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Proximal-medial part in the coracoid graft
demonstrates the most evident stress shielding
following the Latarjet procedure: a simulation study
using the 3-dimensional finite element method
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Background: Although the osteolysis of the coracoid graft is frequently observed after the Latarjet procedure particularly in its prox-
imal part, its pathomechanism is not well understood.

Methods: Three-dimensional finite element glenohumeral joint models were developed using CT-DICOM data of 10 normal shoulders.
A 25% bony defect was created on the anterior glenoid rim, and the coracoid process was transferred flush with the glenoid cartilage
using 2 half-threaded screws. In the hanging arm as well as in the 90° abducted positions, a compressive load (50 N) was applied to the
greater tuberosity toward the center of the glenoid and a tensile force (20 N) was applied to the coracoid tip along the direction of the
conjoint tendon. Next, elastic analysis was performed, and the distribution patterns of the equivalent stress as well as the maximum
principal stress were compared among 4 parts (proximal/distal and medial/lateral) of the coracoid graft.

Results: Both the equivalent stress and the maximum principal stress were reduced in the proximal half of the coracoid graft. A high
stress concentration was observed in the lateral aspect of the coracoid graft particularly in the 90° abducted position. The proximal-
medial part demonstrated the lowest equivalent stress as well as the maximum principal stress for both arm positions, which were signif-
icantly lower than those in the distal 2 parts.

Conclusion: In the Latarjet procedure, the proximal-medial part of the coracoid graft demonstrated the most evident stress shielding,
which may play an important role in postoperative osteolysis.

Level of evidence: Basic Science Study; Computer Modeling
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The Latarjet procedure has been widely used as one of
the most reliable surgical options for recurrent anterior
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process with the conjoint tendon to the anterior glenoid rim
in the lying position. It is known that there are 3 stabili-
zation mechanisms in this procedure: the sling effect is
created by the intersection of the conjoint and inferior
subscapularis tendons, the bone effect occurs by the use of
the coracoid graft, and the ligament effect occurs through
the reattachment of the coracoacromial ligament
stump.®'*'*?! These mechanisms are able to restore the
stability and function of the shoulder joint in more than
95% of patients with significant bone defects.” However,
several major complications have been reported after this
procedure including the osteolysis of the grafted
coracoid.”"!1+17-%

In the orthopedic field, it is believed that the patho-
mechanism of postoperative osteolysis after arthroplasties
can be explained by Wolff’s law.””** Briefly, the inserted
implant causes stress shielding, which leads to the osteol-
ysis of the local bone. Although stress shielding appears to
play a crucial role in the pathogenesis of coracoid graft
osteolysis after the Latarjet procedure, no biomechanical
studies have been conducted to investigate the stress dis-
tribution in the coracoid graft.

A computed tomography (CT)-based 3-dimensional
(3D) finite element (FE) method has been widely used for
investigating the stress distribution within the individual
bone to assess the risk of postoperative osteolysis.”’** The
developed 3D FE model precisely reflects the individual
bony architecture, which can visualize the stress distribu-
tion inside the bone. In the present study, we attempted to
clarify the stress distribution pattern in the coracoid graft
after the Latarjet procedure with this method to investigate
the risk of the postoperative osteolysis of the coracoid graft.
We hypothesized that the proximal-medial part of the
coracoid graft would demonstrate the most evident stress
shielding, because the previous authors reported that
osteolysis was seen most frequently in this part.”-'""”

Materials and methods

Development of the FE shoulder model with an
anterior glenoid defect (Defect model)

Ten patients with unilateral anterior shoulder instability (9 males
and 1 female, age: 17-49 years) were recruited for the present
study with written informed consent. CT-DICOM data of the
contralateral healthy shoulder in each patient were used for the
present study. 3D FE models of the glenohumeral joint were
developed using the software Mechanical Finder (version 9.0,
Extended Edition; RCCM, Tokyo, Japan). In this software, human
bone models can be developed from the CT-DICOM data and a
virtual biomechanical testing can be done with these models. To
reduce the size of the model, the medial aspect of the scapular
body, distal part of the humerus, and the clavicle were excluded
from the model. A 25% bony defect was created on the anterior
glenoid rim (Defect model). The osteotomy line was set parallel to
the longitudinal axis of the glenoid according to the previous

biomechanical study.3 * In the software, Mechanical Finder,
Young’s modulus for both cortical and cancellous bone can be
calculated by the Hounsfield unit values.

The distal part of the coracoid process (length: 2.5 cm) was
resected for simulating the coracoid osteotomy in the Latarjet
procedure. The data of the resected coracoid process were saved
as a stereolithography (STL) file for future transfer.

Modeling of the articular cartilage

Articular cartilage was modeled to cover both glenoid and hu-
meral head surfaces to recreate their contact on the FE model. On
the basis of the previous report, the cartilage thickness was
determined to be 2.0 mm for both the glenoid and humeral
head.”” First, the scapular neck of the Defect model was
osteotomized, and the glenoid bone was saved in the STL format.
After importing the glenoid bone back to the Defect model, the
superimposed glenoid bone was moved 2 mm laterally. With this
procedure, a 2-mm-thick articular cartilage layer was recreated,
which had a completely identical surface geometry to that of the
original glenoid bone. However, it should be noted that the
recreated cartilage layer did not reflect their precise anatomies.
Moreover, the repaired labrum in the Latarjet procedure was not
modeled in the present study because of the lack of the infor-
mation concerning its precise geometry.

Next, the anatomical neck of the humerus was osteotomized
and the humeral head was saved as an STL file, which was im-
ported back again to the Defect model. For recreating a 2-mm-
thick articular cartilage layer of the humeral head, the super-
imposed humeral head was magnified by 1.05 diameters to obtain
a surface geometry of the articular cartilage that covers the orig-
inal humeral head. Next, the lateral edge of the magnified articular
cartilage layer was manually scraped to constitute a smooth
continuity from the cartilage layer to the original bony contour of
the anatomical neck for improving the shape of developed models.

Simulation of coracoid transfer

The resected coracoid was imported back to the Defect model.
The undersurface of the coracoid graft was made flat and placed
on the anterior glenoid defect, which was then rotated around the
x-, y-, and z-axes to simulate the Latarjet procedure. The position
of the coracoid graft is believed to be one of the most important
factors to achieve satisfactory results in the Latarjet procedure. In
the present study, care was taken that the coracoid process was
placed flush with the glenoid cartilage. Two half-threaded screws
(diameter: 3.5 mm, length: 35 mm) were used to fix the grafted
coracoid on the glenoid neck. The geometric information for the
screws was downloaded from the website https://www.traceparts.
com/en. Note that the soft tissues including the capsule, cor-
acoacromial ligament, and conjoint tendon were not modeled in
the present study, which means that the coracoid was placed on the
anterior glenoid rim as an intra-articular graft.

Arm position

The original FE models were developed at the hanging arm po-
sition in neutral rotation, because the CT scan was taken in this
position for all cases. For clarifying the role of the arm position in
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the intra-articular stress distribution pattern, we attempted to
simulate not only the hanging arm position but also the 90°
shoulder abducted position according to the previous biome-
chanical studies.>*' For abducting the shoulder joint, the center
point of the humeral head was determined to be the rotation center
in each FE model. Then, it was abducted around this point in the
scapular plane. The abduction angles of the scapula and the hu-
merus were 30° and 60°, respectively (Fig. 1).

Contact conditions

In the Latarjet procedure, the humeral head cartilage may contact
not only the glenoid cartilage but also the grafted coracoid pro-
cess. To standardize the site of contact in the present study, the
humeral head was translated 1-2 mm anteroinferiorly in some
models so that it contacts both the glenoid cartilage and the
grafted coracoid simultaneously. No soft tissue was placed on the
grafted coracoid in the present analysis. Instead, gap elements
were inserted between the cartilage of the glenoid and that of the
humeral head as well as the grafted coracoid. Briefly, inserting gap
elements between 2 materials is a simple and easy option to
handle their contact. They act like frictionless springs to avoid the
invagination of the humeral head to the glenoid or grafted cora-
coid during the analysis. gap elements were also inserted between
the grafted coracoid and the glenoid bone, because the present
models were developed from the contralateral normal shoulder. In
other words, the present models simulate the early postoperative
stage when bony union has not been started yet rather than the
stage when the remodeling of the coracoid graft has completed.

Material properties

Young’s moduli of the humerus and the scapula were calculated
using their CT numbers, on the basis of the data proposed by
Keyak et al.'® Poisson’s ratio was determined on the basis of the
bone mass density, which was calculated on the basis of the CT
data.'® As for the articular cartilage, both Young’s modulus and

Poisson’s ratio were hypothesized to be 35.0 MPa and 0.49,
respectively.”****® Because the material of half-threaded screws
used for the fixation of the coracoid process to the glenoid was
hypothesized as titanium alloy, their Young’s modulus and Pois-
son’s ratio were determined to be 113.8 GPa and 0.30, respec-
tively. These data were chosen from the database of the software.

Boundary conditions

In the present study, the medial margin of the scapula was
completely constrained in all directions. For simplifying the
analysis condition and shortening the analysis time, we did not
simulate the activity of each muscle. Instead, a standard
compressive load (50 N) was applied to the lateral wall of the
greater tuberosity toward the center of the glenoid”'*~* because
we assumed that cuff muscles had some activities even in the
postoperative immobilization period. A tensile force (20 N) was
applied to the distal portion of the coracoid along the direction of
the conjoint tendon in the present study (Fig. 1). No loads were
applied to the inserted screws in the present study because we did
not have proper information concerning the sites of force appli-
cation as well as their amounts.

Analysis and data interpretation

Elastic analysis was performed, and the distribution patterns of the
Drucker-Prager equivalent stress were investigated to compare the
total amount of generated stress in the coracoid graft. The distri-
bution patterns of maximum principal stress in the coracoid graft
were visualized as well to compare the amount of tensile stress in
each model. Next, to further localize the site with the most evident
stress shielding, the coracoid graft was divided into 4 parts
(proximal/distal and medial/lateral) (Fig. 2). The mean values of
the equivalent stress and the maximum principal stress in each part
were compared among 4 parts for determining which part
demonstrated the lowest stress in the coracoid graft.

Figure 1

Developed Latarjet models: (a) hanging arm position and (b) 90° abducted position. The medial border of the scapula is completely

constrained. A compressive load (50 N) is applied to the lateral wall of the greater tuberosity toward the center of the glenoid (white arrows). A
tensile force (20 N) is applied to the distal portion of the coracoid along the direction of the conjoint tendon (yellow arrows).
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Figure 2

Division of the coracoid graft: (a) anterosuperior view and (b) anteroinferior view. The coracoid graft is divided into 4 parts (a:

proximal-medial part, b: proximal-lateral part, c: distal-medial part, d: distal-lateral part).

Statistical analyses

Repeated measures 1-way analysis of variance followed by
Dunnett’s multiple comparisons test was used for the comparison
of the mean equivalent stress as well as the mean maximum
principal stress among the 4 parts of the coracoid graft. A P-value
of less than .05 was considered to be statistically significant.

Results

Both the equivalent stress and the maximum principal
stress demonstrated a similar distribution pattern in the
coracoid graft. The proximal half represented a lower
stress concentration than the distal half for both arm

(X 10 MPa)

Figure 3

positions (Figs. 3 and 4). A higher stress concentration
was observed in the lateral edge of the coracoid graft than
in the medial edge, particularly in the 90° abduction
models (Fig. 4).

Among the 4 parts of the coracoid graft, the proximal-
medial part showed the lowest stress for both arm positions.
The results of the multiple comparisons revealed that the
proximal-medial part demonstrated a significantly lower
equivalent stress as well as the maximum principal stress than
the distal parts for both arm positions. The P-values for each
comparison were as shown in Figs. 5 and 6. It was interesting
to note that a significant difference was also observed be-
tween the distal-medial part and the distal-lateral part for
both stresses in the 90° abducted position (equivalent stress:
P =.016, maximum principal stress: P =.00040).

(*10°MPa)
300

Stress distribution pattern within the coracoid graft in the hanging arm position: (a) equivalent stress and (b) maximum

principal stress. A marked reduction of stress is observed in the proximal half of the coracoid graft (white arrows). Note that only the stress

distribution in the coracoid graft is shown.
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Figure 4

Stress distribution pattern within the coracoid graft in the 90° abducted position: (a) equivalent stress and (b) maximum

principal stress. A reduction of stress is observed in the proximal half in this arm position as well (arrow). On the other hand, a high
concentration of the maximum principal stress is observed in its distal-lateral part of the coracoid graft (arrow heads). Note that only the

stress distribution in the coracoid graft is shown.

Discussion

This was the first study using a CT-based 3D FE method
that focused on the intra-articular stress distribution after
the Latarjet procedure. The most important finding of the
present study was that the proximal-medial part of the
coracoid graft demonstrated the lowest equivalent stress as
well as the maximum principal stress among the 4 parts of
the coracoid graft.

In the present study, a number of assumptions had to be
made during the modeling process. Among them, one of the
most challenging steps was the contact conditions between

the humeral head and the coracoid graft including the po-
sition of the coracoid graft and the soft tissue interposition.
As for the position of the coracoid graft, most previous
authors recommended fixing the coracoid graft flush or
slightly medial to the cartilage surface to reconstruct the
glenoid cavity,'->*0:!415:17:19.20.31.35 The coracoid placed
too far laterally can potentially lead to humeral head
abutment, whereas a position of the coracoid 1 cm or more
medial to the rim can mean more recurrences.' "’ In
particular, Allain et al' described that overly lateral place-
ment of the coracoid graft appeared to lead to symptomatic
postoperative glenohumeral osteoarthrosis. De Beer and

a b
Kk
(X103 MPa) (X103 MPa) e
*k |
500- . ‘ 200- *
0= 150~
300-
100
200~
100 5
0= T 0~ T
& Y Lo D o hY o A
ob\‘b r 0(0 06\0 ¥ 0(0 ob\‘b w 0(0 ob\o X 0“)
I& /\0 /& /\o /& /\b /& /\o
& & & & & & & ¥
& & & & & & & &
o 9 9 & oF N N
Q¢ Q* Q¢ Q¢

*p=0.010, **p=0.0021

Figure 5

*p=0.019, **p=0.0042, ***p=0.00090

Mean and standard deviation of the equivalent stress (a) as well as the maximum principal stress (b) within each part of the

coracoid graft in the hanging arm position. The proximal-medial part demonstrates the lowest values both for the equivalent stress and the
maximum principal stress among the 4 parts in the coracoid graft. Note that a significant difference is observed between the proximal-

medial part and the distal-medial and -lateral parts.
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Figure 6

*p=0.021, *p<0.0001, ***p=0.00040

Mean and standard deviation of the equivalent stress (a) as well as the maximum principal stress (b) within each part of the

coracoid graft in the 90° abduction position. The proximal-medial part demonstrates the lowest values for both the equivalent stress and the
maximum principal stress among the 4 parts in the coracoid graft. A significant difference is seen between the proximal-medial part and
distal 2 parts. Note that there is a significant difference between the distal-medial part and the distal-lateral part for both stresses in this arm

position.

Roberts® also believed that coracoid grafts placed in a
proud position not only increase the peak contact forces
anteroinferiorly but also increase the posterosuperior gle-
noid pressure, indicating a shift posteriorly. They also
believed that coracoid grafts placed medially result in
increased pressures with high edge loading.® On the basis
of these reports, we placed the coracoid graft flush with the
glenoid cartilage to extend its surface in the present study.
The other option was the interposition of the capsule be-
tween the humeral head and the coracoid graft. Burkhart
et al” preferred to repair the capsule to the native glenoid by
means of suture anchors, which made the coracoid graft an
extra-articular structure, and preventing its articulation
directly with the humeral head. Bouju et al’ also reported
that the strictly extracapsular situation of the bone block
appeared as an important factor in limiting long-term
osteoarthritis. They believed that the capsule reinsertion
alleviated the radiologic complications.” Biomechanically,
the interposition of the capsule between the humeral head
and the coracoid graft may reduce the contact pressure that
was applied to the coracoid graft. However, for recreating
such a condition in the FE analysis, it was necessary to
define both the material properties of the inserted capsule
and the friction coefficients between the inserted capsule
and the humeral head cartilage as well as the inserted
capsule and the coracoid graft. Because none of these data
were currently available, it may reduce the reliability of the
analysis results. Thus, we did not interpose the capsular
tissue between the humeral head and the coracoid graft in
the present analysis both to simplify the model and to
improve the reliability of analysis results. Instead, we
adjusted the position of the humeral head to contact both

the coracoid graft and the humeral head cartilage, which
made it possible to show the mechanical effects of the
contact in a simple static analysis.

Previous authors hypothesized the tension of the
conjoint tendon to be 2.5-10 N based on the data of the
physiological cross-sectional area.”™'***** However, it
was impossible to perfectly simulate the physiological
tension inherent in the conjoined tendon.® In the clinical
setting, it seemed that patients tended to move their elbow
rather than shoulder for their daily living because their
shoulder was immobilized during the early postoperative
period. Thus, we applied a tensile load (20 N) to the distal
portion of the grafted coracoid to enhance the biomechan-
ical effect of the conjoint tendon inside the coracoid graft in
the static analysis.

Regarding the contact between the coracoid graft and
the glenoid neck, 2 screws were inserted for the fixation of
the coracoid graft onto the anterior glenoid neck in the
present study. Because gap elements were inserted between
the coracoid graft and the anterior glenoid neck, these 2
bones attached only with the inserted screws. It is known
that osteolysis continues even after completion of bony
union. As a result, the shape of the coracoid graft might be
altered gradually not only by the stress shielding but also by
the new bone formation. Because we used CT data of the
contralateral healthy shoulders for the development of the
Latarjet models, such alteration of the graft shape was not
taken into consideration. Therefore, we decided to simulate
the situation immediately after surgery before starting bony
union.

The Latarjet procedure can alter the intra-articular stress
distribution dramatically because it is a nonanatomical
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surgical procedure. In the present study, we found that the
stress distribution pattern in the coracoid graft well re-
flected the following factors: the tensile force by the
conjoint tendon, the insertion of 2 screws, and the
compressive forces by the humeral head as well as the
glenoid neck. First, a high stress concentration was
observed in the distal parts of the coracoid graft. Such a
high stress concentration was caused by the tensile force by
the conjoint tendon. On the contrary, the proximal half of
the coracoid graft showed a reduction of both the equivalent
stress and the maximum principal stress than the distal half
for both arm positions. We assumed that the insertion of 2
screws shielded the proximal half of the coracoid from the
tensile force of the conjoint tendon. Second, a high stress
concentration in the lateral aspects occurred, especially for
90° abducted positions. We assumed that this stress con-
centration was caused by the contact with the humeral
head.

The comparison among the 4 parts of the coracoid graft
revealed that the proximal-medial part represented the
lowest equivalent as well as the maximum principal stress
for both arm positions. Statistical significance was deter-
mined between the proximal-medial part and the distal-
medial and -lateral parts. It appeared that the stress
shielding was most evident in this part because neither the
tensile load by the conjoint tendon nor the compressive
loads were applied. On the basis of these results, we
believed that this part of the coracoid graft had the highest
risk of osteolysis.

Reportedly, osteolysis has been more evident in the
proximal half than in the distal half.”'"*° Di Giacomo
et al’ further localized the site of osteolysis within the
grafted coracoid. They found that the superficial part of the
proximal coracoid represented the most relevant osteolysis,
whereas the distal-deep part was the least involved in
osteolysis.” These findings were consistent with the results
of the current FE analysis. We assumed that the remodeling
of the coracoid graft was mainly determined by Wolff’s
law.'' Because of the stress shielding, osteolysis might start
from the proximal-medial part of the coracoid graft. On the
other hand, the lateral parts of the coracoid graft may not be
involved by osteolysis, because they were exposed to the
compressive force due to the contact with the humeral head.
Consequently, the glenoid may eventually be remodeled to
its original pear shape, as Kee et al reported.’’

There were several limitations of the present study. First,
the number of samples was rather small. However, all 10
models demonstrated a similar stress distribution pattern
for both arm positions. Second, a number of assumptions
were made during the modeling process including the
loading and contact conditions. Although we could repro-
duce the glenohumeral joint contact as well as the traction
by the conjoint tendon in the present model, the compres-
sive load applied to the inserted screws could not be taken
into considerations by the technical reasons. Third, this was
a pure simulation study. A future validation study is

warranted for confirming the results of the present analysis.
However, it would be extremely challenging to measure the
precise stress distribution pattern inside the coracoid graft
using either cadaveric specimens or living patients.
Because the results of the present study were consistent
with the previously reported clinical findings, we believed
that our models recreated precisely the biomechanical
conditions after the Latarjet procedure. In other words, the
results of the present study explained what was happening
in the coracoid graft after this procedure. Lastly, this was
only a static analysis that simulates the condition imme-
diately after surgery. Future studies including the dynamic
analysis will be necessary to explain the true intra-articular
stress distribution after the Latarjet procedure.

Conclusion

The proximal-medial part of the coracoid graft demon-
strated the most evident stress shielding, which may
eventually lead to osteolysis. These results are important
for shoulder surgeons to understand the pathomechan-
ism of coracoid graft osteolysis after the Latarjet
procedure.

Disclaimer

The authors, their immediate families, and any research
foundations with which they are affiliated have not
received any financial payments or other benefits from
any commercial entity related to the subject of this
article.
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