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Total shoulder arthroplasty (TSA) is an accepted and most successfully used treatment for different shoulder pathologies.
Different risk factors for the failure of the prosthesis are known. A pathological scapular orientation, observed in elderly
people or in patients suffering from neuromuscular diseases, could be a cause of failure, which has not been investigated yet.
To test this hypothesis, a numerical musculoskeletal model of the glenohumeral joint was used to compare two TSA cases: a
reference normal case and a case with a pathological anterior tilt of the scapula. An active abduction of 150° was simulated.
Joint force, contact pattern, polyethylene and cement stress were evaluated for both cases. The pathological tilt slightly
increased the joint force and the contact pressure, but also shifted the contact pattern. This eccentric contact increased the
stress level within the polyethylene of the glenoid component and within the surrounding cement layer. This adverse effect
occurred mainly during the first 60° of abduction. Therefore, a pathological orientation of the scapula may increase the risk
of a failure of the cement layer around the glenoid component. These preliminary numerical results should be confirmed by a

clinical study.
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1. Introduction

Total shoulder arthroplasty (TSA) is a classical treatment
for degenerative diseases of the glenohumeral joint.
Although most patients are subjectively satisfied with the
outcome after TSA, there are cases with unsatisfactory
results after the implantation of the prosthesis (Deshmukh
et al. 2005; Franta et al. 2007). Component malposition,
glenohumeral malalignment and glenoid loosening are the
most important technical issues in patients with poor
results (Franta et al. 2007). One risk factor for the
loosening of the glenoid component is an eccentric loading
pattern, which might be due to a malposition of the
components or an abnormal glenoid version (Matsen et al.
2008). Cadaveric experiments (Nyffeler et al. 2006;
Shapiro et al. 2007) as well as numerical models (Farron
et al. 2006; Terrier et al. 2009b) had shown an increased
risk for a loosening of the glenoid component in cases
where the glenoid is unnaturally oriented. It is, however,
not yet known to what extend an altered position of the
scapula can influence the outcome after TSA.

The orientation of the scapula is individually different
(Borstad and Ludewig 2002) and can be altered in older
subjects (Culham and Peat 1993), patients with different
pain syndromes (Helgadottir et al. 2010) or neuromuscular
disorders (Pandya et al. 2008). Due to osteoporosis (De
Smet et al. 1988), elderly patients often show an increased
thoracic kyphosis, which lead to an increased anterior tilt
of the scapula (Culham and Peat 1993). An imbalance of

different shoulder muscles may also lead to an altered
position of the scapula (Pandya et al. 2008; Helgadottir
et al. 2010). This changed position of the scapula may
induce an abnormal mechanical loading of the glenoid
component. This may eventually lead to a higher risk of
aseptic loosening of the glenoid component, which
remains the major complication after anatomical TSA
(Matsen et al. 2008).

Therefore, the aim of this study was to test whether an
altered position of the scapula can preclude the survival of
an anatomic TSA. Two cases were analysed and compared
using a numerical musculoskeletal model of the shoulder:
a reference case with a normal orientation of the scapula
and a pathological case with an increased anterior tilt of
the scapula.

2. Methods

A numerical musculoskeletal model of the shoulder was
extended to compare normal and pathological orientations
of the scapula (Terrier et al. 2005, 2007, 2008, 2009a,
2009b). The model contains the scapula and the proximal
part of the humerus, which were reconstructed from CT
scans of a cadaveric shoulder without any sign of
pathologies. Six glenohumeral muscles were implemented
in the model, namely the middle, anterior and posterior
part of the deltoid, the supraspinatus, subscapularis and
infraspinatus combined with teres minor. A dissection of
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the same cadaveric shoulder provided the origins and
insertions of these muscles (Buchler et al. 2002). Muscles
contained two parts: a passive part that wraps around the
humerus and an active part that transmits the muscular
force, providing the two functions of the shoulder muscles:
stabilisation and motion. The contact force of the
wrapping muscles and the glenohumeral contact force
counterbalanced the weight of the fully extended arm
(37.5N) plus an additionally load in the hand (10N) and
provided the stability of the joint. This method allowed the
natural translation of the humeral head within the glenoid
fossa during motion.

An active abduction from 0° to 150° in the plane of the
scapula was performed by a contraction of the
glenohumeral muscles. As described in detail earlier
(Terrier et al. 2007), a custom-made algorithm was used to
determine the muscle forces needed for the movement of
the humerus. The middle deltoid was defined as the main
abductor muscle and a shortening of this muscle was
imposed. The induced force was calculated and the forces
of other five muscles were assumed to be a constant ratio
of this force. Muscular force ratios were derived from
physiological cross-sectional area and electromyography
as initially proposed by Poppen and Walker (1978).

Two different motions of the scapula were performed
and compared: a normal motion of the scapula (reference
case) and a pathological motion (pathological case) of the
scapula. For the reference case, the scapula was
continuously rotated during the humeral abduction,
assuming linear relationship with the total arm elevation,
estimated from in vivo measurements (Borstad and
Ludewig 2002). From 0° to 150° of abduction, the scapula
rotated upward by 50°, rotated internally by 15° and tilted
anteriorly by 5°. For the pathological case, a constant
offset of 10° of anterior tilt was added during the whole
range of abduction (Figure 1).

The Aequalis anatomical shoulder prosthesis (Tornier
Inc., Edina, MN, USA) was inserted into the finite element
model by a senior shoulder surgeon according to
manufacturer’s recommendations. The glenoid component
axis was set coincidental to the glenoid centre line. A
spherical bone resection with minimal subchondral bone
removal was performed, and the keeled glenoid com-
ponent was adjusted for the best support on the cortical
wall. The cement thickness around the glenoid component
was 0.5mm. The humeral component was placed to
replicate the natural articular surface as closely as
possible. The polyethylene glenoid component had a
radius of curvature of 30 mm and the diameter of the
metallic humeral head was 48 mm. Polyethylene
(E=500MPa, v=0.4) and cement (E = 2000MPa,
v=0.3) were assumed linear elastic, while metallic
parts were considered rigid. Bone was a linear elastic
material with non-homogeneous mechanical properties
derived from the Hounsfield number of the CT images.

Figure 1. Orientation of scapula: left, reference case; right,
pathological case.

The cement and polyethylene component were discretised
with linear hexahedral elements and the bones with
quadratic tetrahedral elements (Terrier et al. 2005).
Totally, 10,400 elements for the cement and 2100 elements
for the polyethylene component were used.

We analysed the glenohumeral joint contact force, the
contact pressure pattern on the glenoid component, the von
Mises stress within the polyethylene and the maximum
principal (tensile) stress within the cement mantle.
The volumetric distribution of the stress was evaluated
in the polyethylene and in the cement. The analysis was
carried out with Abaqus v6.9 (www.simulia.com).

3. Results

For both cases, the glenohumeral contact force increased
during abduction up to approximately the horizontal
position of the arm and decreased thereafter. The
glenohumeral contact force was higher for the pathologi-
cal case than for the reference case during the entire range
of abduction, but especially at the beginning of the
movement (Table 1). The maximal contact force reached
127.6% body weight (BW) at 80° of abduction for the
reference case, and 133.3% BW at 90° of abduction for the
pathological case, corresponding to an increase of 4.5%.
The same trend as for the contact force was observed
for the contact pressure (Table 1). It was indeed higher for
the pathological case during the entire range of abduction.
The maximal contact pressure occurred at 70° of abduction
for both cases. It was 22.8 MPa for the reference case and
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Table 1. Relative differences (%) between the pathological and
reference case (<0, larger values for reference case; >0, larger
values for pathological case).

Abduction angle (°) 5 30 60 90 120
Contact force (%) 227 145 11.8 44 1.2
Contact pressure (%) —1.1 126 49 2.7 2.0
Polyethylene stress (%) —84 33.2 6.6 36 —6.1
Cement stress (%) 28.5 99 —1.1 80 13.4

23.6 MPa for the pathological case, corresponding to an
increase of 4.3%. The contact pressure pattern on the
glenoid surface followed an up and down movement
during abduction (Figure 2). For the pathological case, the
contact pattern was displaced towards the posterior border
of the glenoid component during the first 60° of abduction.

Within the polyethylene, the maximal stress reached
14.5 MPa at 90° of abduction for the reference case, and
16 MPa at 30° for the pathological case (Table 1). The
volume of polyethylene with a stress value above 10 MPa
was higher for the pathological case during the entire
abduction (Figure 3). The largest volume above 10 MPa
was observed at 60° of abduction, corresponding to 2.8%
of the total polyethylene volume for the reference case and
3.4% for the pathological case.

Within the cement surrounding the glenoid com-
ponent, the stress was higher for the pathological case,
except at 60° of abduction, where stress was almost the
same (Table 1). The maximal stress was 9.2 MPa for the
reference case and 9.1 MPa for the pathological case, both
at 60° of abduction.

The pathological anterior tilt produced a higher
volume of cement with a stress above 5 MPa (Figure 4).
The most important difference between reference and
pathological cases occurred at 30° and 60° of abduction. At
30° of abduction, 0.8% (5.6 mm3) of the total volume in the

Reference case

Pathological case

O@@@@ '
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pathological case and 1.7% (12.9 mm®) in the healthy case
were above a stress level of 5MPa, which means an
increase of 130% for the pathological case. At 60° of
abduction, 2.9% (21.7 mm? ) of the total volume for the
reference case and 4.1% (30.6 mm”) for the pathological
case were above this stress level, which means an increase
of 41% for the pathological case.

4. Discussion

The failure of the glenoid component is the most common
complication after TSA (Matsen et al. 2008). There are
different causes, but the damaging of the cement seems to
be critical (Sarah et al. 2010). In this study, we tested the
hypothesis that a pathological anterior tilt of the scapula
can increase the failure risk of the glenoid component after
TSA. We indeed predicted an increase in the volume of
cement above a critical stress value of 5MPa for the
pathological case. The position of the scapula and thus of
the glenoid indeed seems to be an important factor
influencing the survival rate after TSA. Studies that
examined the effect of a retroversion or inclination of the
glenoid on the implant survival found an increased risk of
a loosening of the prosthesis (Farron et al. 2006; Nyffeler
et al. 2006; Shapiro et al. 2007; Terrier et al. 2009b), which
is in agreement with the findings of this study.

For the reference case, predictions were in agreement
with previous publications. The maximal contact force
(127.3% BW) was in the same range as the value reported
by Poppen and Walker (1978; 140% BW), who also
simulated abduction with 1 kg in the hand. Within cement
(Lacroix et al. 2000; Murphy et al. 2001; Gupta et al. 2004)
and polyethylene (Swieszkowski et al. 2003; Gupta et al.
2004), stress was also comparable with other finite element
studies.

A 10° increased anterior tilt of the scapula resulted
in a slightly higher contact force and contact pressure,

Contact pressure (MPa)
S

120°

Figure 2. Patterns of contact pressure during humeral abduction (grey scale corresponding to 5, 10, 15 and 20 MPa).
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A: Reference case

B: Pathological case
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Figure 3. Volumetric distribution of the polyethylene stress for the reference case (A) and the pathological case (B).

an eccentric contact pattern, as well as higher cement and
polyethylene stress mainly during the first 60° of
abduction. Since the arm is mainly below this abduction
angle during the activities of daily living (Coley et al.
2008), we can expect a higher risk of aseptic loosening of
the glenoid component. This can be related to the cement
stress increase, and also to the eccentric contact pattern
associated with the well-known rocking horse phenom-
enon (Matsen et al. 2008).

We analysed cement stress with the maximal principal
stress invariant since tensile stress is the most critical
parameter for the failure of the cement (Sarah et al. 2010).
This stress quantity is associated with fatigue failure of
about 5 MPa (Lacroix et al. 2000). Our results showed that
the pathological case induced an important increase in the
volume of cement above this level, which can be
associated with an increase in micro-cracks in the cement

A: Reference case

and eventually to a higher implant loosening occurrence.
For the polyethylene, since the yield strength lies above
20 MPa (Pruitt 2005), we would not exclude an important
effect of an increased anterior scapular tilt on its damage.
It was critical to account for the local non-homogeneous
properties of bone to estimate correctly the cement and
polyethylene stress.

The motion and position of the scapula differ between
the subjects (Borstad and Ludewig 2002) and can be
altered in older subjects (Culham and Peat 1993) and
patients with disorders (Borstad and Ludewig 2002;
Pandya et al. 2008; Helgadottir et al. 2010). A correlation
between the trunk position and the scapular orientation
(Kebaetse et al. 1999; Finley and Lee 2003) as well as
between the age and the scapular orientation (Endo et al.
2004) was described in the literature. Elderly people often
have an altered posture of the trunk (Fon et al. 1980;

B: Pathological case
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Figure 4. Volumetric distribution of the cement stress for the reference case (A) and the pathological case (B).
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Kauffman 1987; Culham and Peat 1993). These subjects
frequently show an increased thoracic kyphosis, which
may lead to an increased anterior tilt of the scapula
(Culham and Peat 1993). It is known that older patients are
at higher risk for an earlier failure of the TSA, but the exact
reasons for this observation are unclear (Kepler et al.
2009). Thus, we simulated a 10° increased anterior tilt of
the scapula to approximate the altered position of the
scapula in these patient groups.

The outcome of TSA is dependent on many different
factors (Skirving 1999; Iannotti and Norris 2003). It is
obvious that this study is a large simplification of the
situation in patients. In the present parametric study, the
orientation of the scapula during the abduction movement
was the only varying parameter. In addition, only one
movement was simulated. We have chosen abduction in
the scapular plane because it is the most natural loaded
movement of the shoulder, and thus the most reported
movement in shoulder biomechanics. We, however,
assume that testing other (more unfavourable) movements
would lead to the same conclusion. Several studies have
reported an important variability in the motion of the
scapula. In the paper of Borstad and Ludewig, the 95%
confidence interval for anterior tipping (at 100° of scapular
abduction) was between 3.5° and 9.6° for 26 subjects. In
our study, we have nearly tripled this average value (from
about 5° to 15°). Individual differences (in the remaining
5%) may have larger effect than the additional 10° tested
in our comparison, but when we focus on the 95% of the
population, we can reasonably consider a statistical effect.
Therefore, we can assume that this theoretical prediction
should be clinically observable. Although this theoretical
study confirmed this hypothesis, we do not pretend to
bring a definitive answer, but rather raised the relevance
for a clinical trial. If this theoretical prediction is clinically
confirmed, the present computer model could be further
used to propose and test solution.

5. Conclusion

This study was the first approach in the evaluation of the
effects of an altered motion of the scapula on long-term
lifespan of anatomical TSA. Our results suggest that an
increased anterior scapular tilt could induce a higher risk
of glenoid component loosening, but this preliminary
conclusion should be confirmed by a clinical study.
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