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Abstract

The Latarjet procedure is the most popular surgical procedure used to treat anterior shoulder
instability in the presence of large glenoid bone defects. Although the position of the bone graft largely
affects the efficacy of this procedure, the accepted range for its proper positioning is still discussed.
Thus, the main goal of this study is to assess the optimal positioning of the bone graft during the Latarjet
procedure, by balancing both the restoration of joint stability and osteoarthritis risk. To accomplish
this, four finite element models of the shoulder joint after the Latarjet procedure were developed by
varying graft position in the medial-lateral direction. For each graft position, four arm positions were
modeled. A compressive force and anterior translation were simultaneously applied to the humeral head
for analysis of the glenohumeral joint stability ratio and contact pressure distribution. The optimal graft
position was found to be between 1.8 mm medial and 0.4 mm lateral to the articular glenoid surface
in an axial view. Grafts placed medially to the articular surface do not contribute to the restoration of
joint stability, while grafts placed laterally increase contact pressures beyond the failure stress of cartilage.
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1. Introduction

The glenohumeral joint is the most dislocated joint
in the human body [1, ?], with the majority of these
dislocations occuring in the anterior direction [2, 3].
Adequate management of anterior shoulder insta-
bility is therefore crucial.

The Latarjet procedure is the most widely used
method for treatment of recurrent instability and an-
terior shoulder instability in the presence of large
glenoid bone defects [4, 5, 6]. This technique, first
described by Latarjet [7], has suffered many alter-
ations, but its key concept consists in the resection
of the coracoid process of the scapula, along with
the conjoint tendon, and its succeeding transfer
and fixation to the anteroinferior side of the glenoid
in the lying position. The efficacy of the Latarjet
procedure has been associated with three stabiliz-
ing mechanisms [8]: the bone effect, described by
the action of the graft as a bone block, preventing
dislocation of the joint; the sling effect, caused by
the conjoint tendon, which resists anterior trans-
lation during abudction and lowers the subscapu-
laris to reinforce the glenohumeral capsule; and
the ligament effect, caused by the reparation of the

glenohumeral capsule.

One important factor which affects the efficacy of
the Latarjet procedure is the position of the graft,
specifically in the medial-lateral direction. Grafts
placed too medially to the glenoid articular surface
have been frequently associated with high rates
of recurrent shoulder instability [9]; however, when
placed too laterally, the overhang of the graft may
cause damage to the humeral head cartilage, in-
creasing risk of osteoarthritis [10, 9].

Recent studies have discussed the biomechan-
ical effects of bone graft positioning. Placing the
graft laterally to the glenoid articular surface have
shown a posterior shift in glenohumeral contact
pressures [11], which affects joint alignment and
could be a mechanism responsible for the devel-
opment of osteoarthritis. Placing the graft medially
to the glenoid articular surface is believed to have
no contribution to joint stability through the bone
effect. Some authors defend that, in fact, the bone
effect should be described as a glenoidplasty ef-
fect [12], which consists in placing the graft exactly
flush to the glenoid surface, in order to increase the
articular arc available for translation. The accepted
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interval for proper graft placement, however, does
not have a consensus. When evaluating graft po-
sitioning, some authors consider the graft properly
positioned if it is within 1 mm of the glenoid surface
for both medial and lateral directions [13], yet oth-
ers accept a position of up to 5 mm in the medial
direction. [14, 15].

As small changes in the graft position can greatly
influence the efficacy of the Latarjet procedure, the
objective of this study was to investigate the best
position for bone graft placement, regarding shoul-
der stability and contact mechanics, throught the
use of three-dimensional finite element models. To
the author’s knowledge, this is the first study com-
bining both stability and contact pressure distribu-
tion of the glenohumeral joint for assessment of op-
timal graft position in the Latarjet procedure.

2. Materials and Methods

2.1. Finite Element model
For the simulation of the Latarjet procedure, first a
model of the healthy glenohumeral joint was cre-
ated. The geometric models of the humerus and
scapula were based on those developed by Quen-
tal et al. [16, 17]. To save computational effort,
the humerus was sliced at its surgical neck and its
distal part was excluded from the study. To more
accurately recreate the contact of the articular sur-
faces of the glenohumeral joint, models of the
glenoid cartilage, labrum and humeral head car-
tilage were created. The glenoid labrum was ob-
tained through manual segmentation of the same
medical image set used to obtain the humerus and
scapula. Due to the low resolution of these images,
the articular cartilages were modeled artificially us-
ing SolidWorks (Education Edition, Academic Year
2020-2021). The glenoid cartilage was created by
extruding the surface of the glenoid 2 mm [18, 19]
in the lateral direction. It was then cut using the
labrum surface, so that the side of the cartilage fol-
lowed the exact geometry of the labrum. To model
the humeral cartilage, a portion of the surface of
the humeral head was offseted by 1mm [20, 21]
outwards and the space between this surface and
the humeral head was filled to create a solid.

After the model of a healthy glenohumeral joint
was complete, the scapula and its soft tissues were
modified by designing a bone defect with width
corresponding to 20% of glenoid height. An os-
teotomy line was drawn parallel to the long axis
of the glenoid according to Yamamoto et al. [22].
The glenoid portion of the scapula, glenoid carti-
lage and labrum was sliced using a plane normal to
the surface of the glenoid passing through the os-
teotomy line. The parts anterior to this plane were
excluded from the model.

For the simulation of the Latarjet procedure, the

Figure 1: Resection of the coracoid process from the scapula.

distal part of the coracoid process was resected,
making sure the resected part had a length be-
tween 22 mm and 28 mm [5], as shown in Figure 1.
The inferior surface of the bone graft was made flat
and the graft was rotated and placed on the glenoid
bone defect, following the instructions of an ortho-
pedic surgeon.

To fix the graft, two full-threaded 3.5 mm cortex
screws with 30 mm length were modeled based
on the DePuy Synthes’ specifications (Universal
Small Fragment System). These were placed per-
pendicular to the glenoid bone defect and with a
minimum distance of 7.5 mm between their cen-
ters.

Four configurations were considered for the graft
position by varying its position medio-laterally.
Considering the position indicated by the surgeon
as the reference, the graft was translated 1.5 mm,
3 mm and 4.5 mm in the lateral direction. No trans-
lations were considered in the medial direction be-
cause they were assumed to behave similarly to
the reference position as far as shoulder stability is
concerned.

For comparison with the literature, the different
graft positions were evaluated using the axial circle
method described by Kany et al. [14]. The posi-
tion of the graft was measured as the distance to
a circle fitted to the glenoid articular surface in an
axial cross section at the level of the upper screw.
The measurements resulting from this process are
presented in Table 1.

In addition to considering different graft posi-
tions, the position of the arm was also varied
to evaluate how the Latarjet procedure performed
with shoulder motion. The studied positions of the
humerus were: neutral position; 30◦ abduction;
60◦ abduction; and 60◦ abduction with 45◦ exter-
nal rotation. Abduction was defined relative to the
scapula and therefore refers to glenohumeral ab-
duction. Figure 2 represents the model simulating
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Table 1: Evaluation of graft position using the axial circle
method. Distances medial and lateral to the line or circle are
considered negative and positive, respectively.

Model Distance (mm)

Reference model -3.20

1.5 mm model -1.81

3 mm model +0.44

4.5 mm model +1.23

Figure 2: Model simulating the Latarjet procedure with the bone
graft in the reference position and neutral arm position. The
orange and blue symbols represent an encastre condition.

the Latarjet procedure with the bone graft in the
reference position and neutral arm position.

The finite element meshes of the different com-
ponents were created in Abaqus FEA software
(version 2017) using quadratic tetraheadral ele-
ments. A mesh convergence study was performed
to choose an appropriate mesh density. The aver-
age element size chosen for the different parts of
the model is presented in Table 2.

2.1.1 Material Properties

The scapula and bone graft were assigned inho-
mogenous isotropic linear elastic material proper-
ties. The density distribution of the original scapula
was obtained using CT data through the algo-
rithm developed by Quental et al [16]. A mapping
function was applied to this distribution to derive
the densities of the modified scapula and cora-
coid graft. The Young’s moduli of these compo-
nents were calculated from the apparent densities

Table 2: Average element size of the different mesh structures.

Model Part Av. Element Size (mm)

Humerus 2.5

Scapula 1.5

Labrum 0.8

Humeral Head Cartilage 0.8

Glenoid Cartilage 0.8

Bone Graft 0.5

Cortex Screws 0.7

through the expression:

E = 1049.45 · ρ2 for ρ ≤ 0.35 g/cm3

E = 3000 · ρ3 for 0.35 < ρ ≤ 1.8 g/cm3
(1)

where E is Young’s modulus (in MPa) and ρ is bone
apparent density.

Hyperelastic Neo-Hookean material properties
were chosen for the labrum and cartilages, using
the strain energy function defined as:

W = C10(I1 − 3)

C10 = E/4(1 + ν)
(2)

The values of C10 = 1.79 and C10 = 8.3 were
attributed to the cartilage (E = 10 MPa and ν = 0.4)
[23] and labrum, respectively (E = 46.6 MPa, ν =
0.4) [24]. The cortex screw were hypothesized as a
titanium alloy, with Young’s modulus of 113.8 GPa
and Poisson’s ratio of 0.3 [25], and the humerus
was defined as a rigid material [26].

2.1.2 Contact and Boundary conditions

The glenoid cartilage, labrum and bone graft were
tied to their respective surfaces in the scapula.
Similarly, the humeral head cartilage was tied
to the humerus. Contact between the humeral
head cartilage and the glenoid cartilage, labrum
and coracoid graft were modeled as frictionless
[20, 25].

The nodes of two different zones of the scapula
were fixed in all translations and rotations (Figure
2). The rotations of the humerus were constrained
to keep the same arm position throughout the anal-
ysis. For comparison purposes, the loading con-
ditions mimicked those employed in several clini-
cal and computational studies [12, 22, 27]. First, a
compressive force of 50N was applied to the cen-
ter of the humeral head towards the center of the
glenoid to simulate joint loading. Under permanent
compression, the humeral head was translated in
the anterior direction until maximum translational
shear force in that same direction was reached.
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2.2. Model Validation
For the validation study, the model of the healthy
glenohumeral joint was tested by simulating the ex-
perimental method performed by Lippit et al. [28]
and comparing the results. The humeral head was
compressed onto the glenoid and translated in the
anteroinferior, anterior and anterosuperior direc-
tions. To evaluate joint stability, the stability ratio
was calculated according to the expression:

Stability Ratio (SR) =
Peak Translational Force

Compressive Force
(3)

The results obtained in these directions were
compared to that reported in the literature.

The loss in stability caused by the presence of
a glenoid bone defect was also validated. Finite
element models containing the scapula with bone
defect widths of 8%, 14%, 20% and 26% of the
glenoid height were developed and their stability
ratio in the anterior direction was calculated. The
results were then compared to those of Yamamoto
et al. [22], as this study performed the same anal-
ysis on cadaveric models.

2.3. Comparison of Graft Position
To evaluate the effect of different graft positions,
both the variation of stability of the joint and dis-
tribution of contact pressures in the humeral head
cartilage were analyzed. The stability of the joint
was computed using the stability ratio for each graft
position and arm position.

For comparison purposes, the displacement of
the humeral head was normalized with the 0 be-
longing to the beginning of humeral head trans-
lation, when the humerus is at its physiological
configuration, and the 1 belonging to the posi-
tion where maximum translational shear force was
achieved. The glenohumeral contact pressure dis-
tribution was retrieved from these frames and the
peak and mean contact pressure values at each
humeral head displacement point were computed.

For evaluation of osteoarthritis risk, not only was
the glenohumeral pressure distribution qualitatively
assessed, but also, the peak contact pressures
were compared to the failure stress of cartilage.
The relationship between cartilage failure and age
is reported in the literature [29]. Assuming a young
patient age between 25 and 30 years, the value
selected for failure stress of cartilage was 25 MPa.
Contact pressures above this threshold potentially
damage the cartilage, and were therefore associ-
ated with an increased risk of osteoarthritis.

3. Results

3.1. Model Validation
The modelling of articular cartilage, labrum and
bone defect geometries was validated against in

vitro measurements of glenohumeral stability re-
ported in the literature [28]. The stability ratios of
the healthy glenohumeral joint model at the tested
directions all fall within the ranges reported in the
literature , which shows accuracy in the joint mod-
eling of the soft tissues. When testing the stability
of the bone defects, the results obtained were also
within the standard deviation intervals measured in
vitro. For simulation of the Latarjet procedure, a
20% bone defect was used, which is in agreement
with the published data in terms of stability.

Both these validation processes provide confi-
dence in the finite element model of the gleno-
humeral joint and the results obtained after simu-
lation of the Latarjet procedure.

3.2. Comparison of Graft Position
The stability ratios obtained for the anterior direc-
tion in all of the modeled graft and arm positions
are displayed in Figure 3. The rise in stabilty ratio
with increasing laterality of the bone graft beyond
the 1.5 mm position is common to all arm positions.
No significant change is observed between the sta-
bility of the reference and 1.5 mm models for each
humeral position. When comparing arm positions,
the condition with 60◦ abduction and 45◦ external
rotation shows the greatest variability in stability ra-
tio, presenting both the lowest value in the 1.5 mm
model and the highest one in the 4.5 mm model.

The contact pressure distributions of the refer-
ence and 1.5 mm models are indistinguishable.
In both the reference and 1.5 mm models, the
humeral head cartilage does not touch the bone
graft for the entirety of the analyzed displacement
interval. For the 3 mm model, the initial contact
distribution is similar to the previously described
models; however, towards the end of the simu-
lation the contact pressure is mostly present in
the bone graft, showing magnitudes higher than
the maximum observed for both reference and 1.5
mm models. The 4.5 mm model has the major-
ity of contact pressure distributed between only the
glenoid labrum and the bone graft. Unlike all other
graft positions, there is already contact pressure in
the bone graft at the end of compression, which
causes a posterior shift in the contact pressure in
the glenoid cartilage.

Progression of peak contact pressure of differ-
ent bone graft models for each arm position stud-
ied can be observed in Figure 5. For every arm
position, both the reference and the 1.5 mm bone
graft positions show similar results well below the
threshold considered for the failure stress of car-
tilage. However, this threshold is consistently
crossed when the graft is placed in a 3 mm or
4.5 mm lateral position. At the start frame, the 3
mm model shows peak contact pressures similar
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Figure 3: Comparison of stability Ratios of the glenohumeral joint after the Latarjet procedure for the modeled graft positions in
each arm position.

to models with a more medial graft position rela-
tive to it and only surpasses cartilage failure stress
towards the end of the translation. On the other
hand, the 4.5 mm model has a very high peak
contact pressure at every displacement value, sur-
passing the stress threshold for the majority of the
simulation. When comparing arm positions, the
biggest changes in peak contact pressure were ob-
served for 60◦ abduction and 60◦ abduction with
45◦ external rotation. The latter shows the highest
peak contact pressure values, which, unlike other
arm positions occur for the 3 mm model and not for
the 4.5 mm one.

4. Discussion
The position of the graft during the Latarjet proce-
dure is crucial for its efficacy. Nevertheless, the ac-
cepted range for proper positioning of the graft is

still discussed today. In this study, finite elements
of the glenohumeral joint after the Latarjet proce-
dure were developed by varying the position of the
bone graft in the medial-lateral direction, as well as
varying arm position. To determine the best graft
position, the changes in stability and glenohumeral
contact pressure were investigated. The models
were validated through the comparison of the sta-
bility of the healthy glenohumeral joint model and
the models containing bone defects with published
data.

The stability ratios showed an overall increase
with more lateral positions. When the bone graft
was placed in the reference or 1.5 mm lateral posi-
tions, no contact between the humeral head car-
tilage and graft surface was observed. As ex-
pected, this translates to a low stability ratio, show-

Figure 4: Glenohumeral contact pressure distribution in the 60◦ abduction position. Top row: Simulation frame at the end of
compression with no translation for (a) reference, (b) 1.5 mm, (c) 3 mm and (d) 4.5 mm models; Bottom row: Simulation frame
with at the end of translation for (a) reference, (b) 1.5 mm, (c) 3 mm and (d) 4.5 mm models;
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(a) (b)

(c) (d)
Figure 5: Evolution of peak contact pressure with normalized displacement of the humeral head for the different graft positions at
(a) Neutral position; (b) 30◦ abduction; (c) 60◦ abduction; (d) 60◦ abduction with 45◦ external rotation.

ing no significant change between the two mod-
eled positions. Adding to the resemblance be-
tween the results of both positions, their stability
ratio in the hanging arm position was also identical
to the value obtained for the model simulating the
glenohumeral joint with a 20% bone defect before
the Latarjet procedure was modeled. From these
results, it can be concluded that placement of the
graft in the reference and 1.5 mm lateral positions
does not contribute to the static stabilization of the
glenohumeral joint in terms of glenoid bone recon-
struction, which can lead to an increased risk of
recurrent instability.

Both the 3 mm and 4.5 mm graft positions
showed contact between the bone graft and
humeral head articular surface; however this con-
tact occurred at different moments of humeral dis-
placement. For the 3 mm model, the initial contact
pressure distribution was similar to the models with
a more medially placed graft, which means that the
humeral head had the same approximate physio-
logical position. Contact with the bone graft oc-
curred only towards the end of the humeral head

translation, contributing to an increase in the sta-
bility ratio when compared to the 1.5 mm and ref-
erence models. In the 4.5 mm model, due to the
lateral overhang of the graft, the articulation of the
humeral head became constrained, leading to a
shift in the contact surface in the posterior direc-
tion when submitted only to a compressive force.
The difference in joint alignment at a physiological
position can pose an increased risk of osteoarthri-
tis. As could be expected, lateral overhang of the
graft, offered higher resistance to anterior transla-
tion of the humeral head, leading to an increase
of the stability ratio. The 4.5 mm model had a
stability ratio higher than the one of the healthy
glenohumeral joint. Observing the progression of
peak contact pressure in regards to displacement
of the humeral head, it is noticeable that the 3 mm
and 4.5 mm models systematically present higher
contact pressure values. Both these models have
peak contact pressures that surpass the value rep-
resenting the tensile failure stress of cartilage, po-
tentially leading to injuries in the humeral head car-
tilage related to the development of postoperative
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osteoarthritis. The higher values of contact pres-
sure (above failure stress of cartilage) seem to be
related to contact between the humeral head carti-
lage and the bone graft. This is easily observable
in the 3mm model, as peak contact pressures have
a significant increase towards the end of humeral
head translation.

Combining all previous remarks, the optimal po-
sition for placement of the bone graft during the
Latarjet procedure is taken to be between the 1.5
mm and 3 mm positions modeled in this work. Al-
though not an exact position, it still shortens the
acceptable interval considered by many authors
when evaluating surgical outcomes of the Latarjet
procedure [14, 15, 13].

If the measurements of graft position obtained
through the axial circle method, as reported in Ta-
ble 1, are considered, the interval found containing
the optimal position of the bone graft is then [-1.8,
+0.4] mm in the medial lateral direction, with the
zero being the circle fitted in the glenoid articular
surface. This supports the popular recommenda-
tion of placing the coracoid graft as closely as pos-
sible flush to the glenoid surface.

The distribution of contact pressure on the bone
graft has mostly two focal points, regardless of
arm position, caused by the rough osseous incon-
gruity of the lateral coracoid process surface. From
thereon, much like Ghodadra et al. [11] predicted,
it can be concluded that the increase in contact
pressure is caused by nonconformity of the con-
tact surfaces in the classic Latarjet procedure. The
stability ratios calculated suggest that the osseous
augmentation of the glenoid during the Latarjet
procedure only contributes to stability through the
glenoidplasty effect or reconstruction of the glenoid
arc and not to the bone block effect, agreeing with
Yamamoto et al. [12].

When the graft is placed medially to the glenoid
face, the results are in accordance with Ghodadra
et al. [11], suggesting that there is no reconstruc-
tion of the glenoid articular surface and no osseous
block to anterior humeral translation during the dif-
ferent positions of arm abduction and external ro-
tation. As the 4.5 mm model is considered to be
lateral to the glenoid surface, its contact pressure
distribution presented in this work confirms the in-
crease in posterior glenohumeral contact pressure
and shift of the physiological humeral head position
in the glenoid, as it is documented in the literature
[11].

There are several limitations to this work. The
healthy shoulder stability model follows the setup
of other studies [22, 28, 11] which do not take into
account ligamentous or musculotendinous struc-
tures. For modeling the Latarjet procedure, the
dynamic effect of the conjoint tendon was also

neglected. However, even with the arm at 60◦

glenohumeral abduction and neutral external ro-
tation, the effect of the osseous reconstruction of
the glenoid has been reported to contribute up to
49% of the restored glenohumeral stability [12],
so its importance cannot be neglected. Another
structure not modeled is the glenohumeral cap-
sule, which could potentially prevent the posterior
shift of contact pressures observed due to lateral
overhang of the bone graft. Nevertherless, the
glenoid capsule is more significant for shoulder sta-
bility at an end range position of abduction, so
some of the modeled positions shouldn’t be highly
affected by the absence of the glenohumeral cap-
sule. Besides this, the load conditions considered
were used simulating experimental methods pub-
lished, but these do not correspond to the loads
encountered in-vivo. Lastly, a model of the same
specimen and the same size of bone defect was
used for all tests, not taking into account the vari-
ability in defect size and in graft width and height.

5. Conclusions

The best position for bone graft placement in the
medio-lateral direction was found to be between
two of the modeled positions, which are 1.5 mm
and 3 mm lateral to the reference used in this
work. Using the axial circle method for standard-
ized measurements of the graft positions, the op-
timal interval corresponded to [-1.8, + 0.4] mm
in the medio-lateral direction, with the zero being
flush to the glenoid articular surface. The results
also allowed the drawing of the conclusion that val-
ues of contact pressure above those of the fail-
ure stress of cartilage were caused by contact with
the rough incongruous geometry of the bone graft,
which lead to an increased risk in the development
of post-operative osteoarthritis.

Although the findings of this work may give rec-
ommendations for improving the efficacy of the
surgical technique, further studies are required to
deepen the knowledge regarding this issue and
address some of the limitations of this work. An
important development would be the addition of
the ligamentous and musculotendinous structures
which participate in shoulder stabilization. In ad-
dition, the use of loading conditions simulating in-
vivo situations should be further performed to pro-
vide more accurate results. For this work, anatomic
information of only one subject was used, neglect-
ing variability of the modeled structures. Further
studies using a higher number of shoulder models
would increase the validity of the results. Along
with this, testing the application of the Latarjet
procedure on different glenoid bone defect sizes
should also present more clinically relevant data.
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