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Latarjet procedure is a common standard in the treatment of an-
terior and anterior-inferior shoulder instability with a significant
glenoid defect. However, like any other surgical technique, it has
a list of certain intra- and postoperative complications, including
mistakes in the positioning of the bone block. A necessary guaran-
tee of prevention and reduction of the frequency of possible com-
plications associated with graft positioning is a well-performed
preoperative planning with an understanding of the biomechanical
functioning of the shoulder joint with the translated bone block.
Objective. According to the mathematical modelling we studied
the changes that occur in the stress-strain state of the shoulder joint
model depending on the options for graft fixation and may occur
during the Latarjet procedure. Methods. To solve this problem,
a finite element model of the shoulder was created. The simula-
tions were performed using the SolidWorks computer-aided design
system. The following situations were simulated: variants of fix-
ing screws relative to the plane of the articular surface of the gle-
noid (parallel to the plane, at an angle of 10° and 20°) and vari-
ants of graft fixation height at the anterior edge of the glenoid (at
the lower edge of the glenoid, 10 mm and 20 mm upper edge). Cal-
culations of the stress-strain state of the models were performed
with the CosmosM software package. Results and conclusions.
The presence of a bone graft fixed with metal screws at the area
of the defect at the anterior edge of the glenoid, leads to an in-
crease in stress levels in the bone elements of the model. Changes
in the stress-strain state of the shoulder model also occur, depend-
ing on the angle of the screws that secure the grafi. The highest
stress level was determined when providing the fixing screws at
an angle of 10°, the lowest — when providing the screws parallel
to the articular surface of the glenoid. The stresses on the locking
screws increased slightly with increasing angle of the screws. When
studying the height of graft fixation, the most favorable option, in
terms of stress distribution on the articular surface of the glenoid
and fixing screws, is its location in the lower part of the anterior
edge of the glenoid. Key words. Shoulder joint instability, Latarjet
procedure, finite element model of shoulder joint, biomechanical
modeling.

Onepayisa 3a Jlamapace € 3a2anrbHONPUUHAMOIO O JNIKYEAH-
HA nepeonboi ma nepeoHbOHUNCHBOI HecmabilbHOCmi nieyo-
6020 cyanoba 3i 3naunum oegpekmom enenoioa. Ilpome eona
Mae nesui iHmpa- ma nicaaonepayiini YCKAaOHeH s, N08 A3aHi
6 MOMY YUCII 3 NOMUAKAMU PO3MiUjeHHs KICIK08020 OI0Ka.
Pemenvne nepedonepayitine nianysanns 3 po3yminnam 6iome-
XaHIYHO020 (QYHKYIOHYBAHNSA NIEH08020 CY2100a 3 hepeHeCceHUM
KICIMKOBUM OJIOKOM € 3anopyKoio 3anobieanus ma 3MeHuleHHs
yacmomu Moducausux ycknaonens. Mema. Ha mamemamuunii mo-
Oeni guguumU 3MIHU HANpyJiceHo-0egopmosarozo cmany (H/[C)
MOOeni niewosoco cyenoba 3anedxicHo 6i0 eapianmie @ixcayii
mpancnaaumama ma nio uac euxkoHauus onepayii Jlamapoice.
Memoou. Pospobreno ckinuenno-enemenmuy mooens niedd
3a 00NOMO02010 cucmemu agmMoMamu306aH020 NPOEKMYBAHHS
SolidWorks. Biomeopeno eapianmu npogedenns QikcysaibHux
26UHMIB 6IOHOCHO NIOWUHU CY2]1000801 NosepxHi eneHoioa (na-
panenvho naowuni, nio kymom 10° ma 20°) ma sucomu ¢ixcayii
MPAHCNAAHMAMA HA NepeOHbOMY Kpaio 2lleHoioa (1a pieni Hudic-
Hb0o20 Kpaio enenoioa, na 101 20 mm euwe Hvozo). Busueno H/[C
Molenell 3a 00noMo2oi0 npoepamnozo komniexcy CosmosM.
Pesynomamu. Hatibinbwuti pigens nanpysicenb U3HA4EHO 34
npogedenns 2gunmie nio kymom 10°, naiinudicuuil — napaieis-
HO ¢yenobogiu nogepxui eienoioa. MakcumanibHe 3HUINCEHHS
sucomu @ikcayii mpancnianmama npueesno 00 HAOMUNCCHHS
BENIUYUH HANPYIICEHb Y KOHMPONbHUX MOYKAX HA CY2710006ill
noeepxui 2nenoioa 00 NOKA3HuKie mooeni 6 HOpmi. Buchosku.
Hassnicme xicmkoeoeo mpancnianmama, @ikcoeanozo mema-
JIeBUMU 2BUHMAMU 6 30Hi OegheKkmy Ha nepeoHbOMY Kpaio 2lieHoi-
oa, npu3800ums 00 NIOBUWEHHS PIGHS HANPYIHCEHb Y KICIKOBUX
enemenmax mooeni. 3minu ¢ H/[C modeni naeua 8iodysaromucs
3ANeAHCHO 810 Kyma NPo8eOeH s 28UHMIB, AKI (IKCyoms mpauc-
naanmam. Hanpyscenns na ikcysanvnux 26unmax He3HauHo
nioguwysanucsa 3i 30inbwWenHAM Kyma iXuHbo2o npoGeodeHHsl.
Hauibinow cnpusmausum 3 02150y Ha po3nooil HANPYIUCEHb HA
cyen0608iil no6epxHi 2AeH0i0a ma PIKCYBANbHUX 26UHMAX BUGU-
JI0CSL PO3MAULYBAHHS MPAHCNIAHMAMA 8 HUICHIT YacmuHi nepeo-
HbO2O Kpaio 2n1eHoioa.
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Introduction

Latarjet surgery is a common standard for the treat-
ment of anterior and anterior-inferior shoulder insta-
bility with a severe glenoid defect. The probable mecha-
nism of stabilization in the shoulder joint in such
surgical treatment contains three components [1]:
dynamic sling effect transmitted through the split
of the subscapular muscle and capsule of the tendon
of the short head of the biceps and coraco-brachial
muscles, bone effect of glenoid surface increase and
«Bankart effect» — the restoration of the capsular-
labial complex to the bone or the stump of the coraco-
clavicular ligament to the capsule of the joint.

Despite the fact that the «hammock» effect pro-
bably plays a crucial role in the stabilization mecha-
nism among others [2], the variability of Latarjet
surgery is largely determined by the position and
centering of the coracoid process [3, 4] including
intra- and extra-articular placement, fixation methods
bone block [5—8] with or without restoration of cap-
sular-labial structures, as well as arthroscopic tech-
niques of Latarjet surgery [9—11]. In turn, this is due
to the fact that the position of the bone graft and
the method of its fixation affect the risk of recurrence,
long-term results of the operation and possible com-
plications [12]. Among all the described complica-
tions of Latarjet surgery (which can reach up to 15 %
in open technique of operation [13]) we can identify
recurrence of instability in 1-3 % [8, 14], neurologi-
cal complications in 1-20 % [8, 15], hematoma in
1-2 % [8], postoperative wound infection in 1.5 %
[8], development of shoulder joint contracture and
loss of external rotation, nonunion of bone block-in
1.5-9 % [14-16] or its fracture in 1.5 % [17], bone
block resorption, osteoarthritis in 20-25 % [18],
development of adhesive capsulitis, as well as com-
plications associated with fixators. Among them,
recurrence of instability in case of excessively me-
dial or excessively low position, with displacement
in the axial plane relative to the surface of the gle-
noid and below the equator of the articular cavity in
the sagittal plane can be reliably associated with er-
rors in bone block placement [8]. This group of com-
plications should also include nonunion of the bone
block due to its low position and lack of rotational
stability in case of insufficient fixation by the lower
screw. Other typical complications associated with an
inappropriate position of the bone block are the de-
velopment of osteoarthritis due to its lateral protru-
sion, as well as intraoperative technical difficul-
ties associated with the positioning and conduction
of screws through the bone block to the glenoid. All

these complications necessitate repeated surgical in-
terventions and changes in treatment tactics. It should
also be noted that the use of arthroscopic techniques
has a significantly high percentage of positive results
compared to open methods, with the same relatively
low incidence of complications, but requires signifi-
cant surgical skills of the surgeon and increased costs
in technical support and execution time, which limits
its spread. Thus, in arthroscopic techniques, the is-
sues of preventing possible complications associated
with the risks of recurrent surgery are also relevant
and require attention.

A possible solution for the prevention of com-
plications associated with errors in the placement
of the bone block is careful preoperative planning,
taking into account peculiarities of the biomechani-
cal functioning of the shoulder joint with the existing
graft. Given that most studies on the biomechanics
of the shoulder joint with an anterior or anterior-infe-
rior glenoid defect are based on a study of the bodies
of the dead in the complex [2], it is useful to investi-
gate the isolated effect in restoration of the bony sur-
face of the glenoid on a mathematical model, which
would justify the optimal position of the bone block.

Objective: to study on a mathematical model
the changes of the stress-strain state of the shoulder
joint model depending on the options of graft fixation
and which may occur in Latarjet surgery.

Material and methods

The study involved mathematical modeling
of the stress-strain state (SSS) of the shoulder joint
with different options of graft fixation on the ante-
rior surface of the glenoid, which may develop in
Latarjet surgery at the Laboratory of Biomecha-
nics of the State Institution «Professor M. 1. Sy-
tenko Institute of Abnormalities of the Spine and
Joints of the National Academy of Medical Sciences
of Ukrainex». This task implied elaboration of a fi-
nite-element model of the shoulder, which contained
the following elements: scapula, humerus and carti-
laginous layer on the articular surfaces (Fig. 1).

The following situations were reproduced: options
for conduction of fixing screws relative to the plane
of the articular surface of the glenoid and the height
of fixation of the graft at the anterior edge of the gle-
noid. Fig. 2 shows diagrams of the fixing screws used
in Latarjet surgery.

These options of fixing screws were implemented
on a mathematical model (Fig. 3).

Fig. 4 shows three situations that may oc-
cur in transplantation of the coracoid process to
the defect area. The first one, when the lower edge
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of the displaced coracoid process, to which m. cora-
cobrachialis et caput breve m. biceps brachii are
attached, located in the lower edge of the articular
surface, the second and third ones represent the bone
block shifted up by 10 and 20 mm, respectively.

Fig. 5 shows models with different options for
graft fixation relative to the anterior edge of the ar-
ticular surface of the glenoid.

The elements of the model were given the proper-
ties of different materials by choosing the appropri-
ate values of the Young's modulus of elasticity and
the Poisson's ratio. Characteristics of biological tis-
sues were chosen according to the literature [19, 20],

[b] [c] d

Fig. 1. Model of the shoulder joint: anterior (a), posterior (b),
lateral (c) and medial (d) views

Fig. 2. Options of conduction of fixing screws in osteosynthesis
of the bone block in Latarjet surgery: a) parallel to the plane
of the glenoid; b) at an angle of 10°; ¢) at an angle of 20°

[a]

Fig. 3. Model of the shoulder joint with different options
of conduction of fixing screws relative to the plane
of the articular surface of the glenoid in Latarjet surgery:
a) parallel to the articular surface (at an angle of 0°); b) at an
angle of 10°; c) at an angle of 20°

those of artificial materials according to technical
information [21]. The mechanical characteristics
of the materials used in the calculations are given in
Table 1.

The material was considered homogeneous and
isotropic. A 10-node tetrahedron with a quadratic ap-
proximation is chosen as a finite element.

Loading the model, we simulated the worst pos-
sible option, namely falling on the arm in the ab-
duction position and 90° of external rotation. To do
this, a rigid fixation of the model on the medial edge
of the scapula was introduced, and a distributed load
of 300 N was applied to the distal part of the ulna [21],
which corresponds to half the body weight. The load
scheme is shown in Fig. 6.

To compare the simulation results of different op-
tions of graft fixation, measurements of stress values
were performed at specially selected control points
(Fig. 7).

The study of SSS models was performed using
the finite element method. Von Mises stress was

Fig. 4. Options for the location of the coracoid process on
the anterior surface of the glenoid: the upper edge of the process
at the level of the lower edge of the articular cavity (a), shifted to
its upper edge by 10 mm (b) and 20 mm (c)

[a] b c

Fig. 5. Model of graft fixation on the anterior edge of the articular
surface of the glenoid in Latarjet surgery: on the lower edge (a),
above it by 10 mm (b) and by 20 mm (c)

Table 1
Mechanical characteristics
of materials used in modeling

Material Young's modulus (E), MPa INowscovac patio, v
Cortical bone 18400.00 0.30
Spongy bone 10000.00 0.30
Cartilaginous tissue 5.58 0.45
Titanium BT16 54000.00 0.36
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Fig. 6. Scheme of models loading

used as a criterion for estimating the SSS of the mo-
dels [23]. Simulations were performed in the Solid-
Works computer-aided design system, SSS calcula-
tions were performed using the CosmosM software
package [24].

Results and their discussion

The first stage of the study involved assessment
of the SSS model of the shoulder in the norm after
the reproduction of the fall on the abducted limb.
The picture of stress distribution in the model is
shown in Fig. 8.

The study showed that in the case of a fall on
the elbow, the maximum stresses occur in the distal
part of the humerus (10.6 MPa) and on the scapula
(8.9 MPa). On the glenoid, the maximum stress valu-
es were determined in the middle part at the posterior
edge (7.5 MPa) and in the lower part at the anterior
edge (7.4 MPa). Slightly lower stresses of 6.5 MPa
were observed in the upper part of the posterior edge
of the glenoid. The lower part of the posterior edge
of the articular surface of the glenoid was mini-
mally tense with the stress of 3.2 MPa. In the center
of the articular surface of the glenoid stresses were
determined at the level of 3.4 MPa.

The second stage of the study implied evalua-
tion of the SSS model for different variants of fixing
screws in replacement of the defect of the anterior
edge of the glenoid. Fig. 9 shows stress distribution

[b]

Fig. 7. Scheme of control points: the upper
part of the posterior (/) and anterior (2)
and the middle part of the posterior (3)
and anterior (4) edges of the glenoid and
the lower part of the posterior (5) and
anterior (6); the center of the articular
surface of the glenoid (7); scapula (8);
the distal end of the humerus (9); upper (10)
and lower (/1) screws

in the model under the conditions of the screws con-
ducted in parallel to the plane of the articular surface
of the glenoid.

The presence of a free graft and metal elements on
the glenoid leads to certain changes in the SSS mo-
del of the shoulder. The largest changes were found
at the anterior edge of the glenoid, where the stress
values doubled compared to the normal model: up
to 15.3 MPa in the lower part and up to 8.6 MPa in
the middle one. Stresses in the middle of the posterior
edge of the glenoid and up to 7.5 MPa in its upper
part also increased to 8.6 MPa. At other control points
of the model, changes in stress values were insignifi-
cant, the increase did not reach 1.0 MPa. The fix-
ing screws took on the main load, as evidenced by
the values of stresses that occur in them: 53.5 MPa on
the upper screw and 45.7 MPa on the lower one.

Fig.10 shows the SSS of the shoulder model in
conduction of fixing screws at an angle of 10° to
the plane of the articular surface of the glenoid.

Conducting the screws at an angle of 10° to
the plane of the articular surface of the glenoid com-
pared to the model in which they are held in para-
llel, leads to increased stresses along the posterior
edge of the glenoid: up to 8.2 MPa in the upper part,
7.6 MPa in the middle and 4.7 MPa in the lower one.
At the anterior edge of the glenoid, the maximum
stresses of 9.7 MPa were determined in the middle
part, while the lower part was found to have a slight
decrease in stresses to 13.4 MPa. An increase in stress
levels up to 3.6 MPa was also observed in the cen-
ter of the articular surface of the glenoid and up
to 10.4 MPa on the scapula. The stresses on the fixing
screws also increased slightly to the level of 53.1 and
46.1 MPa at the top and bottom, respectively.

The changes that occurred in the SSS model
of the shoulder as a result of the screws at an angle
of 20° to the plane of the articular surface of the gle-
noid are shown in Fig. 11.

Increasing the value of the angle of the screws
to 20° resulted in a slight decrease in the amount
of stress at almost all control points of the model.
The exception was the upper part of the posterior edge
of the glenoid, where the stresses rose to 9.7 MPa. Be-
sides, a slight increase in the stress level was observed
on the fixing screws: 54.8 and 4.9 MPa on the upper
and lower ones, respectively.

The absolute values of stress values in the cont-
rol points of the model in the norm and at different
angles of the fixing screws are given in Table 2.

Fig. 12 shows a diagram elaborated for com-
parison of values of stresses on the fixing screws in
the models at different angles of their conduction.
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Fig. 9. Representation of the SSS of the shoulder model in conduction of the screws parallel to the plane of the articular surface
of the glenoid: anterior (a), posterior (b), lateral (c) and medial (d) views, fixing screws (e)
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Fig. 10. Representation of the SSS in conduction of screws at an angle of 10° to the plane of the articular surface of the glenoid:
anterior (a), posterior (b), lateral (c) and medial (d) views, fixing screws (¢)
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Fig. 11. Representation of the SSS in conduction of screws at an angle of 20° to the plane of the articular surface of the glenoid:
anterior (a), posterior (b), lateral (c) and medial (d) views, fixing screws (e)

Thus, the presence of a bone graft fixed with
metal screws in the defect area at the anterior edge
of the glenoid, leads to an increase in stress levels in
the bone elements of the model. The highest stress
level was determined by holding the screws at an
angle of 10°, the lowest in parallel to the articular
surface of the glenoid. The stresses on the screws
increased slightly with increasing angle of conduc-

tion, and on the upper screw were determined to be
slightly greater than on the lower one.

The last stage of the study simulated different op-
tions for graft fixation at the height of the anterior
edge of the glenoid. The distribution of stresses in
the shoulder model under the conditions of graft fixa-
tion along the lower edge of the glenoid is shown in
Fig. 13.
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The maximum decrease in the height of graft
fixation led to the approximation of stress values at

of 9.6 MPa was maintained on the scapula. The larg-
est changes in stress values were determined on

the screws, where they fall to 17.0 and 20.8 MPa at
the top and bottom, respectively.

Increasing the height of graft fixation by 10 mm
caused changes in the SSS of the shoulder model

control points on the articular surface of the glenoid
to the normal values of the model. A high stress level

52 1 The movement of the graft to the middle part
s 50 o 0° of the anterior edge of the glenoid caused multidirec-
=48 100 tional changes in the stress distribution in the shoul-
346 ' S0 der model. In particular, an increase in stress levels
& j’é | l was observed at two control points of the model: at

20 L \ the upper part of the posterior edge of the glenoid

Upper screw Lower screw

(up to 6.5 MPa) and in the middle part of the anterior
edge (up to 5.2 MPa). In the middle part of the pos-
terior edge of the glenoid, the amount of stress re-
mained unchanged compared to the previous version

Control points

Fig. 12. Diagram of stress values of fixing screws of shoulder
models at different angles of their conduction
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Fig. 13. Representation of the SSS in graft fixation on the lower edge of the glenoid: anterior (a), posterior (b), lateral (c) and

medial (d) views
| a i [b] [c] [d] [e]

Fig. 14. Representation of the SSS in graft fixation 10 mm above the lower edge of the glenoid: posterior (b), lateral (c) and medial (d)
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Fig. 15. Representation of the SSS in graft fixation 20 mm above the lower edge of the glenoid: posterior (b), lateral (c) and medial (d)
views
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Stress values at the control points of the model at different angles of the fixing screws fatle2
Control point Stress, MPa
norm angle of the screws to the plane of the articular surface
0° 10° 20°
1 6.5 7.5 8.2 9.7
2 3.6 4.5 4.5 4.4
3 7.5 8.6 7.6 7.2
4 4.4 8.6 9.7 9.6
Bony tissue 5 3.2 4.0 4.7 4.1
6 7.4 15.3 13.4 12.8
7 34 32 3.6 3.1
8 8.9 8.8 10.4 9.3
9 10.6 10.6 10.6 10.6
Sorew 10 — 52.5 53.1 54.8
11 — 45.7 46.1 46.9
Table 3
Stress values at the control points of the model for different options of graft fixation
Control point Stress, MPa
norm sMimenns BBepx
0 MM 10 mm 20 Mmm
1 6.5 6.5 6.2 5.5
2 3.6 4.0 4.1 5.8
3 7.5 8.4 8.6 8.6
4 4.4 4.8 5.2 5.1
Bony tissue 5 3.2 4.4 4.2 4.9
6 7.4 4.4 5.8 6.7
7 34 3.2 3.2 3.4
8 8,9 9.4 9.2 9.6
9 10.6 10.6 10.6 10.6
Serew 10 — 17.0 68.5 49.5
11 — 20.8 42.8 43.8
% multidirectional ten@ency of stress redisqibution
o was found on the fixing screws, where an increase
£ 60 to 68.5 MPa on the upper screw and a decrease to
= T 42.8 .MPa on the low§r screw were r.ecqrdef:l.
§30 = omma ' Fig. 15 shows a picture of the dlStI‘l'b}ltlon of SSS
aszo . in thf: shoulder model under the conditions of g.raft
0 fixation 20 mm above the lower edge of the glenoid.
0 In graft fixation on the upper edge of the glenoid,

Upper screw Lower screw

Control points

Fig. 18. Diagram of stress values at control points on the fixing
screws of the shoulder models for different variants of graft
fixation

of the model, namely 8.6 MPa. At other control points
of the model, the stress values decreased. The same

the maximum stresses were found on the scapula —
9.6 MPa. On the articular surface of the glenoid,
the middle part of the anterior edge was the most
loaded — 8.6 MPa. In the upper and lower parts
of the anterior edge of the glenoid stress was deter-
mined at 5.5 and 4.9 MPa, respectively. At the pos-
terior edge of the glenoid, the maximum stress did
not exceed the mark of 6.7 MPa in its lower part, in
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the middle and upper parts of the stress was equal to
5.1 and 5.8 MPa, respectively. The minimum stress
value of 3.4 MPa was observed in the central part
of the articular surface of the glenoid. The stresses
on the fixing screws became 49.5 MPa at the top and
43.8 MPa at the bottom.

Table 3 summarizes the values of stresses in
the control points of the models in norm and at dif-
ferent heights of graft fixation relative to the anterior
edge of the glenoid.

An idea of the ratio of the stresses on the screws
in the shoulder model for different options for graft
fixation can be obtained using the diagram (Fig. 16).

Thus, the most favorable option for fixing the graft,
given the distribution of stresses on the articular sur-
face of the glenoid and fixing screws, is its fixation in
the lower part of the anterior edge of the glenoid.

Conclusions

The presence of a bone graft fixed with me-
tal screws in the area of the defect at the anterior
edge of the glenoid leads to an increase in the level
of stresses in the bone elements of the model.

Changes in the SSS of the shoulder model oc-
cur depending on the angle of the screws that secure
the graft. The highest level of stresses was determined
in the case of screws at an angle of 10°, the lowest
in parallel to the articular surface of the glenoid.
The stresses on the fixing screws increased slightly
along with an increase in the angle of conduction.
The location of the graft in the lower part of the an-
terior edge of the glenoid was the most favorable due
to the distribution of stresses on the articular surface
of the glenoid and fixing screws.

Conflict of interest. The authors declare the absence of con-
flict of interest.
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