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Abstract. Despite the widespread use of reverse total shoulder arthroplasty, there is still a problem
of conflict between the polyethylene cup of the prosthesis and the scapula, which over time causes
the phenomenon of notching. In order to circumvent this problem correctly, several innovations have
been proposed regard to the implementation method. In this context, the aim of this work is to study
the biomechanical behavior of new implantation methods using different glenoid configurations in
order to avoid the notching phenomenon between the cup and the scapula. The study was carried out
using virtual prototypes of the shoulder prosthesis assembly. Forum CT scan images, three-
dimensional models of shoulder bones were reconstructed. The implantation of the prosthesis in 3D
model was performed in collaboration with an experienced surgeon from the Caduceus Clinic (Oran,
Algeria). The obtained models were imported to finite element calculation software. After the
validation of the numerical model using the literature results, we assessed the biomechanical behavior
of four implantation methods under the same boundary conditions and abduction movements. Among
the used methods, the BIO-SR lateralization method offers significant biomechanical advantages in
terms of the forces applied to the glenoid during the abduction movement.

1. Introduction

The reverse shoulder arthroplasty (RSA) was initially developed by Paul Grammont to address the
problem of omarthrosis associated with rotator cuff failure for people over 70 years old [1]. This
arthroplasty has been used as a surgical treatment with positive clinical results to relieve pain and
restore shoulder function for patients with severe rotator cuff arthropathy and glenohumeral arthritis
[2,3].These indications have expanded considerably and now include many more complex etiologies
such as rheumatoid arthritis, complex fracture fixation, scapular belt tumors and revision of failed
anatomical arthroplasty [4]. Clinical successes of the restoration abduction function have given
confidence to extend the indications of the reverse shoulder prosthesis to proximal humeral fractures,
deficient bone with intact cuff, cancer and many others [5,6]. Since 2007, shoulder arthroplasty has
been developed at the same rate as knee and hip arthroplasty or even faster [7], and the RSA has
recently been estimated at 42% of all shoulder replacements [8].

Paul Grammont revolutionized the RSA with the introduction of a new implant design. The
Grammont system is based on four principles that he identified to ensure stabilization while allowing
the deltoid to compensate for the deficient or absent rotator cuff [9, 10, 11]. These early designs
improved the range of motion in patients with rotator cuff deficiencies by tightening and repositioning
the deltoid relative to the fixed center of rotation (COR) of the joint. In addition, the COR
medialization increases the lever arm of the deltoid from 20 to 42% [12]. Although the medialized
design certainly improves function in patients with deficient rotator cuff shoulders. The clinical



results have identified some defects due to a strong medialization of the humerus, including scapula
notches, in 40 to 96% of cases, are observed in the first months [13-15]. These notches are secondary
to a mechanical conflict between the humeral cup and the scapula pillar. These complications have
as effect a premature deterioration of the (at the cup level) and cause severe and consequent pain for
the patient [16]. Polyethylene and metal debris will secondarily cause additional osteolysis [17]. In
order to solve this problem, several modifications were made to the design of the Grammont
prosthesis. Among which, we find lateralization with the BIO-RSA method, with a lower offset and
metal lateralization of the glenosphere [18].

In a previous numerical work [19], the bio-faithful geometry of the shoulder joint and the
biocompatibility of the materials used in the lateralized method have been investigated. In the present
work, four different implantation methods of reverse shoulder prostheses have been investigated in
order to find an adequate solution to the notch problem. The model developed will be validated by
comparing the results obtained from the forces observed at the glenoid implant as a function of the
humerus abduction angle with those obtained from the models of the literature. The biomechanical
behaviors of the four different implantation methods, namely, the normal method (without
modification), the BIO-RSA method, that with glenosphere offset of 2mm downwards and 3.7mm
of lateral shift, will be studied. Based on the results obtained, recommendations on the choice of
implementation method will be proposed at the end of this work.

2. 3D Reconstruction of the Shoulder Joint

The model used was generated by processing images from an MRI file, using 3D reconstruction
technique through several steps. This method has been detailed in a previous work [19], and will be
just recalled in this part. The data conversion method used to develop the finite element model of the
shoulder is illustrated in Figure 1. The first step consists in retrieving the data from computerized
tomographic sections (CT scan), namely a sequential images file with an interval of 0.5 mm in
“.DICOM” format. The radiographic images are transferred to Mimics image processing software.
This anatomical representation software allows to visualize the reconstruction of tomographic
sections in 3D. It shows a precise model of the shoulder complex made with an accuracy of about one
tenth of a millimeter.

The surface generated by Mimics software is not always of good quality. It is common to find
anomalies, most often in the form of folds: the surface wraps in place on itself to create a bead. These
invisible irregularities disturb the generation of the mesh by creating an infinity of superimposed
elements or elements of almost zero size. To correctly circumvent these geometric singularities, we
used the RapidForm software to perform a smoothing operation by filling the gaps and rebuilding
regular automatic mesh again using NURBS surfaces. The resulting three-dimensional geometric data
will be converted into a type data format (Parasolid x_t) in order to be imported into the ANSYS
finite element calculation software.
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CT Data Format Mimics (STL) RapidForm (IGES) ANSYS (Parasolid
(DICOM) x_t)

Fig. 1 Illustration of the 3D reconstruction procedure of the bone structure (case of the scapula)



3. Finite Element Modeling

The Delta3 reverse shoulder prosthesis model was chosen for its wide use. The three-dimensional
design of this prosthesis was carried out using Solidworks CAD software. The prosthesis was
implanted in accordance with the operating protocol which consists of planning the proximal end of
the humerus at a cervico-diaphyseal angle of 125°. The glenoid part has been reduced by a vertical
plane in order to position the glenoid base. The humeral part of the prosthesis is inserted in press-fit.
On the glenoid side, the base plate is fixed with two screws [19]. This prosthesis implantation
technique 1s adopted by experienced surgeons specialized in the placement of this type of prosthesis
at the Caduceus Clinic of Oran (Algeria). This implantation will be used in what follow to validate
the numerical model (called normal implantation).

3.1. Boundary conditions

Large strain kinematics is assumed with transient dynamics conditions. For boundary conditions,
the scapula was assumed to be fully constrained, however an abduction movement was imposed on
the humerus. With regard to the lifting force of the humerus, as suggested in the literature, it has been
assumed that the deltoid is the only muscle used during arm abduction. Then, to estimate the
abduction force due to the deltoid muscle, some hypothesis have been done. In particular, the deltoid
was considered as a simple one-dimensional viscoelastic element that acts along specific lines. These
lines of action are delimited by the insertion of the deltoid muscles which represent the loading points.
For some kinds of muscles, such as the deltoid, where there is more than one torque, equivalent
insertion points can be defined to determine an "equivalent" acting line. The deltoid was therefore
modeled as a set of three active springs and dampers whose ends correspond to muscle anchor points
(Figure 2). The muscle contraction is achieved by imposing a preload that has been estimated in order
to regain contact forces comparable to those in the literature. The values of damping and stiffness
coefficients were chosen to minimize the dynamic effects (see Table 1).

For all the numerical models, a vertical force of 37 N, which represents the weight of the arm, was
applied to the gravity center of humerus. Contact conditions with a friction coefficient p = 0.07 were
applied between the cup and the glenosphere [20]. All other contacts between the different parts are
assumed to be totally linked (bilateral contact).

Table 1 Characteristics of all active springs and damping

Stiffness coefficients

Element Damping coefficients (N/m) Preload (N)
1 500 7000 314
2 500 7000 317
3 500 7000 312




Fig. 2 Tllustration of the active spring and damping elements.

3.2. Material properties
All solids are considered linear elastic whose material properties are shown in Table 2.

Table 2 Material properties of bons and prothesis élements [21].

. Young's module Poisson . 3

Elements Materials E(MPa) coefficient v Density (g/mm°)
Humerus Cortical bone 8000 0.3 1.3x1073
Serew and screw Titanium 110000 0.33 4.5x10°3

holder
Glenosphere Stainless steel 230000 0.3 8.01x107

Diaphyseal stem Titanium 110000 0.33 4.5%10
Cup Polyethylene 80000 0.35 9.5x10*

3.3. Space and time discretization

The discretization of the model was performed using a fine mesh with six-nodes tetrahedral
quadratic elements. This mesh is composed of 42994 elements and 75381 nodes (Figure 3). For the
time discretization an implicit method of Newmark, with a time step equals to 5x107 s, has been
chosen. The time duration of the calculation has been tuned in order to minimize dynamic effects.

Fig. 3 Finite element mesh used for modeling the behavior of the prosthetic shoulder



4. Results and Discussion

4.1 Validation of the model

In order to validate the developed model, we compared the results obtained from the evolution of
the forces recorded at the level of the glenoid implant as a function of the humerus abduction angle
with those of existing models in the literature (Astier [21], Terrier et al. [22], and Wuelker et al. [23]),
as illustrated in Figure 4. It can be seen that the results obtained by the developed model are in good
agreement with those of Astier model [21], whereas they overestimate those of Wuelker et al. [23]
and underestimate those of Terrier et al. [22]. In addition, almost all models show an increasing slope
up to the angle of 90°, with the exception of Astier model, where a slight decrease was observed from
the angle of 60°. This difference between the results can be justified by the difference in anatomical
models and the types of prostheses used.

350
300
250
= 200
]
e
& 150
100 —@— Actual model
—k— Astier model
50 —4— Terrier et al. model
=—— Wuelker et al. model
0
20 30 40 50 60 70 80 90 100

Abduction angle (°)

Fig. 4 Evolution of the forces applied on the glenosphere as a function of the abduction angle of the
arm

4.2. Effect of the different implantation methods

In order to highlight the effects of the implantation methods on the biomechanical behavior of the
prosthesis, four different configurations were tested (see Figure 5): (a) a normal implantation with a
medialized center of rotation, used to validate the model, (b) implantation with a glenosphere offset
from the center of rotation by 2 mm downwards, (c) implantation with a glenosphere lateralization
offset of 10 mm, via bone graft (BIO-RSA) and (d) implantation with a glenosphere lateralization
offset of 3.7 mm, via the glenosphere. For the models (a), (b) and (c) glenosphere is considered as a
half-sphere. In the fourth configuration (d) the lateral offset is obtained using a sphere with 3,7 mm
de décalage lateral [24]. The models developed are meshed using tetrahedral elements. The same
boundary and loading conditions were applied on the four configurations using fine meshes.



Fig. 5 Illustration of the different configurations: (a) a normal implantation with a medialized center
of rotation, (b) implantation with a glenosphere offset from the center of rotation by 2 mm
downwards, (c) implantation with a glenosphere lateralization offset of 10 mm, via bone graft (BIO-
RSA) and (d) implantation with a glenosphere lateralization offset of 3.7 mm, via the glenosphere

4.2.1 Evolution of the applied forces on the glenosphere

Figure 6 illustrates a comparison of the evolution of the applied forces on the glenosphere as a
function of the abduction angle for the four configurations. It can be seen that the forces are minimal
when using a configuration (a) of the normal implantation and they are maximal when the
implantation is made with a glenosphere lateralization offset of 3.7mm configuration (d). In addition,
the behavior closest to that of normal implantation is that of the prosthesis with the BIO-RSA method,
1.e., the configuration (c) in Figure 4.
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Fig. 6 Evolution of the contact forces applied on the glenoid for the different configurations
according to the abduction angle

4.2.2. Evolution of the von Mises stresses on the contact surface of the glenosphere

In this section, a comparison of the evolution of the maximum von Mises stresses on the
glenosphere contact surface is presented for the four configurations during abduction movement as
shown in Figure 7. It can be seen that the values of maximum stresses are obtained in the case of
implantation with a normal configuration, whereas the highest values are observed for those of
implantation with a glenosphere lateralization offset of 3.7 mm via the geosphere.

Indeed, this last configuration has two phases: (i) when the abduction angle is less than 62°, the
stresses are closed to that of normal implantation; (ii) when the abduction angle is greater than 62°,
the maximum stresses obtained are the highest compared to that of the considered configurations.
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Fig. 7 Evolution of maximum stresses on the glenoid for the different configurations as a function
of the abduction angle

Figure 8 shows the distribution of von Mises stresses on the glenosphere at the final position of
the abduction motion for the four implantation methods. It is clear that the stresses are higher in the
case of the configuration (d), and lower for the normal implantation. Indeed, the behavior closest to
that of the normal implantation is that of the configuration with BIO-RSA, method (c).
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Fig. 8 Distribution of von Mises stresses on the glenoid for different configurations at the end of the
abduction motion

4.2.3 Evolution of maximum stresses in the support with screws

In what follows, we present a comparison of the evolution of the maximum von Mises stresses in
the support as a function of the abduction angle of the arm as shown in Figure 9. It can be seen that
in the initial and final states (at 40° and 90°), the maximum stresses values are obtained in the case
of the prosthesis with bone graft (configuration (c)), while the minimum values are obtained by the
configuration (d). However, between these two limits (median phase), we found that the minimum
stresses values are obtained in the case of normal implantation, whereas the highest stresses values
are recorded in the case of configuration (d), when the implantation method with a glenosphere offset
from the center of rotation by 2mm downwards.

—@— Normal implantation

—&— With bone graft

—a&— Glenosphere offset by 2 mm downwards
—— Glenosphere offset by 3.7 mm laterally
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Fig. 9 Evolution of maximum stresses in the support with screws for different configurations
according to the abduction angle



Figure 10 illustrates the distribution of von Mises stresses in the support at the final position of the
abduction movement for the four configurations. It can be seen that for the configurations (a), (b) and
(c), the maximum stress is located at the outer peripheral contour of the support, while for the
configuration (d), it is located near the central hole of the support. This can be attributed to the effect

of the abduction movement which differs from one configuration to another.
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Fig. 10 Distribution of von Mises stresses in the support with screws for different configurations at
the end of abduction motion: (a) a normal implantation with a medialized center of rotation, (b)
with glenosphere offset from the center of rotation by 2 mm downwards, (c) with glenosphere
lateralized by 10 mm (BIO-RSA) and (d) with glenosphere offset by 3.7 mm laterally

5. Discussion

Improvements to the Grammont prosthesis are intended to avoid the disadvantages and
complications of the latter, in particular the notch problem. These modifications consist in lowering
and/or lateralization of the prosthesis, either through the use of technical devices (lowering of the
metaglene according to Nyffeler [25] or bone lateralization according to Boileau [26]), or by
modifying the design of the implants by seeking the biomechanical compromise (lateralized rotation
center, lowering, eccentric) [27].

Clinically, the literature is controversial with regard to the Range Of Motion (ROM). A recent
study by Collin et al. [27] reports that bending forward is more important after BIO-RSA than after a
neutral glenosphere of 36 mm [24]. As well as the rate of notch is 75% demineralized for reverse
shoulder prostheses with a medialized center of rotation of 45% for BIO-RSA prostheses [28].

According to the work of Boileau et al. [29], prostheses with a lateralized glenosphere (the
configuration (d) in Figure 5) have the disadvantage of increasing the torque or shear force applied
to the glenoid component, which accelerates the wear of the glenosphere and the polyethylene cup.

Numerically, Denard et al. [30] have shown the interest of simulations to improve implantation
methods. In our study we wanted to go further by getting as close as possible to the biomechanics of
movement and taking care to validate the numerical model. The validation of the model was



performed using results from the literature, which allowed us to give credibility to our simulations
and results of stresses and contact forces.

Our study confirms the hypothesis that the glenoid configuration has an effect on the
biomechanical behavior of the reverse shoulder prosthesis. In particular, the evolution of the forces
and the maximum stresses observed on the glenosphere as a function of the abduction angle of the
arm.

Figure 11 shows the variation of the maximum forces recorded at the level of the glenoid for the
four configurations. It is clear that the forces are higher for the prosthesis with a glenoid offset by 3.7
mm laterally (configuration (d)), and are minimal for the prosthesis with a medialized center of
rotation glenoid (configuration (a)). In addition, it can be observed that the prosthesis which has a
behavior closer to that of the prosthesis with a medialized rotation center glenoid is the prosthesis
with bone graft (BIO- RSA) (configuration (b)).
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M With bone graft

M Glenosphere offset
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M Glenosphere offset
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100

Fig. 11 Maximum values of the forces recorded on the glenoid.

The results presented in Figure 12 show that the maximum stresses at the glenosphere level are
very high in the case of configuration (d) compared to the prosthesis with a medialized center of
rotation glenoid (configuration (a)).

For the support with screws, figure 13 shows that the maximum value is obtained in the case of a
glenosphere with bone graft, while a slight difference was noted for the other configurations. It is also
important to notice that the stresses values obtained for the four configurations are permissible.

Finally, depending on the choice of the different indicators, this or that method appears more or
less as the best implantation. For example, the BIO-RSA method minimizes contact forces on the
glenoid, while the implantation with a glenosphere offset from the center of rotation bay 2mm
downwords (configuration (b)) minimizes stresses. However, on average on the different indicators,
method (b) is the closest to the normal method.
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6. Conclusion

In this work, the biomechanical behaviors of four different RSA configurations were studied in
order to find an adequate solution to the notch problem and highlight their influences on the prosthesis
performance. The numerical models were developed through three main phases: (1) 3D reconstruction
of the bones of the intact shoulder, (i1) design of the different components of the reverse prosthesis,
(1i1) implantation of the prosthesis according to different configurations and finite element analysis.

After the validation of the numerical model in the case of normal implantation with a medialization
center of rotation using results from the literature, a numerical investigation of the biomechanical
behaviors of three new implantation methods under the action of the arm abduction movement is
presented. The effect of these implantation methods on the performance of the reverse shoulder
prosthesis have been highlighted.

From the obtained results, we can draw the following conclusions:

- The contact force at the glenoid surface increases with the increase of the abduction angle.

- The configuration that appears closest to the results obtained by the normal implantation, in terms
of contact forces is that bone graft ( configuration (b)), however, in terms stresses is that with
glenosphere offset from the center of rotation by 2 mm downward.



- Minimum contact force values during arm abduction movement are obtained in the case of
normal implantation (with a medializaed center of rotation).

In addition, it can be noted that this study has highlighted the influence of the implantation method
on the performance of the reverse shoulder prosthesis and consequently, it presents a very useful tool
to assist in the suitable choice of the implantation method for the latter.
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