelse A, Van Tongel A, Verstraeten T, Poncet D, De Wilde LF. Rocking-horse
phenomenon of the glenoid component: the importance of inclination.
J Shoulder Elbow Surg 2015;24:1142-8. https://doi.org/10.1016/j.jse.2014.
12.017.

Knighton TW, Chalmers PN, Sulkar HJ, Aliaj K, Tashjian RZ, Henninger HB.
Anatomic total shoulder glenoid component inclination affects glenohumeral
kinetics during abduction: a cadaveric study. ] Shoulder Elbow Surg 2022;31:
2023-33. https://doi.org/10.1016/j.jse.2022.03.028.

Konrad GG, Markmiller M, Jolly JT, Ruter AE, Sudkamp NP, McMahon PJ, et al.
Decreasing glenoid inclination improves function in shoulders with simulated
massive rotator cuff tears. Clin Biomech 2006;21:942-9. https://doi.org/
10.1016/j.clinbiomech.2006.04.013.

Konrad GG, Markmiller M, Riiter A, Stidkamp N. Biomechanical evaluation of
glenohumeral stability through muscle force vector analysis. Effect of a
decreased glenoid inclination in shoulders with global rotator cuff tears.
Unfallchirurg 2007;110:124-9. https://doi.org/10.1007/s00113-006-1192-4.
Lund ME, Rasmussen ], Andersen MS. AnyPyTools: a python package for
reproducible research with the anybody modeling system. ] Open Source Softw
2019;4:1108. https://doi.org/10.21105/joss.01108.

Matsen FA [, Clinton ], Lynch ], Bertelsen A, Richardson ML. Glenoid component
failure in total shoulder arthroplasty. JBJS 2008;90:885. https://doi.org/
10.2106/JBJS.G.01263.

Matsen FA 1II, Lippitt SB, DeBartolo SE. Shoulder surgery: principles and pro-
cedures. Philadelphia, PA: Saunders; 2004.

Moor BK, Bouaicha S, Rothenfluh DA, Sukthankar A, Gerber C. Is there an as-
sociation between the individual anatomy of the scapula and the development
of rotator cuff tears or osteoarthritis of the glenohumeral joint?: a radiological
study of the critical shoulder angle. Bone Jt ] 2013;95-B:935-41. https://doi.org/
10.1302/0301-620X.95B7.31028.

Moor BK, Kuster R, Osterhoff G, Baumgartner D, Werner CML, Zumstein MA,
et al. Inclination-dependent changes of the critical shoulder angle significantly
influence superior glenohumeral joint stability. Clin Biomech 2016;32:268-73.
https://doi.org/10.1016/j.clinbiomech.2015.10.013.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

JSES International w (2025) 1-9

Nyffeler RW, Sheikh R, Atkinson TS, Jacob HAC, Favre P, Gerber C. Effects of
glenoid component version on humeral head displacement and joint reaction
forces: an experimental study. ] Shoulder Elbow Surg 2006;15:625-9. https://
doi.org/10.1016/j.jse.2005.09.016.

Nyffeler RW, Werner CML, Sukthankar A, Schmid MR, Gerber C. Association of a
large lateral extension of the acromion with rotator cuff tears. ] Bone Joint Surg
Am 2006;88:800-5. https://doi.org/10.2106/]BJS.D.03042.

Olmos MI, Boutsiadis A, Swan J, Brossard P, Barthelemy R, Delsol P, et al. Lateral
acromioplasty cannot sufficiently reduce the critical shoulder angle if preop-
eratively measured over 40. Knee Surg Sports Traumatol Arthrosc 2021;29:
240-9. https://doi.org/10.1007/s00167-020-05951-4.

Oosterom R, Rozing PM, Bersee HEN. Effect of glenoid component inclination on
its fixation and humeral head subluxation in total shoulder arthroplasty. Clin
Biomech 2004;19:1000-8. https://doi.org/10.1016/j.clinbiomech.2004.07.001.
Shapiro TA, McGarry MH, Gupta R, Lee YS, Lee TQ. Biomechanical effects of
glenoid retroversion in total shoulder arthroplasty. ] Shoulder Elbow Surg
2007;16:590-5. https://doi.org/10.1016/j.jse.2006.07.010.

Sins L, Tétreault P, Hagemeister N, Nuno N. Adaptation of the AnyBody™
musculoskeletal shoulder model to the Nonconforming total shoulder arthro-
plasty context. ] Biomech Eng 2014;29. https://doi.org/10.1115/1.4031330. In
Press.

Spiegl U], Horan MP, Smith SW, Ho CP, Millett PJ. The critical shoulder angle is
associated with rotator cuff tears and shoulder osteoarthritis and is better
assessed with radiographs over MRI. Knee Surg Sports Traumatol Arthrosc
2016;24:2244-51. https://doi.org/10.1007/s00167-015-3587-7.

Strauss EJ, Roche C, Flurin P-H, Wright T, Zuckerman ]D. The glenoid in
shoulder arthroplasty. ] Shoulder Elbow Surg 2009;18:819-33. https://doi.org/
10.1016/j.jse.2009.05.008.

Strzelczak M, Peixoto M, Sins L, Begon M, Hagemeister N. An innovative 2D-
mesh model to improve deltoid moment arms, muscle forces and gleno-
humeral joint reaction force estimations. 2022. https://doi.org/10.1101/
2022.09.30.510362 [cited 2024 Feb 2];2022.09.30.510362. Available from:
https://www.biorxiv.org/content/10.1101/2022.09.30.510362v 1.

Terrier A, Merlini F, Pioletti DP, Farron A. Total shoulder arthroplasty: downward
inclination of the glenoid component to balance supraspinatus deficiency.
J Shoulder Elbow Surg 2009;18:360-5. https://doi.org/10.1016/j.jse.2008.11.008.
Terrier A, Merlini F, Pioletti DP, Farron A. Comparison of polyethylene wear in
anatomical and reversed shoulder prostheses. ] Bone Joint Surg Br 2009;91:
977-82. https://doi.org/10.1302/0301-620X.91B7.21999.

Terrier A, Reist A, Nyffeler R. Influence of the shape of the acromion on joint
reaction force and humeral head translation during abduction in the scapular
plane. J Biomech 2006;39. https://doi.org/10.1016/S0021-9290(06)83218-5.
Torrens C, Lépez J-M, Puente I, Caceres E. The influence of the acromial
coverage index in rotator cuff tears. ] Shoulder Elbow Surg 2007;16:347-51.
https://doi.org/10.1016/j.jse.2006.07.006.

Ungi T, Lasso A, Fichtinger G. Open-source platforms for navigated image-
guided interventions. Med Image Anal 2016;33:181-6. https://doi.org/
10.1016/j.media.2016.06.011.

Viehofer AF, Gerber C, Favre P, Bachmann E, Snedeker JG. A larger critical
shoulder angle requires more rotator cuff activity to preserve joint stability.
J Orthop Res 2016;34:961-8. https://doi.org/10.1002/jor.23104.

Viehofer AF, Snedeker ]G, Baumgartner D, Gerber C. Glenohumeral joint reac-
tion forces increase with critical shoulder angles representative of
osteoarthritis-A biomechanical analysis. ] Orthop Res Off Publ Orthop Res Soc
2016;34:1047-52. https://doi.org/10.1002/jor.23122.

Villatte G, van der Kruk E, Bhuta Al, Zumstein MA, Moor BK, Emery RJH, et al.
A biomechanical confirmation of the relationship between critical shoulder
angle (CSA) and articular joint loading. ] Shoulder Elbow Surg 2020;29:1967-
73. https://doi.org/10.1016/j.jse.2020.03.002.

Watling JP, Sanchez JE, Heilbroner SP, Levine WN, Bigliani LU, Jobin CM. Gle-
noid component loosening associated with increased critical shoulder angle at
midterm follow-up. ] Shoulder Elbow Surg 2018;27:449-54. https://doi.org/
10.1016/j.jse.2017.10.002.

Wong AS, Gallo L, Kuhn JE, Carpenter JE, Hughes RE. The effect of glenoid
inclination on superior humeral head migration. J Shoulder Elbow Surg
2003;12:360-4. https://doi.org/10.1016/S1058-2746(03)00026-0.

Xiao AX, Karzon AL, Hussain ZB, Khawaja SR, McGinley BM, Ahmed AS, et al.
Variation in scapulohumeral rhythm on dynamic radiography in pathologic
shoulders: a novel diagnostic tool. ] Shoulder Elbow Surg 2023;32:5123-31.
https://doi.org/10.1016/j.jse.2022.12.023.

Zajac FE. Muscle and tendon: properties, models, scaling, and application to
biomechanics and motor control. Crit Rev Biomed Eng 1989;17:359-411.


https://doi.org/10.1016/j.jse.2016.05.031
https://doi.org/10.1016/j.jse.2016.05.031
https://doi.org/10.1016/j.clinbiomech.2007.09.009
https://doi.org/10.1016/j.mri.2012.05.001
https://doi.org/10.1016/j.mri.2012.05.001
https://doi.org/10.1016/j.clinbiomech.2008.01.001
https://doi.org/10.1016/j.clinbiomech.2008.01.001
http://refhub.elsevier.com/S2666-6383(25)00016-7/sref9
http://refhub.elsevier.com/S2666-6383(25)00016-7/sref9
http://refhub.elsevier.com/S2666-6383(25)00016-7/sref9
https://doi.org/10.1016/j.arthro.2017.08.255
https://doi.org/10.1016/j.arthro.2017.08.255
https://doi.org/10.1002/jor.22621
https://doi.org/10.1002/jor.22621
https://doi.org/10.1016/j.jse.2010.11.017
http://refhub.elsevier.com/S2666-6383(25)00016-7/sref13
http://refhub.elsevier.com/S2666-6383(25)00016-7/sref13
https://doi.org/10.1016/j.jse.2004.04.008
https://doi.org/10.1016/j.jse.2004.04.008
https://doi.org/10.1115/1.2486060
https://doi.org/10.1002/jor.20290
https://doi.org/10.1016/j.jse.2014.12.017
https://doi.org/10.1016/j.jse.2014.12.017
https://doi.org/10.1016/j.jse.2022.03.028
https://doi.org/10.1016/j.clinbiomech.2006.04.013
https://doi.org/10.1016/j.clinbiomech.2006.04.013
https://doi.org/10.1007/s00113-006-1192-4
https://doi.org/10.21105/joss.01108
https://doi.org/10.2106/JBJS.G.01263
https://doi.org/10.2106/JBJS.G.01263
http://refhub.elsevier.com/S2666-6383(25)00016-7/sref23
http://refhub.elsevier.com/S2666-6383(25)00016-7/sref23
https://doi.org/10.1302/0301-620X.95B7.31028
https://doi.org/10.1302/0301-620X.95B7.31028
https://doi.org/10.1016/j.clinbiomech.2015.10.013
https://doi.org/10.1016/j.jse.2005.09.016
https://doi.org/10.1016/j.jse.2005.09.016
https://doi.org/10.2106/JBJS.D.03042
https://doi.org/10.1007/s00167-020-05951-4
https://doi.org/10.1016/j.clinbiomech.2004.07.001
https://doi.org/10.1016/j.jse.2006.07.010
https://doi.org/10.1115/1.4031330
https://doi.org/10.1007/s00167-015-3587-7
https://doi.org/10.1016/j.jse.2009.05.008
https://doi.org/10.1016/j.jse.2009.05.008
https://doi.org/10.1101/2022.09.30.510362
https://doi.org/10.1101/2022.09.30.510362
https://www.biorxiv.org/content/10.1101/2022.09.30.510362v1
https://doi.org/10.1016/j.jse.2008.11.008
https://doi.org/10.1302/0301-620X.91B7.21999
https://doi.org/10.1016/S0021-9290(06)83218-5
https://doi.org/10.1016/j.jse.2006.07.006
https://doi.org/10.1016/j.media.2016.06.011
https://doi.org/10.1016/j.media.2016.06.011
https://doi.org/10.1002/jor.23104
https://doi.org/10.1002/jor.23122
https://doi.org/10.1016/j.jse.2020.03.002
https://doi.org/10.1016/j.jse.2017.10.002
https://doi.org/10.1016/j.jse.2017.10.002
https://doi.org/10.1016/S1058-2746(03)00026-0
https://doi.org/10.1016/j.jse.2022.12.023
http://refhub.elsevier.com/S2666-6383(25)00016-7/sref46
http://refhub.elsevier.com/S2666-6383(25)00016-7/sref46

	Multiple acromion lengths and glenoid implant inclinations can result in the same critical shoulder angle with large differ ...
	Materials and methods
	Musculoskeletal model
	Critical shoulder anglevariation
	Critical shoulder anglemeasurement
	Glenoid inclination
	Acromion length
	Critical shoulder anglevariation

	Musculoskeletal simulations and analyses

	Results
	Muscle kinematics
	Lateral deltoid kinematics
	Anterior and posterior deltoid, and rotator cuff kinematics
	Contact forces
	Shear and moment scores

	Discussion
	Critical shoulder anglerelevance
	Glenoid inclination
	Acromion length
	Limits of the study

	Conclusion
	Disclaimers:
	References


