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Abstract 

 

1. Introduction 

 

Since its approval by the Food and Drug 
Administration in 2003, reverse total shoulder 
arthroplasty (RTSA), illustrated in Figure 1, has been 
increasingly used in the treatment of glenohumeral 
joint diseases in patients with severe rotator cuff 
deficiency.  
However, this treatment is associated with some 

complications. The most frequently reported 

complication which is unique to RTSA is scapular 

notching, which is defined as the inferior and 

posterior scapular neck erosion caused by the 

repeated contact between the polyethylene cup of 

the humeral component and the glenoid neck. 

According to a review study carried by Nicholson et 

al. [1], its incidence ranges from 44% to 96% and 

appears between 6 and 14 months postoperatively. 

Sirveaux et al. [2] established a method for 

describing the extent of scapular neck erosion. That 

classification system, known as Nerot-Sirveaux, is 

illustrated in Figure 2 and is divided in four grades 

according to the size of the defect: in grade 1 the 

notch is confined to the pillar; in grade 2 there is an 

erosion of the bone to the level of the lower fixing 

screw of the baseplate; in grade 3 the notch is over 

the lower screw; and in grade 4 the bone erosion is 

extended until the undersurface of the baseplate. 

Although the partial erosion of the inferior scapular 

neck represents a clear anatomical complication, 

studies on its clinical relevance are inconclusive. In 

most clinical results reported in the literature is not 

observed any relationship between the presence of 

scapular notching and an increase of pain or upper 

limb mobility loss. However, authors such as 

Sirveaux and Simovitch observed in their work a loss 

of the glenohumeral joint functionality in some 

patients with scapular notching [2, 3]. In recent 

decades, the application of computer models has 

proved to be a valuable alternative to the study of the 

mechanical behavior of the human body in order to 

evaluate aspects that would otherwise be difficult, or 

even impossible, to analyze [4]. The finite element 

method has been widely applied in the study of the 

Since it has been developed, reverse total shoulder arthroplasty has been increasingly used, especially for the 

treatment of severe failures of the rotator cuff, for which it is assumed as the best alternative treatment. 

However, the reversing of the normal anatomy of the glenohumeral joint can lead to several complications, from 

which one can highlight the scapular notching. The aim of this work was to evaluate the mechanical implications 

of scapular notching on the reverse shoulder prosthesis behavior. The superficial mesh of a scapula was 

obtained by the segmentation of a set of computed tomography images and was subsequently converted into 

a solid model using SolidWorks software. The implant model was developed using the same software. Using 

ABAQUS software, three-dimensional finite element models of the scapula and the implant were created from 

the geometric models developed. Finite element analyses were performed considering different loading 

conditions, related to abduction and flexion movements of the upper limb for different levels of scapular neck 

erosion. The maximum principal strains and contact pressures on the surfaces of the prosthesis and glenoid, 

as well as the shear stresses generated between some of the implant surfaces and bone were analyzed. The 

results obtained indicated that, for the conditions considered in this study, the scapular notching described 

clinically does not seem to compromise the stability of the implant, which is consistent with the clinical findings 

reported in the literature. On the other hand, it was also verified that a hypothetical scapular notching condition 

in which the lower fixation screw lose its functionality can lead to bone failure and consequent implant instability. 
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mechanical behavior of biological structures, from 

which one can highlight its application in the study of 

the behavior of a particular bone (eg femur or 

scapula) before and after an implant insertion; the 

analysis of mechanisms that leads to the wear of one 

or more components of a prosthesis or to its 

instability; or in the simulation of the biomechanical 

response of a certain segment of the cervical spine 

when subjected to different loads, allowing to predict 

injuries resulting from car accidents [5, 6]. The finite 

element method is a numerical method used in order 

to obtain approximate solutions to a set of differential 

equations that describe a certain behavior (physical 

or otherwise) of a given system. The underlying 

premise of this method states that a complex domain 

can be subdivided into smaller regions, designated 

as finite elements. The behavior over the problem 

domain can thus be determined by solving the set of 

differential equations for each element. Despite its 

potential, there is still a lack of computational studies 

about the scapular notching in the literature. 

 

 

 
Figure 1: Reverse shoulder prothesis model 

comercialized by Lima Corporate company 
(obtained from [4]). 

 
The aim of this study was therefore to analyze the 

mechanical implications of the scapular notching on 

the RTSA stability using the finite element method. 

For that purpose, tridimensional finite elements of the 

scapula and the implant were developed, and was 

considered not only the four levels of erosion 

described by Sirveaux, but also a fifth level of 

extreme erosion. The effect of the scapular notching 

was assessed by the analysis of the maximum 

principal strains resulting from the flexion and 

abduction movements, the distribution of the contact 

pressures on the glenoid surface and the shear 

stresses between the scapula and the fixing screws 

surfaces as well as between the scapula and the 

prosthesis. 

 
 

 
Figure 2: Nerot-Sirveaux classification (obtained 

from [1]). 

 

2. Materials and Methods 

 

2.1 Geometric Models 

 

This section is dedicated to the description of all the 

steps that preceded the construction of the finite 

elements models. For the scapula model generation, 

a set of computational tomography (CT) images was 

obtained from the Visible Human Project data base 

and then segmented using the open-source program 

ITK-SNAP.  

 
 

 
Figure 3: 3D scapula mesh surfaces before (left) and 

after (rigth) smoothing and decimation. 

The segmentation process was semi-automatic, 

having two techniques been used: thresholding and 

the active contour method. As the surface mesh that 

resulted from that process was too complex, which 

would cause difficulties in the subsequently solid 
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model creation, it was necessary to improve its 

efficiency using the decimation filter. A smoothing 

algorithm was also applied in order to improve the 

poor quality of the mesh, characterized by the 

presence of a staircase effect visible in Figure 3. Both 

smoothing and decimation processes were 

performed using the program MeshLab. 
The scapula mesh was then imported to SolidWorks 

in order to convert it into a solid model. The implant, 

like the scapula model, was modeled using 

SolidWorks and its shape and dimensions were 

based on the prosthetic system of the Lima 

Corporate company represented in Figure 1. Both 

glenosphere and metaglene were modeled according 

to the SMR AXIOMA® TT METAL BACK system. The 

screws were approached with a cylindrical shape. 

 

2.2. Finite Elements Models 

 

To generate the finite element meshes of the implant 

and bone geometric models ABAQUS software was 

used. The metaglene mesh was generated using 

linear hexahedral elements while all the other models 

were meshed with quadratic tetrahedral elements, 

corresponding to the ABAQUS structural elements 

C3D8 and C3D10, respectively. The materials used 

in the implant parts were selected according to the 

RSTA Lima Corporate model illustrated in Figure 4. 

These materials are the metal alloys cobalt-

chromium-molybdenum (CoCrMo) used in the 

glenosphere and in the central screw, and titanium-

aluminum-vanadium (Ti6Al4V), used for the two 

lateral screws and the metaglene. The Young’s 

moduli and Poisson’s ratios considered are 

summarized in Table 1.  

 

Table 1: Material properties of the implant. 

Material 
Young’s 
modulus 

(GPa) 
Poisson’s ratio 

CoCrmo 241.0 0.300 
Ti6Al4V 113.8 0.342 

 

The bone mechanical properties relate directly to its 

density. Thus, in order to try to reflect the effective 

properties of the bone used in this work, it was 

essential to determine the density distribution along 

the scapula. Using the ABAQUS plug-in Bonemapy, 

the CT values were extracted from the set of CT 

images used in the segmentation process. These 

values have a linear relationship with the apparent 

density of a given tissue, given by the following 

equation: 

 

 𝜌 = 𝑎 + 𝑏. 𝐶𝑇 𝑣𝑎𝑙𝑢𝑒 (1) 

 

where 𝜌 is the material apparent density and a and b 

are constants resulting from the regression law. In 

order to find the constants values, the apparent 

densities of the air and cortical bone were obtained 

from Gupta et al. [8], being its values 0 Kg.m3 and 

1800 Kg.m3, respectively. Applying the values of the 

two selected points to the equation (1) the following 

CT value- 𝜌 relationship was obtained: 

 

 𝜌 = −326.1508 + 0.8815. 𝐶𝑇 𝑣𝑎𝑙𝑢𝑒 
2

(2) 
 

and all the node densities were determined. The 

mechanical properties of the bone elements were 

determined based on the apparent densities 

previously calculated. The relation between Young's 

modulus and the density was given by the following 

equations, obtained from the work of Gupta et al. [8]: 

 

 
𝐸 = 1049.25𝑥10-6. 𝜌2 ,          𝜌 ≤ 350 𝑘𝑔. 𝑚3. 

(3) 
 

 𝐸 = 3𝑥10-6. 𝜌3 ,        350 ≤ 𝜌 ≤ 1800 𝑘𝑔. 𝑚3. (4) 

 

where E is the Young's modulus of the node with 

density ρ. 

Using these equations, the Young's moduli of 19 

densities were calculated in increments of 100, with 

the minimum value being a value close to zero (0.1 

Kg.m3) and the maximum corresponding to the 

cortical bone (1800 Kg.m3). Those values were 

imported to ABAQUS whereby the Young’s modulus 

of each node was obtained using linear interpolation. 

The Poisson’s ratio assigned to all bone elements 

was 0.3. 

Both implant structures and bone were modeled as 

linearly elastic materials. 

Apart from the interface between the metaglene and 

the bone, all the others – fixing screws and 

metaglene, fixing screws and bone, glenosphere and 

metaglene, glenosphere and central screw and 

metaglene and central screw – were considered 

perfectly bonded. For the metaglene-bone interface 

two simulations were made, one considering it 

perfectly bonded and another assuming a contact 

between the two surfaces, with a friction coefficient of 

0.36 [8]. In order to prevent the existence of rigid 

body movement, two scapula node sets, located in 

muscle insertion areas, were fixed [9, 10].  

 

2.3 Scapular Notching 

 
The simulation of scapular notching was made 

considering an ellipsoid centered on the lower base 

of the glenoid surface. To all the nodes that were 

inside of it, whose dimensions varied according to the 

degree of bone erosion, it was given an almost null 

density. The four grades of erosion modeled 

according to the Nerot-Sirveaux classification are 

represented in Figure 4.  
An extreme case of erosion, which in all consulted 

literature was never mentioned, was also modeled 

with the purpose of studying the bone behavior and 

the implant stability in an extreme erosion situation, 

where one of the fixing screws (the lower) loses its 

functionality. The model of this extreme case is 

illustrated in Figure 5. To evaluate the scapular 

notching effects, abduction and flexion movements of 

the upper limb were analyzed.  
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Figure 4: Representation of the 4 grades of scapular 

notching described by Sirveaux et al. The images a), b), c) 
and d) correspond to grades 1, 2, 3 and 4, respectively. 

 
 

 
Figure 5: Model representation of na extreme case of 

scapular notching where the lower screw is no longer in 
contact with the bone. 

The data relating to the forces generated by the 

various muscles involved in the movements 

(application point, magnitude, and orientation of the 

forces), as well as the reaction forces in the joints, 

were obtained from a musculoskeletal model 

developed by Quental et al. [9, 11]. In this work, it was 

only used the larger load case of each movement, 

corresponding to 110° of humeral amplitude. 

Although the segmentation of the scapula has been 

made form the same set of CT images as used in 

Quental et al. [9], due to the use of different software 

throughout the development of the finite element 

model of this work the global coordinate system of 

the two models was different, which led to the 

necessity of transforming the coordinates of the 

forces application points to the new coordinate 

system. To solve this problem it was necessary to 

relate the two coordinate systems, which was 

achieved using the Iterative Closest Point algorithm 

developed in MATLAB by Wilm et al. [12]. 

 

2.4 Failure criteria 

 

In order to analyze the possible mechanical effects of 

the scapular notching in the behavior of the RTSA, 

three failure criteria where selected after an 

extensive literature review. 

In Liu et al. [14] a finite element analysis is made on 

the fracture of the femur where it is used as bone 

damage initiation criterion the maximum principal 

strain. Schileo et al. [15], also in a study of the 

femoral bone, demonstrates that in comparison with 

the maximum principal stress, maximum principal 

strain is a criterion that best identifies the risk of bone 

failure. In Frost [16], it was determined a deformation 

of 3000 microstrain (με) as the value above which 

there is an accumulation of micro-damage that can 

lead to bone fracture by fatigue, which was used in 

this work. In addition to the maximum principal strain, 

was also evaluated the contact pressures on the 

surface of the glenoid. Based on the work of Kaneko 

et al. [17], it was set the value of 7.89 MPa as the 

ultimate compressive strength of the trabecular bone, 

which is the main type of bone present in the glenoid 

region [18, 19]. 

Finally, the shear stress (CShear) between two 

contact surfaces was analyzed. In a study by Keyak 

et al. [20], the maximum shear stress is presented as 

the failure criteria which best predicts the risk of 

femoral fracture. In the present work, were analyzed 

the CShear values on the surfaces of the metaglene 

peg and the fixing screws in contact with the bone, 

thereby intending to determine the risk of implant 

loosening. As a reference value Ruben et al. study 

[21] was used, being the value of 35 MPa considered 

the limit above which there may be a separation of 

the two contact surfaces, assuming a perfectly 

bonding situation between them. 

 

3. Results 

 
This section sets out the results of the various 

simulations. 

 

3.1 Maximum Principal Strains 

 

In the Figure 6 the absolute maximum principal 

strains, i.e., the maximum principal strains in module 

for each grade of bone erosion are illustrated. The 

results that are shown are relative to the abduction 

movement and for the situation where it was 

considered to be a contact between the bone and 

metaglene surfaces. Neither the simulations 

concerning to the situation where the two surfaces 

were considered perfectly bonded nor the flexion 

movement simulations results were shown since their 

graphical representations are equal to the Figure 6.  

The lower and upper limits of the principal strains 

correspond to the values obtained from Frost [16] 

mentioned in the last section. 
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Figure 6: Maximum principal strains for the abduction movement and in the contact situation, in the erosion cases: A:1; B:2; 
C:3; D:4; and E: extreme.

A B 

C D 

E 
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3.2 Contact Pressures

 

In this section the distribution of the contact 

pressures on the metaglene surface is exposed. Its 

distribution in the 5 cases of bone erosion in the 

abduction movement and in contact is shown in 

Figure 7. Like in the previous section and for the 

same reasons, the flexion movement simulations are 

not shown.

.

a) b) c) 

                            d)       e) 

Figura 7: Contact Pressures (MPa) on the metaglene surface for the abduction movement and in contact, in the bone 
erosion cases a) 1; b) 2; c) 3; d) 4; and e) extreme. 

 

3.3 Shear Stresses 

 

In this section the shear stresses between the two 

screws and the metaglene peg and the bone are 

exposed.  

Regarding the lower screw, the maximum values of 

CShear obtained during the abduction movement, 

both in the contact and perfectly bonded situation, 

are shown in Table 2.  

Figure 8 shows the evolution mean value of the shear 

stresses in the lower screw with the level of bone 

erosion, for the movements and situations already 

described. The case of extreme erosion was not 

analyzed because in that situation the lower screw is 

not in contact with the bone. 

 

. 

Table 2: CShear maximum values in the lower screw surface, for the abduction movement in both situations described, in 
all the bone erosion cases as well as in the intact bone case (grade 0). 

 

In Table 3 are shown the maximum values of CShear 

in the upper screw and metaglene peg surfaces, 

produced during the abduction movement and in 

contact situation, for all erosion grades. 

 
Maximum CShear (MPa) 

Situation 0 1 2 3 4 extreme 

Contact 7.100 7.185 9.415 9.637 49.165 
- 

Perfectly 
bonded 

6.812 6.832 8.800 25.016 46.772 
- 
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Figure 8: Mean values of CShear in the lower screw surface, during the two movements and situations already described, 

for the scapular notching grades described by Sirveaux and the intact bone situation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

4. Discussion 
 

The aim of this study was to verify if the scapular 

notching in the RTSA generates instability and 

possible failure of the implant. The three foregoing 

analysis – maximum principal strain, contact 

pressure and shear stress - were carried out in order 

to assess that risk and compare the results with the 

clinical findings in the literature. 

In the maximum principal strain analysis it was 

considered that the accumulation of micro-damage in 

the bone liable to lead to a fatigue fracture occurred 

with a deformation above 3000 με. By the 

observation of Figures 6 is easily verifiable that for 

the two movements (flexion and abduction) and 

situations (contact and tie) simulated, just in case of 

extreme erosion there are elements whose 

deformation exceeds this limit. For the notch grades 

clinically described and referred to in the Nerot-

Sirveaux classification, there is no presence of micro-

damage. In the extreme case, although most of the 

volume of micro-damage is located on a bone region 

which is not in contact with the implant, there is a non 

negligible amount of elements with micro-damage 

located in the central hole which, because of the fact 

that that area is in contact with the central screw, may 

affect the stability of the prosthesis. 

The analysis of the contact pressures on the surface 

of the glenoid indicates that they increase with the 

degree of bone erosion. This increase is reflected in 

the emergence, starting from the grade 2 of notch, of 

pressures greater than 7.89 MPa, considered as the 

bone strength limit to compression. However, for the 

erosion levels of Nerot-Sirveaux classification these 

pressures are only localized in a small region near 

the top hole and which does not vary with the degree 

of bone erosion. On the other hand, in the case of 

extreme erosion there is a non-negligible area that 

presents pressures above the threshold mentioned 

before. The presence of pressure capable of causing 

bone failure in a significant area of the glenoid may 

lead to instabilities in the implant. 

0
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 CShear Máximo (MPa) 

Situação 0 1 2 3 4 extremo 

Peg 0.157 0.181 0.578 
 

0.592 0.617 
 

8.521 

Parafuso superior 7.162 7.213 7.259 7.292 7.297 8.579 
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Finally, the results of shear stresses between the 

surfaces of the lower screw and bone presented in 

the previous section show a considerable difference 

between the last grade of erosion of the Nerot-

Sirveaux classification and the remaining grades of 

this classification. In the first notching grades both 

maximum CShear value and its mean value remains 

relatively constant, despite increasing with the level 

of erosion. Figure 8 clearly illustrates this evolution. 

Table 2 also shows this evolution for maximum 

values of CShear, with the first four levels values well 

below 35 MPa, defined as the threshold above which 

the two surfaces can be separated. For the highest 

degree of notching the maximum values of CShear 

exceeds this limit. However, not only this limit only 

serves as a guideline, since it comes from a study on 

the stability of the femoral implant taking into account 

its level of osseointegration, but one should also take 

into account that the maximum values are punctual. 

Although one can not conclude that the presence of 

scapular notching leads to shear stresses on the 

lower screw surface which results in its bone 

detachment it is verified, however, that those forces 

increase with the bone erosion level, noting in 

particular a large increase in the passage of grade 3 

to grade 4. 

Similarly, also the shear stresses in the upper screw 

and peg surfaces increase with the degree of notch, 

noting, in these cases, a more severe increase in the 

passage of grade 4 to the extreme level. Although not 

approaching the considered limit stress value, the 

maximum values of the CShear  for the extreme case 

indicate that the absence of the lower screw leads to 

a significant increase in the shear stress in the upper 

and screw surface and a major increase of this stress 

on the surface of the peg. 

The three analyzes suggest that, in the conditions 

considered in this study, the presence of scapular 

notching in any of the grade defined by Sirveaux does 

not affect the stability of the implant. These results 

support the generality of the clinical results reported 

in the literature, in which the presence of scapular 

notching does not reflect an increase of pain or upper 

limb mobility loss [1, 22, 23, 24]. Although some 

authors refer to a slight deterioration of the Constant-

Murley score results in some patients with high levels 

of scapular notching [3], a direct cause-effect has 

never been verified. Sirveaux, including, noted that in 

a study with 77 patients with a reverse shoulder 

prosthesis, 96% had minimal or total absence of pain, 

with 49 cases of scapular notching [2]. In an in vitro 

study done by Roch et al. [25] where it was intended 

to evaluate the scapular notching effects on the 

metaglene fixation to a composite scapulae, it was 

found that for the last grade of Nerot-Sirveaux 

classification metaglene suffered a displacement 

capable to condition its fixation. In four out of seven 

samples with the highest level of erosion, the 

metaglene displacement was above 150 µm, 

considered as the limit to osseointegration 

generation, whereas in all the samples without 

scapular notching that threshold has not been 

reached. However, it is important to note that the 

purpose of this study was to evaluate the 

osseointegration necessary conditions for the initial 

implant stability. Given the fact that it was considered 

that the scapular notching already existed at the time 

the implant was inserted, unlike the present work, the 

initial conditions of the two works have differences 

that must be considered when comparing the results 

obtained by both. Using a 2D finite element model, 

Yang et al. [26] analyzed the distribution of the 

maximum von Mises stress on the fixing screws of an 

reverse prosthesis. As in this study, an increase of 

the maximum stress with the level of notching was 

also observed, although this change was less 

pronounced. 

It is noted, however, that in a hypothetical situation 

where the lower fixing screw is loose, being no 

contact between the two surfaces, there is a very 

significant presence of elements with accumulation of 

micro-damage which can cause, or help causing, the 

occurrence of fatigue fractures. There is also in this 

situation, the onset of tensions in the glenoid surface 

caused by contact with the metaglene, which can 

cause failure of the bone and consequent instability 

of the implant. However, in all literature consulted a 

similar situation is never described, serving this case 

just to see what the possible consequences of the 

loss of the lower fixing screw functionality are. 

Despite the results of this study indicate that the 

implant stability does not seem to be affected by the 

scapular notching presence is important to note that, 

as with any computational study, there are limitations 

that should be taken into consideration. The process 

of segmentation and treatment of superficial mesh 

always leads to a distortion, however small it may be, 

of the real bone morphology. Also, the process of 

defining the densities distribution, although these 

were directly obtained from the CT images, gives rise 

to some approximations of actual bone values that 

one wants to model. Another limitation of this study 

was the fact that the process of bone remodeling was 

not considered, which resulted in a less realistic 

representation of the bone behavior when subjected 

to different loads. The fact that one did not consider 

this mechanism made it impossible to check whether 

there would be a repair or, on the other hand, an 

accumulation of micro-damage caused by the 

application of loads. Although the analysis of the 

maximum principal stress have used a threshold 

above which there would be an accumulation of 

micro-damage that could lead to implant failure, in 

this work the damage evolution over time was not 

simulated, not allowing to conclude whether this 

damage accumulation really occur and would result 

in a fatigue fracture. Another limitation of this study 

relates to the fact that only two movements, 

abduction and flexion, were simulated, not taking into 

account the so called everyday situations. The 

analysis of other movements could lead to other 

stress fields that could have revealed more adverse 

to the various situations of notching. 
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In summary, it was not observed, in the conditions 

considered in this work, deformations of the elements 

or contact pressures in the region of the glenoid or 

shear stresses on the contact surfaces of the implant 

which pointed to an instability of the prosthesis in the 

several cases of scapula erosion clinically reported. 

However, the significant increase in shear stresses in 

the transition from grade 3 to grade 4 of Nerot-

Sirveaux classification and the results obtained for 

the extreme case of erosion (hypothesized in this 

work), suggests a deterioration of the mechanical 

behavior of the implant to high level bone erosion 

conditions that must be analyzed, with more detail, in 

future work.
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