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Abstract The functional outcome of shoulder replace-
ment is related to the condition of the rotator cuff. Rotator
cuff disease is a common problem in candidates for total
shoulder arthroplasty; this study relates the functional sta-
tus of the rotator cuff to the initial stability of a cementless
glenoid implant. A 3D finite element model of a complete
scapula was used to quantify the effect of a dysfunctional
rotator cuff in terms of bone-implant interface micro-
motions when the implant is physiologically loaded shortly
after surgery. Four rotator cuff conditions (from fully intact
to progressively ruptured rotator cuff tendons) as well as
two bone qualities were simulated in a model. Micro-
motions were significantly larger in the worst modeled
cuff dysfunction (i.e. the supraspinatus and infraspinatus
tendons were fully dysfunctional). Micromotions were also

significantly different between conditions with healthy
and poor bone quality. The implant’s initial stability was
hardly influenced by a dysfunctional supraspinatus alone.
However, when the infraspinatus was also affected, the
glenohumeral joint force was displaced to the component’s
rim resulting in larger micromotions and instability of the
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Abbreviations

HB Bone quality in healthy bone

RAB Bone quality in RA bone

DSEM Delft Shoulder and Elbow
Model

E Young’s Modulus

FE Finite Element

JRF Glenohumeral Joint Reaction
Force

IQR Inter-Quartile Range

RA Rheumatoid Arthritis

S100, S50, S00, SINFOO

TSA
v

1 Introduction

Specific rotator cuff clinical
conditions in this study

Total Shoulder Arthroplasty
Poisson’s ratio

Total shoulder arthroplasty (TSA) have been good in terms
of pain relief and improvement in range of motion and
function. However, the prognostic implications of rotator
cuff disease and bone stock on the clinical outcome of TSA
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(i.e. glenoid component loosening) are still a matter of
concern.

A diseased rotator cuff is a common problem in
patients qualifying for a TSA; a diseased cuff may present
tears and/or fatty degeneration in one or more of its
tendons. If tears are found during surgery, an attempt will
be made to repair the tendons. If repair is not possible a
glenoid component should not be implanted [9]. A
degenerated rotator cuff has a negative effect on the
clinical outcome of shoulder replacement, i.e. reduced
Constant score, range of motion, and a lower subjective
satisfaction score [7, 11, 21].

Poor bone stock and poor bone quality like in rheuma-
toid arthritis (RA) patients are also considered as risk
factors for the use of a glenoid component. The question is:
can a dysfunctional rotator cuff and diseased bone still
support a glenoid component in TSA without the risk for
increased micromotions with subsequent early loosening.
The latter is of importance since TSA is sometimes
the only alterative when a deficient glenoid is present, or
because the surgeon expects superior clinical results
(pain as well as range of motion) as compared with a
hemiarthroplasty.

For cementless glenoid components, initial mechanical
stability is highly relevant for their mid- and long-term
fixation via bone ingrowth. Excess of relative motion
between the implant and the bone will inhibit bone
ingrowth completely [17, 18]. The aim of this study is to
quantify the initial mechanical stability of a cementless
glenoid implant in presence of a progressive dysfunction of
the rotator cuff, firstly in a scapula with healthy bone
quality, and secondly in a scapula with poor bone quality.
Dysfunction of the rotator cuff is represented in this study
by a reduction of supraspinatus and infraspinatus muscle
forces separately and in combination, and poor bone
quality is modeled by means of a reduction of the bone
stiffness in the scapula.

2 Methods

The initial mechanical stability of a cementless glenoid
implant was studied by calculating the micromotions at
the bone-implant interface resulting from physiological
loads. A three-dimensional finite element (FE) model of a
complete scapula with an implanted cementless glenoid
component was used to determine the interface micro-
motions shortly after surgery.

2.1 Modeling of the rotator cuff dysfunction

Deficiency of the rotator cuff was simulated by reduction
of the muscle forces of the supraspinatus and infraspinatus,
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from 100% (healthy) to 0% (fully dysfunctional). Four
different rotator cuff conditions were considered: with
healthy rotator cuff tendons which are able to exert a
maximum of 100% of the capable force (S100); with
supraspinatus exerting a maximum of 50% of its capable
force (S50); with supraspinatus exerting 0% of its capable
force (S00); and with supraspinatus and infraspinatus
exerting both 0% of their capable force (SINF00). Larger
rotator cuff dysfunctions were not considered. Here,
capable force refers to the maximum force that a healthy
muscle is able to produce and which depends on the muscle
cross-sectional area and its current length (which depends
on the arm position).

To postoperatively represent upper arm motions, four
static positions at 0°, 30°, 60° and 90° relative to the trunk
in either abduction (on the coronal plane) or forward
flexion were modeled. The Delft Shoulder and Elbow
Model (DSEM) was used to determine all the muscle and
joint forces (magnitude, orientation, and application
point(s)/areas) on the scapula for each one of studied arm
positions. This model uses pre-registered motions of the
bones and external loading as input, and calculates muscle
and joint reaction forces and moments using an optimiza-
tion method (i.e. minimization of the sum of squared
muscle stresses) [22]. In case a glenohumeral joint reaction
force (JRF) was predicted out of the glenoid, as it may
happen with a large dysfunctional rotator cuff, the appli-
cation point of this force was translated to the closest point
on the glenoid rim. No subluxation was simulated. Finally,
when the insertion points or areas defined in the DSEM did
not correspond with the nodes in the FE model, the muscle
forces were shifted to the nearest nodes and slightly altered
according to a minimization formulation in order to retain
equilibrium.

In the DSEM the force exerted by each muscle can be
limited; this allowed us to calculate the loading conditions
for the different rotator cuff conditions in all the studied
arm positions; similar procedure was used by Magermans
et al. [13]. The JRF was one of the forces predicted by the
DSEM and it is used as an input to the FE model, however,
here it is also discussed how its change could influence the
interface micromotions of the different studied cases. The
FE model of the present study and the DSEM used the
same cadaveric scapula; this ensured that the joint reaction
and muscle forces were closer to the real physiological
forces than with the ones given by theoretical force
profiles.

2.2 Characteristics of the model and definition
of micromotions

The scapula and implant were both modeled as linear elastic
materials. The FE models consisted of approximately
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310.000 linear tetrahedra with an approximate edge length
of 1 mm for elements in the glenoid and prosthesis and
2 mm for other regions. The coefficient of friction at the
bone-implant interface was set conservatively to 0.5.
Micromotions were defined as the change in distance
between the nodes at the glenoid side and the implant side
of the interface when the implant and the scapula were
loaded with the glenohumeral joint reaction and muscle
forces. Normal and tangent components of the micromo-
tions with respect to the interface were both taken into
account. Micromotions were calculated at each node at the
interface for each arm position. Mechanical analysis was
done using Full Newton-Raphson and a Coulomb friction
model in MSC.marc (version 200512, Palo Alto, USA).

2.3 Geometry and material properties: scapula

The geometry of a cadaveric scapula was based on a CT-
data set with a resolution of 0.33X0.33X0.5 mm, which
was first reconstructed by Kaptein and van der Helm [12].
The Young’s modulus of the scapula was obtained through
its relationship with the bone density and the image’s
Hounsfield Units. The relations between the Young’s
modulus and the apparent density for trabecular and cor-
tical bone were taken from the works done by Rice et al.
[19] and by Schaffler and Burr [20], respectively.

The resultant Young’s moduli ranged from 70 to
2200 MPa for trabecular bone and from 2200 to
15200 MPa for cortical bone. Furthermore, the elements
along the surface of the scapula were considered to be
cortical bone and their Young’s modulus was set to the
maximal value, 15200 MPa. The Poisson’s ratio was set to
0.3 for the entire scapula.

To determine the effect of inferior bone quality on the
studied variables, Young’s moduli were reduced to 50%
and 10% of their original value for cortical and trabecular
bone, respectively. This reduction can be associated with

Table 1 Rotator cuff conditions and bone qualities in this study

rheumatoid arthritis (RA) where the bone has a consider-
ably inferior bone quality. This was done following the
work done by Dalstra et al. [5] and Frich [10]. HB will be
used for healthy bone and RAB will refer to RA bone.
Table 1 shows the eight studied cases.

2.4 Geometry and material properties: implant

The cementless glenoid implant used in this study was a
round-shaped and fully conforming component. The
glenoid component had a metal back with a porous coating
made of a CoCrMo alloy, a polyethylene inlay and a single
central screw (ESKA Implants, Liibeck, Germany). This
implant has been used clinically in our institution. The
porous coating was simulated as a continuous layer of
material with apparent material properties equivalent to
the real properties of the coating. A perfect fit between the
implant’s metal backing and the bone was assumed. The
effect of the screw was simulated by tying the interface
nodes where the screw is located at the component’s metal
back. The Young’s moduli (E) for the solid back and
porous coating were 225 GPa and 3.5 GPa, respectively.
The Poisson’s ratio (v) was 0.3 in both cases. The material
properties for the polyethylene cup were: E = 1.174 GPa
and v = 0:46.

Virtual implantation of the cementless glenoid com-
ponent was done with an imaging processing/visualization
platform, DeVIDE [3]. The implant was placed in a
neutral alignment with respect to the original glenoid, so
surfaces of the glenoid and component coincided. Geo-
metric subtraction of the prosthesis mesh from the scapula
mesh was done with the GTS package (http:/gts.
sourceforge.net/). The final configuration was inspected
and approved by an expert surgeon (PMR). After sub-
traction, surface re-meshing and solid meshing of the
scapula surface were done with MSC.Patran (version
2005, Palo Alto, USA).

Case Bone quality Rotator cuff condition Clinical description of the rotator How it is modeled in the present study
cuff state
1 HB S100 Healthy tendons All the rotator cuff muscles exerting
2 RAB 100% of their capable force
3 HB S50 Partial failure of the supraspinatus Reduction of the capable force of the
4 RAB supraspinatus to 50%
5 HB S00 Total failure of the supraspinatus Supraspinatus does not exerts force on the
6 RAB scapula, i.e. reduction to 0%
7 HB SINF00 Total failure of supraspinatus and Supraspinatus and infraspinatus do not exert
8 RAB infraspinatus forces on the scapula

Except for the supraspinatus and infraspinatus, all the other muscles that act on the scapula were able to exert their maximum capable force if that
was necessary. HB and RAB refer to the two bone qualities simulated in this study: healthy and rheumatoid arthritic (RA) bone, respectively
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2.5 Presentation of the results and statistics

The calculated interface micromotions are presented using
box plots. A box plot contains information about the
median value (middle line), interquartile range IQR (upper
and lower limits of the box, i.e. the 25th and the 75th
percentiles), and the maximum and minimum values,
excluding the outliers (whisker). The median and IQR give
information about the location and the dispersion of the
micromotions at the bone-implant interface. Notches dis-
play the variability of the median between the samples. The
width of a notch is computed so that box plots whose
notches do not overlap have different medians at the 5%
significance level.

Additionally, a nonparametric one-way analysis of
variance (Kruskal-Wallis test p < 0.01) and a multiple
comparison procedure (Tukey-Kamer method, « = 0.05)
were performed to study the differences between the
studied cases.

3 Results

Estimation of the stability of the implant was done in terms
of the interface micromotions. These were calculated for
each upper arm position (i.e. abduction and forward flexion
at 0°, 30°, 60° and 90°), rotator cuff condition (S100, S50,
S00, and SINFO00), and bone quality (HB and RAB).

3.1 The glenohumeral joint reaction force, magnitude
and application points

The glenohumeral joint reaction force (JRF) as calculated
with the DESM changed due to the changes in the rotator
cuff condition (i.e. changes in the muscle forces). Table 2
and Fig. 1 show magnitudes and application points of the
JRF for all the models. FE models with RA bone (RAB)
had the same loading conditions as the models with healthy
bone (HB). The JRF increased with rising of the arm with a
maximum at 90° in either arm abduction or forward flex-
ion. The JRF magnitude slightly changed for the different
rotator cuff conditions but its application point on the
glenoid did change. A displacement of the application
point to the component’s rim when supraspinatus and
infraspinatus muscles were fully dysfunctional (SINF00)
was evident during forward flexion.

3.2 Interface micromotions in different arm positions
Different arm positions resulted in different levels of
interface micromotions. Arm forward flexion always

caused larger interface micromotions than arm abduction,
and the largest micromotions were found when the arm was
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Table 2 Glenohumeral joint reaction force (JRF) for each rotator
cuff condition and different arm positions

Glenohumeral Joint Reaction Force [N]

Abduction

0° 30° 60° 90°

Rotator cuff condition

S100 93 233 359 427
S50 92 234 364 441
S00 92 234 363 441
SINF00 114 249 344 427
Forward flexion
S100 76 240 353 421
S50 79 239 359 421
S00 79 239 350 421
SINF00 93 250 364 418

Rotator cuff state S100: healthy tendons and, subsequently, exerting a
maximum 100% of the capable force; S50, supraspinatus exerting a
maximum 50% of its capable force; SO0, supraspinatus exerting 0%
of its capable force; and SINFOO, supraspinatus and infraspinatus
exerting 0% of their capable force

positioned at 60° in forward flexion. In general, the vari-
ation between rotator cuff conditions was smaller than the
variation between the different arm positions for the same
cuff conditions; see Fig. 2.

3.3 General comparison between the studied cases

We made sets of the results for every studied case, one case
being defined as the combination of one rotator cuff con-
dition and one bone quality. These sets consisted of the
largest micromotions during all the considered arm posi-
tions at each node of the bone-implant interface for every
studied case. Because these samples were not normally
distributed we used the median and the IQR values to
compare the interface micromotions between the different
studied cases. Histograms for two studied cases are plotted
in Fig. 3. Medians and IQR values for the studied cases are
graphically displayed in Fig. 4.

The results showed a significant difference in the
interface micromotions between the models with healthy
(HB) and with RA bone (RAB). Medians of the interface
micromotions when RA bone was simulated were always
the largest; see Fig. 4. Furthermore, the median slightly
increased when there was dysfunction of the rotator cuff
tendons in both healthy and RA bone. A Kruskal-Wallis
test (p < 0.01) followed by a multicomparison test (Tukey-
Kamer method, o = 0.05) revealed a significant difference
between micromotions of the cases that have a complete
failure of supraspinatus and infraspinatus (SINF00) and all
the other studied cases, with exception of the case HB-S00
that is not significantly different from the case HB-SINFO0O.
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Fig. 1 Application points of the
glenohumeral joint reaction
force (JRF) on the (prosthetic)
articular surface for the four
different rotator cuff states
(S100, S50, S00, and SINFO00)
in arm abduction (a) and
forward flexion (b). Filled
markers represent the
application point when the arm
is at 0°. The other points, united
by lines, are the following arm
positions (30°, 60° and 90°).
The left side of the circles is the
posterior side of the glenoid

posterior
side

inferior
side

anterior
side
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4 Discussion

The magnitude of the JRF increased with the rising of the
arm in all the rotator cuff conditions. This increment did
not change considerably between the different rotator cuff
conditions. However, the JRF application points were
closer to or at the glenoid component’s rim when a total
dysfunction of supraspinatus and infraspinatus was simu-
lated (SINF00).

The largest values and dispersions of interface micro-
motions were found during arm forward flexion, 60° being
the worst position (i.e. creating the largest micromotions).
This also coincides with the JRF being applied on the pos-
terior rim of the glenoid, making clear that micromotions

were not only linked to the magnitude but also, and more
strongly, to the application point of the JRF and conse-
quently to the arm positions.

On one hand, our results suggested that initial implant
stability of the studied glenoid implant was hardly affected
by degeneration of the supraspinatus. This can be explained
by the high conformity of the humeral head and the glenoid
component used in this study. The glenoid component kept
the humeral head in its position and as a result the JRF did
not change considerably when the supraspinatus force was
changed. On the other hand, the results were different when
failures of the supraspinatus and infraspinatus were simu-
lated. This apparently compromised the rotator cuff’s
function and the fully-conforming implant was no longer

@ Springer
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Fig. 4 Box plot of the interface micromotions for each of the studied
cases. In healthy bone, micromotions in the condition SINFOO were
significantly larger to the ones found in conditions S100 and S50. In
RA bone, micromotions in the condition SINFOO were significantly
larger to the micromotions in all the other cuff conditions. Micro-
motions in RA bone were significantly larger than in healthy bone

able to keep the JRF near the center of the prosthetic gle-
noid. Magermans et al. [14] using the DSEM to study
possible tendon transfers also found limitations during arm
forward flexion with deficient supraspinatus and infraspi-
natus muscles. This seems consistent with clinical results
that did not show influence of a small defect isolated to the
supraspinatus on the clinical outcome of a TSA, although
larger defects comprising supraspinatus and infraspinatus
did [8, 11]. It is interesting that Figgie et al. reported that
patients with a fibrotic rotator cuff or cuff deficiencies
rarely gained functional arc of forward flexion; this seems
to match with our findings: forward flexion produced larger
implant instability.
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3 Histograms of the interface micromotions for two of the studied cases with healthy bone (HB-S100 and HB-SINF00)

The rotator cuff deficiency may produce an upward
migration of the humeral head [15] and subsequently a shift
of the JRF application point at the glenoid component
during abduction, forward flexion, or extension. It is sug-
gested that these off-center rocking movements might
contribute to stress the component anchorage in the bone;
this is known as the rocking horse effect. Clinical trails
have pointed to this effect as a reason of the glenoid failure
[4, 9]. These studies focused on cemented and non-con-
forming components. In our study, we saw how eccentric
loads also influence the cementless components fixation,
boosting interface micromotions. However, a failure of the
rotator cuff was not the only reason of significantly larger
interface micromotions. Arm motions (forward flexion)
and poor bone quality had even greater effect on increasing
interface micromotions.

A posterior and eccentric JRF (as present during forward
flexion) produced larger interface micromotions than
loading at the superior rim. This is complementary to
studies in which it is seen that a superior migration of the
humeral head loads the superior rim, resulting in the
component loosening [9, 23]. In clinics, this proximal
migration is a static measurement with the arm in rest, but a
posterior eccentric loading may occur with forward flexion
of the arm. In this study, a progressive dysfunctional
rotator cuff produced a superior displacement of the JRF.
However, it was not superior eccentric loading that threa-
tened the implant stability, but the posterior eccentric
loading during arm forward flexion. In the current study,
this was probably also a consequence of the lack of bone
support at the lateral sides of the component’s back, as it is
seen in Fig. 5.

Models in which RA cases were simulated (RAB) had
considerably larger interface micromotions. However, we
must be aware that the simulated bone quality reduction
was extreme (the Young’s moduli were reduced to 50%
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Fig. 5 Detail of the FE model
with (left) and without (right)
glenoid component. Note that
bone does not cover the whole
component’s back. This might
be the cause of large
micromotions when the
component is loaded at or near
the component’s posterior rim

and 10% for cortical and trabecular bone, respectively).
Large micromotions may not only induce instability of the
component but also produce a subsequent poor clinical
outcome. Furthermore, they are also related with poor bone
ingrowth around the porous coating of the implant. With
fully dysfunctional supraspinatus and infraspinatus micro-
motions became significantly larger and, consequently, a
diseased rotator cuff may also jeopardize the bone
ingrowth process and mid- and long-term fixation.

These possible consequences of larger interface micro-
motions resulting from diseased bone and a dysfunctional
rotator cuff are in agreement with clinical follow-up studies
that reported unsatisfactory clinical outcome in those cases
[1, 7].

The presented FE models had several limitations and
assumptions. First, the models assumed that bone is a linear
elastic and isotropic material. Second, the glenohumeral
force was modeled as a single force instead of a distributed
load on the polyethylene surface. This affects the stresses
in the polyethylene cup but we did not observe differences
in terms of the interface micromotions in preliminary
models in which the glenohumeral force was distributed
among several nodes of the articular surface. In addition,
the muscle forces given by the DSEM and used by our FE
models are considered very similar to the physiological
forces. Qualitative and more recently quantitative valida-
tions have shown that the DSEM is able to predict muscle
activation and the JRF with a good level of correlation with
respect to in-vivo measurements [2, 6, 16, 22]. The use of
the same scapula in both the FE model and the DSEM
avoided any error due to force scaling. Third, the effect of
the central screw of the glenoid component was modeled
by tying the interface nodes between bone and prosthesis.
This simplification influenced the estimation of stresses
inside the bone and the general level of the interface

micromotions. We would expect a stiffer fixation between
the component and the bone if a more accurate represen-
tation of the screw were implemented. This would result in
general smaller micromotions over the entire interface and
the reported differences between some of the studied cases
could become not significant. At last, one limitation of
these models was the absence of a time-dependant bone
process (i.e. bone ingrowth and remodeling) which limits
the results to a time shortly after surgery.

5 Conclusions

According to our three dimensional simulation model,
which included realistic bone properties (healthy and
rheumatoid arthritic) and different muscle conditions, a
small degeneration of the rotator cuff, which was repre-
sented by a reduction in the supraspinatus muscle force,
does not hamper the initial fixation of a cementless glenoid
fixation; but a more extended defect, which includes
supraspinatus and infraspinatus muscles, results in larger
micromotions. Eccentric loading in a cementless glenoid
component increases the interface micromotions and may
hamper the bone ingrowth process, increasing the risk of
loosening.

Finally, this study is relevant to orthopedic surgeons and
physical therapists. Surgeons could expect a good initial
stability of a cementless glenoid component if the glenoid
bone stock is adequate and a possible dysfunction of the
rotator cuff is limited to the supraspinatus muscle/tendon.
Physical therapists may conclude that patients with ce-
mentless glenoid components need a special post-surgery
rehabilitation protocol to avoid arm motions that hamper
the initial mechanical stability of the implant. Further
research is necessary for including bone processes as bone

@ Springer
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ingrowth and (re)modeling. This could give us more insight
about which variables are the most important in the long-
term after a TSA.
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