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Abstract According to Wolff’s law, the changes in stress
after a prosthesis implantation may modify the shape and
internal structure of bone, thus compromising the long-term
prosthesis fixation and, consequently, be a significant fac-
tor for glenoid loosening. The aim of the present study is
to evaluate the changes in the bone adaptation process of the
scapula after an anatomical and reverse total shoulder arthro-
plasty. Five finite element models of the implanted scapula
are developed considering the implantation of three anatom-
ical, cemented, all-polyethylene components; an anatomi-
cal, cementless, metal-backed component; and a reverse, all-
metal component. The methodology followed to simulate
the bone adaptation of the scapula was previously validated
for the intact model, prior to the prosthesis implantation.
Additionally, the influence of the bone quality on the adap-
tation process is also investigated by considering an osteo-
porotic condition. The results show that the stress shielding
phenomenon is more concerning in cementless, metal-based
components than in cemented, all-polyethylene components,
regardless of the bone quality. Consequently, as far as the
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bone adaptation process of the bone is concerned, cemented,
all-polyethylene components are better suited for the treat-
ment of the shoulder joint.
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1 Introduction

The replacement of the shoulder joint by an implant, known
as total shoulder arthroplasty (TSA), has become a common
procedure to restore shoulder function and reduce pain. How-
ever, although short- and mid-term outcomes of the TSA are
satisfactory, there are still significant long-term complica-
tions that compromise the procedure. The most concerning
complication is aseptic loosening, particularly of the glenoid
component (Bohsali et al. 2006; Fealy et al. 2008; Farshad
and Gerber 2010), which has a multifactorial aetiology, not
yet fully understood (Sundfeldt et al. 2006; Fealy et al. 2008).
Among other mechanisms of loosening, the adaptation of
bone to the implant is often mentioned as an important ele-
ment in studies of the hip and knee joints (Bono et al. 2005;
Sundfeldt et al. 2006; Fraldi et al. 2010). Under normal, and
healthy, conditions, bones support joint and muscle loads by
themselves. However, when an implant is introduced into
the bone, the loading condition, initially supported by the
bone alone, is then shared with the implant. As a result, the
bone may be shielded from its normal mechanical stresses, a
phenomenon commonly known as stress shielding (Huiskes
1993; Gefen 2002; Poitout 2004), which, based on Wollf’s
law (Fernandes et al. 1999; Christen et al. 2012), may cause
an adverse bone adaptation that threatens the long-term fix-
ation of the implant (Suárez et al. 2012). Furthermore, some
studies suggest that the bone loss due to stress shielding may
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facilitate bone osteolysis, one of the most concerning mecha-
nisms of loosening in the shoulder arthroplasty, by exposing
the bone interfaces to wear particles (Sundfeldt et al. 2006).
The loss of bone stock also adds difficulty to the revision of
the implant, if, for whatever reason, it is necessary (Nagels
et al. 2003). Even though this adaptation process has been
extensively studied in the hip and knee arthroplasty, it has
received little attention in the shoulder (Pelletier et al. 2008).
Consequently, its clinical relevance to the outcome of a TSA
is still poorly known (Suárez et al. 2012).

Some numerical studies have already suggested the occur-
rence of bone adaptation around glenoid prostheses (Stone
et al. 1999; Lacroix et al. 2000; Ahir et al. 2004; Gupta et al.
2004a,b; Sharma et al. 2010; Suárez et al. 2012). However,
most of these studies based their predictions on stress simu-
lations only, i.e. they did not consider any bone remodelling
model, and thus did not explicitly model the adaptation of the
bone to the implant (Stone et al. 1999; Lacroix et al. 2000;
Ahir et al. 2004; Gupta et al. 2004a,b). The studies of Sharma
et al. (2010) and Suárez et al. (2012) are the only ones in
which a bone remodelling model was applied. Hence, there
is considerably little material addressing the bone adaptation
of the scapula following a total shoulder arthroplasty, espe-
cially if it is taken into account that only the work of Suárez
et al. (2012) combined the complexity of a bone remod-
elling model and the 3D geometry of a scapula. Note that
Sharma et al. (2010) studied the effect of conceptual glenoid
prostheses on the bone adaptation of the scapula using 2D
finite element models. Furthermore, it is worth noting that
only a cementless, metal-backed component was evaluated
by Suárez et al. (2012).

In the light of the above, the aim of this study is to eval-
uate the bone remodelling process due to stress shielding
around cemented and cementless glenoid prostheses, and
gain further insight into its contribution to the outcome of
the TSA. For that purpose, 3D finite element models of the
scapula, simulating the idealized immediate condition after
the replacement of the shoulder joint by 5 different shoul-
der prostheses, are developed. The considered prostheses
include three anatomical, cemented, all-polyethylene com-
ponents, with pegged, anchor pegged, and keeled anchor-
age systems; one anatomical, cementless, metal-backed com-
ponent; and one reverse, cementless, all-metal component.
The bone remodelling simulations are performed having as
basis the study conducted previously for an intact, healthy
scapula (Quental et al. 2013a). In addition to the bone remod-
elling parameters deemed before as best to reproduce the
actual bone density distribution of the scapula under analy-
sis (Quental et al. 2013a), another set of parameters is also
considered here to simulate the behaviour of an osteoporotic
bone (Santos et al. 2010). Note that the 3D model of the
scapula considered is based on the CT images of a 38-year-
old subject with no known health problems, but the replace-

ment of the shoulder joint is primarily performed in the
elderly (Hasan et al. 2002; Rasmussen et al. 2012), whose
bone stock is generally poorer, in quality and quantity. The
impact of each implant on the bone adaptation process of the
scapula is assessed by the changes in bone density over time.

2 Methods

2.1 Finite element model

The 3D geometric model of the intact scapula, constructed
in Quental et al. (2013a) from the CT images of the Visi-
ble Human Project (Spitzer et al. 1996), served as basis for
the finite element models developed here. Using this model,
the replacement of the shoulder joint was virtually simulated
in Solidworks� for 5 designs of shoulder prostheses, being
the implant positioning approved by an orthopaedic surgeon.
The shoulder implants considered include 3 cemented and
2 cementless glenoid components, whose detailed geome-
try is provided in Online Resource 1. The cemented compo-
nents, based on the designs of the Depuy Orthopaedics, are
anatomical, all-polyethylene components that either have a
pegged, an anchor pegged, or a keeled anchorage system,
as depicted in Fig. 1. A uniformly distributed cement man-
tle of 1 mm was considered around the implants (Terrier
et al. 2005). The cementless components, shown in Fig. 2,
include (1) an anatomical component, based on the design of
the Lima Corporate, which consists of a metal back with a
porous coating made of titanium alloy, a polyethylene inlay,
and a central screw and two peripheral screws for fixation and
(2) a reverse component, based on the DELTA� design of the
Depuy Orthopaedics, consisting of a metaglene with a porous
coating made of titanium alloy, a 38-mm glenosphere made
of cobalt–chromium–molybdenum (CoCrMo) alloy, and a

Peggged anchoraage system

Keeled anchoragge system

Anchor pegged anchorage system

Fig. 1 Finite element models of the cemented glenoid components.
The polyethylene components are placed at the most left of the figure,
and the corresponding cement mantles are placed next to them
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Scapula after a total shoulder arthroplasty 829

Fig. 2 Finite element models of the cementless glenoid components.
The anatomical glenoid component is represented in (a), whereas the
reverse glenoid component is represented in (b). The components placed
at the most left are made of polyethylene and CoCrMo, from superior
to inferior, respectively, and the remaining components are made of
titanium

Table 1 Material properties of the glenoid components of the shoulder
prostheses and cartilage

Material Young’s modulus
(MPa)

Poisson’s
ratio

CoCrMo (Ahir et al. 2004) 220,000 0.30

Titanium (Ahir et al. 2004) 110,000 0.30

Bone cement (Hopkins et al. 2005) 2,000 0.23

Polyethylene (Hopkins et al. 2005) 500 0.40

Cartilage (Carter and Wong 2003) 6 0.47

central screw and four peripheral screws for fixation. The
metaglene was positioned without any inferior tilting, and the
length and orientation of the peripheral screws were chosen
to maximize the contact between these and the bone, while
avoiding their protrusion beyond the scapula boundaries.

The 3D meshes of the described structures were gen-
erated in Abaqus� 6.10 using linear tetrahedral elements.
All interfaces, bone–cement, cement–implant, and bone–
implant, were considered perfectly bonded, simulating an
idealized immediate post-operative condition (Hopkins et al.
2005; Terrier et al. 2009).

Apart from polyethylene, which was modelled as an
elastic–plastic material using the true stress–strain data pre-
sented by Godest et al. (2002), all structures were modelled as
linearly elastic materials. The Young’s moduli and Poisson’s
ratios considered are summarized in Table 1. The material
properties of bone result from the bone remodelling process
assuming a Poisson’s ratio of 0.3 and a Young’s modulus of
17 GPa for dense compact bone.

2.2 Bone remodelling process

The bone remodelling model applied here was developed by
Fernandes et al. (1999). The model considers bone as a lin-
early elastic orthotropic material obtained by the periodic
repetition of a cubic cell with rectangular holes with dimen-
sions a1, a2, a3 (Folgado et al. 2004). At each point, bone
is characterized by the parameters a, which are related to
bone density, and the Euler angles θ , which define the cubic
cell orientation. The relative density μ of bone is given by
1−a1a2 −a1a3 −a2a3 +2a1a2a3, with ai bounded between
0 and 1. Mathematically, the bone remodelling process is
addressed as the minimization of the structural compliance,
i.e. the inverse of the structural stiffness, while taking into
account a biological criterion regarding the cost of bone
maintenance. The bone remodelling law is stated as

NC∑

P=1

(
αP

∂ E H
i jkl

∂a
ekl

(
uP

)
ei j

(
uP

))
− κ

∂μm

∂a
= 0 (1)

where NC is the number of applied load cases, αP are the
load weight factors, E H

i jkl are the homogenized bone mater-
ial properties (Guedes and Kikuchi 1990), ei j and ekl are the
components of the strain field, and uP is the set of displace-
ments fields computed through the finite element method.
The bone remodelling parameters κ and m define the cost of
bone maintenance and therefore control the total amount of
bone mass.

The bone remodelling model described was successfully
validated for the healthy condition of the scapula in Quen-
tal et al. (2013a). Ergo, the bone adaptation process of
the scapula after TSA, was simulated in this study fol-
lowing a similar methodology, i.e. the bone remodelling
law was evaluated at the nodes, and the same twelve
load cases, including muscle and joint reaction forces at
10◦, 30◦, 50◦, 70◦, 90◦, and 110◦ of arm abduction in the
frontal plane and anterior flexion in the sagittal plane, were
considered. The corresponding weighting factors αP are
shown in Table 2.

For the models of the anatomical shoulder prostheses,
the muscle and joint reaction forces were determined using
the detailed musculoskeletal model of the upper limb pre-
sented in Quental et al. (2012b, 2013b), which is based on
the same subject whose scapula is here analysed. The mus-
culoskeletal model includes 7 rigid bodies, constrained by
6 anatomical joints, and acted upon by 21 muscles of the
upper limb. For the model of the reverse shoulder prosthesis,
a modified musculoskeletal model of the upper limb, which
takes into account the changes in the shoulder joint geome-
try and position resulting from the reverse TSA, was applied
(Quental et al. 2013c). Considering that the primary indi-
cation for reverse TSA is total or partial deficiency of the
rotator cuff, the supraspinatus, infraspinatus, and subscapu-
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Table 2 Load weight factors for
the 12 load cases considered Motion Arm amplitude

10◦ 30◦ 50◦ 70◦ 90◦ 110◦

Abduction 0.145735 0.069027 0.064054 0.031480 0.006265 0.001621

Flexion 0.312289 0.147916 0.137258 0.067456 0.013425 0.003474

Fig. 3 Schematic of the inverse dynamics procedure applied to estimate the muscle and joint reaction forces of the upper limb

Fig. 4 Coupling interactions considered for the loading condition of the scapula

laris muscles, which are the most commonly affected mus-
cles, were considered inactive (Matava et al. 2005; Melis
et al. 2011). The inverse dynamics procedure applied to
estimate the muscle and joint reaction forces is schemati-
cally represented in Fig. 3. The application point, magni-
tude, and orientation of the forces estimated are provided in
Online Resource 2. In Abaqus, force application points were
defined as attachment points, which do not belong to any
particular mesh, but are able to transmit force through the
definition of coupling constraints, as exemplified in Fig. 4.
In order to avoid high punctual stresses, each attachment
point was coupled with at least 30 nodes. To avoid rigid
body motion, instead of applying the estimated scapulotho-
racic joint reaction forces, several nodes in the vicinity of the
articulation were constrained in all directions (Terrier et al.
2005).

The effect of the implants on the bone adaptation process
was evaluated for two conditions of bone: a healthy and an
osteoporotic. For the healthy condition, the bone remodelling
model was applied using parameters κ and m of 4.00×10−4

and 5, respectively, which were deemed as best to repro-
duce the actual bone density distribution of the modelled
scapula (Quental et al. 2013a). The osteoporotic condition
was simulated considering a superior cost of bone mainte-
nance. Based on the study of Santos et al. (2010), parameter
k was defined 4.7 times greater than that of the healthy con-
dition. Accordingly, a parameter κ of 1.88 × 10−3 and a
parameter m of 5 were considered. Note that, for each condi-
tion, a bone remodelling analysis of the intact scapula, prior
to the prosthesis implantation, was performed to define the
initial density distribution of the bone to be considered for
the bone remodelling simulations after TSA.
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Scapula after a total shoulder arthroplasty 831

Fig. 5 Slices of the scapula selected for the evaluation of the relative change in bone density

All simulations were terminated when the absolute differ-
ence in bone density did not change more than 4×10−5 g/cc
per node. Mathematically, this criterion is expressed as

1

n

n∑

i=1

|�ρi | ≤ 4 × 10−5 (2)

where n is the number of nodes of the scapula and �ρi is
the difference in bone apparent density, of node i, between
consecutive iterations. Assuming a maximum bone apparent
density of 1.8 g/cc for cortical bone (Gupta et al. 2004a,b;
Sharma et al. 2010), the bone apparent density ρi of node i
is related to the relative density μi through the expression
ρi (g/cc) = 1.8 × μi .

2.3 Evaluation of the results

In order to evaluate the effect of the glenoid prostheses on
the bone adaptation process of the scapula, the difference in
bone density, between the predicted results and the initial
solution, before the prosthesis implantation, is given for the
slices of the glenoid identified in Fig. 5.

Seeking a more quantitative analysis, the glenoid was also
divided into 8 octants (OT), and sub-octants (SOT), for which
the change in bone mass is provided. The octants divide
the glenoid into superior–inferior and anterior–posterior sec-
tions, being comprised of all nodes within the volume
bounded between the outer surface of the glenoid and the
plane parallel to the glenoid that passes few millimetres away,
in the medial direction, from the last node of the scapula in
contact with the shoulder prosthesis. The sub-octants divide
each of the 8 octants into 3 equally distanced sections, defined
from the most lateral to the most medial boundary. All these

Fig. 6 Division of the glenoid into octants (OT) and sub-octants (SOT).
Note that only the nodes at the surface are visible

divisions are illustrated in Fig. 6 for the finite element model
of the cemented, pegged anchorage system. The change in
bone mass, calculated for each octant, and its 3 sub-octants,
is given by

�m =
∑nV

i=1

(
ρ

f inal
i − ρini tial

i

)
× Vi

∑nV
i=1 ρini tial

i × Vi
(3)

where nV is the number of nodes within the region under
analysis, ρ

f inal
i and ρini tial

i are the bone apparent densities
at the end and beginning of the bone remodelling simulation,
respectively, of node i of the region under analysis, and Vi is
the volume associated with the node.
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3 Results

The bone remodelling simulations were successfully per-
formed for all finite element models developed considering a
healthy and an osteoporotic condition of the bone. On aver-
age, the convergence criterion was achieved after 538 (stan-

dard deviation (SD): 191, ranging from 310 to 800) itera-
tions for the healthy condition and 423 (SD: 122, ranging
from 300 to 608) iterations for the osteoporotic condition.
The changes in bone density, with respect to the initial con-
dition, are shown in Figs. 7 and 8 for the healthy and osteo-
porotic bone, respectively, for both the cemented and cement-

Appossition

(a) (b)

Equilibrium

Slice 1

Slice 2

Slice 3

Slice 4

Slice 5

Slice 6

(c) (d)

Resorption

(e)

Fig. 7 Change in bone density, with respect to the initial condition, of
the healthy bone for a the cemented, pegged anchorage system, b the
cemented, keeled anchorage system, c the cemented, anchor pegged
anchorage system, d the cementless, anatomical implant, and e the

cementless, reverse implant. The sections of the scapula represented
correspond to an inferior to superior view of the slices considered. Equi-
librium regions are defined for absolute changes in bone density below
0.072 g/cc
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Apposition

(a) (b)

Equilibrium

Slice 1

Slice 2

Slice 3

Slice 4

Slice 5

Slice 6

(c) (d)

Resorption

(e)

Fig. 8 Change in bone density, with respect to the initial condition,
of the osteoporotic bone for a the cemented, pegged anchorage sys-
tem, b the cemented, keeled anchorage system, c the cemented, anchor
pegged anchorage system, d the cementless, anatomical implant, and e

the cementless, reverse implant. The sections of the scapula represented
correspond to an inferior to superior view of the slices considered. Equi-
librium regions are defined for absolute changes in bone density below
0.072 g/cc

less prostheses, for the slices illustrated in Fig. 5. Figures 9
and 10 quantify the change in bone mass for the 8 octants
of the glenoid, and their corresponding sub-octants, for the

healthy and osteoporotic bone, respectively. Note that, for
the sake of simplicity, the bone adaptation process of the
scapula is categorized into bone apposition, equilibrium, and
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Fig. 9 Change in bone mass, in
percentage, with respect to the
initial condition, of the healthy
bone for the octants, and
sub-octants, of the glenoid,
described in detail in Fig. 6. The
increase, equilibrium, and
decrease in bone mass are
represented in blue, green, and
red, respectively. The
equilibrium is defined for
absolute changes in bone mass
below 4.0 %

Cemented, pegged anchorage system

Cemented, keeled anchorage system

Cemented, anchor pegged anchorage system

Cementless, anatomical implant

Cementless, reverse implant

Whole octant Lateral SOT Interior SOT Medial SOT

bone resorption, being the equilibrium arbitrarily defined for
absolute changes in bone density, or bone mass, below 0.072
g/cc, or 4.0 % (Quental et al. 2012a).

3.1 Changes after TSA for healthy bone

The results show that the stress shielding phenomenon
is more preponderant for cementless, metal components
than for cemented, all-polyethylene components. In fact,
despite some small regions being identified in Fig. 7, espe-
cially around the cementless central peg of the anchor
pegged anchorage system, no significant bone resorption

is seen among the cemented, all-polyethylene components.
On the other hand, regardless of the anchorage system,
all cemented components present several regions of bone
apposition, which, in the end, translate into a general
gain in bone mass in all octants, and sub-octants, of the
glenoid.

The anatomical, cementless component shows significant
bone resorption, particularly around the screws, in almost
all slices. As a result, there is a decrease of 4.92, 7.09, and
5.17 % in the bone mass of octants OT1, OT4, and OT5,
respectively. According to Fig. 9, the major change in bone
mass is observed in the lateral sub-octant, i.e. closer to the
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Cemented, pegged anchorage system

Cemented, keeled anchorage system

Cemented, anchor pegged anchorage system

Cementless, anatomical implant

Cementless, reverse implant

Whole octant Lateral SOT Interior SOT Medial SOT

Fig. 10 Change in bone mass, in percentage, with respect to the initial
condition, of the osteoporotic bone for the octants, and sub-octants, of
the glenoid, described in detail in Fig. 6. The increase, equilibrium, and

decrease in bone mass are represented in blue, green, and red, respec-
tively. The equilibrium is defined for absolute changes in bone mass
below 4.0 %

interface bone-implant, for which the decrease can be as large
as 11.10 %.

The reverse, cementless component shows extensive
regions of bone resorption, and apposition, which occur
mainly around the screws, and at their edges, respectively.
Given the positive, or negligible, change in bone mass

in all octants of the glenoid, the rate of bone apposition
was clearly superior to that of bone resorption. Neverthe-
less, the negative effect of the implant on the bone adap-
tation process must not be neglected as there are sev-
eral sub-octants showing a significant decrease in bone
mass.
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3.2 Healthy versus osteoporotic bone

The results obtained for the simulations considering a poorer
condition of bone are, qualitatively, similar to those obtained
for the healthy condition. In other words, even in such case,
the cemented, all-polyethylene components do not appear
to be a concerning issue for the bone adaptation process of
the scapula, whereas cementless, metal components do. On
a quantitative level though, it must be highlighted that the
results are generally worse for the osteoporotic bone. In par-
ticular, a significant decrease in bone apposition and increase
in bone resorption is observed in all octants, and sub-octants,
of the glenoid.

4 Discussion

The changes in bone resulting from the insertion of an
implant into the scapula have mainly been addressed by
stress analyses alone (Stone et al. 1999; Lacroix et al. 2000;
Ahir et al. 2004; Gupta et al. 2004a,b). Hence, the bone
adaptation process of the scapula is still at an early stage
of study. In the light of this, the aim of this study was to
evaluate the bone remodelling process of the scapula around
cementless and cemented glenoid prostheses and deepen the
knowledge of its relevance to the TSA. For that purpose,
five finite element models were developed to simulate the
replacement of the glenoid by a cemented, all-polyethylene
component, with a pegged anchorage system; a cemented,
all-polyethylene component, with an anchor pegged anchor-
age system; a cemented, all-polyethylene component, with a
keeled anchorage system; an anatomical, cementless, metal-
backed component; and a reverse, cementless, all-metal com-
ponent. The changes after TSA were qualitatively and quan-
titatively assessed in terms of bone density for a healthy and
an osteoporotic condition of bone. To the author’s knowl-
edge, this is the first time that such an extensive bone remod-
elling analysis is performed for the scapula after TSA. Note
that cemented and cementless, and anatomical and reverse,
glenoid components are modelled.

Under the assumed modelling conditions, the bone remod-
elling simulations predicted no significant change in the
bone adaptation process of the scapula when this was
implanted with a cemented, all-polyethylene component. In
other words, the stress shielding phenomenon appears to be
negligible in such cases, which confirms what previous stud-
ies suggested, i.e. that cemented, all-polyethylene compo-
nents allow a stress pattern similar to that in the native glenoid
(Stone et al. 1999; Lacroix et al. 2000; Gupta et al. 2004b).
Regarding the different anchorage systems, the keeled com-
ponent performed better than both pegged and anchor pegged
components, except at the inferior region of the glenoid.
The anchor pegged component performed quite similar to

the pegged component, but its distinguishing feature, i.e. the
cementless central peg, increased the resorption of bone due
to the preferential transfer of loads from the cement inter-
face to the thicker cortical wall at the spine of the scapula.
Note that such behaviour is not seen in any other peg or
keel because they are also surrounded by a mantle of bone
cement that allows a more uniform distribution of the loads
to the bone.

The results for the cementless, metal components show
several regions of significant bone resorption, especially near
the bone–implant interface and around the screws, thus sup-
porting the existence of stress shielding. Additionally, as
observed in other studies of the shoulder and hip (Cohen
and Rushton 1995; Ahir et al. 2004; Quental et al. 2012a;
Suárez et al. 2012), the tip of the screws is also associated
with a significant increase in bone mass. Given the two addi-
tional screws, of smaller length, of the reverse component,
placed at the anterior and posterior cortices of the glenoid,
the bone growth observed is particularly pronounced in this
case. As a result, it must be highlighted that the change in
bone mass calculated for the defined octants, and sub-octants,
of the glenoid may be underestimating the extent of bone
resorption for the reverse component due to the counterbal-
ancing of bone growth. Although predicted for other cement-
less designs, similar trends were also observed by Ahir et al.
(2004); Gupta et al. (2004a) and Suárez et al. (2012).

The bone adaptation process of the scapula considering
different conditions for bone showed qualitatively similar
results for both osteoporotic and healthy conditions. Never-
theless, it must be noted that the amount of bone resorbed
increased significantly in the osteoporotic bone, in opposi-
tion to the amount of bone deposited. Therefore, even though
the quality of bone does not seem to be as preponderant for
the bone adaptation process as in other bones (Ohta et al.
2003; Quental et al. 2012a), this must still not be disregarded.
From the numerical point of view, this result evidences that
the remodelling parameter κ is not expected to change the
qualitative outcome of the bone adaptation process of the
scapula. Additionally, it is worth pointing that analyses per-
formed with different values for the remodelling parameter
m showed a similar outcome. In particular, for different val-
ues of m, some differences in bone apposition and resorp-
tion were observed, but the conclusions drawn from the per-
formed study were not affected.

Despite the bone remodelling results being in good agree-
ment with the literature, these must be interpreted within
the limitations of the current study. In particular, (1) the
bone geometry, bone density, and loading conditions were
based on a single, representative, scapula (Schroeder et al.
2001), and (2) all interfaces, bone–implant, cement–implant,
and bone–cement, were considered fully bonded, though, in
reality, there might be some debonding or relative micromo-
tions, which could change the stresses at these interfaces.
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Furthermore, the bone remodelling model applied is not able
to reproduce bone resorption due to overload. Considering
the same critical stresses assumed by Li et al. (2007), after
which bone is resorbed due to overload, the results would
not have been affected. Nevertheless, it is relevant to further
investigate such resorption mechanism, particularly at the
tip of the metallic screws. Another limitation of the current
study is concerned with the validation of the bone remod-
elling simulations. Given the lack of experimental data, these
are assumed valid based on the fact that the same method-
ology successfully simulated the bone adaptation process of
the intact scapula (Quental et al. 2013a).

On the opposite side, it is relevant to highlight that the
developed finite element models have the advantage of being
supported by a multibody system of the upper limb capa-
ble of simulating both the anatomical and reverse shoulder
anatomies (Quental et al. 2012a, 2013b,c). This feature is par-
ticularly important to allow a better definition of the loading
condition of the scapula, especially considering the need to
appropriately adjust it according to the simulated condition of
the shoulder joint. Note that the loads applied to the scapula
in the reverse shoulder model were estimated considering an
altered shoulder biomechanics, in which the joint centre of
rotation was medialized and lowered, and the supraspinatus,
infraspinatus, and subscapularis muscles were deactivated.

As far as the bone adaptation process of the scapula is
concerned, the results show that cemented, all-polyethylene
components are better suited for the replacement of the shoul-
der joint than cementless, metal components. Nevertheless,
it must be highlighted that other biological and mechani-
cal factors, not addressed here, must also be considered to
fully evaluate the performance of each component. Other rel-
evant limiting factors that need further research include the
mechanical degradation of the cement–implant and bone–
cement interfaces in cemented components (Lacroix et al.
2000; Sarah et al. 2010), and bone osteolysis caused by wear
in both cemented and cementless components (Strauss et al.
2009; Clement et al. 2010), just to name a few.
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