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Abstract

Lateralizing the center of rotation (COR) of reverse total shoulder arthroplasty (rTSA) could
improve functional outcomes and mitigate scapular notching, a commonly occurring complication
of the procedure. However, resulting increases in torque at the bone-implant interface may
negatively affect initial fixation of the glenoid-side component, especially if only two fixation
screws can be placed. Shoulder-specific finite element (FE) models of four fresh-frozen cadaveric
shoulders were constructed. Scapular geometry and material property distributions were derived
from CT data. Generic baseplates with two and four fixation screws were virtually implanted, after
which superiorly-oriented shear loads, accompanied by a compressive load, were applied
incrementally further from the glenoid surface to simulate lateralization of the COR. Relationships
between lateralization, adduction range of motion (ROM), the number of fixation screws and
micromotion of the baseplate (initial implant fixation) were characterized. Lateralization
significantly increases micromotion (p = 0.015) and adduction ROM (p = 0.001). Using two,
versus four, baseplate fixation screws significantly increases micromotion (p = 0.008). The effect
of lateralization and the number of screws on adduction ROM and baseplate fixation is variable on
a shoulder-specific basis. Trade-offs exist between functional outcomes, namely adduction ROM,
and initial implant fixation and the negative effect of lateralization on implant fixation is amplified
when only two fixation screws are used. The possibility of lateralizing the COR in order to
improve functional outcomes of the procedure should be considered on a patient-specific basis
accounting for factors such as availability and quality of bone stock.
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1. Introduction

Reverse total shoulder arthroplasty (rTSA) has gained popularity in treating conditions
involving a rotator cuff deficiency, namely cuff tear arthropathy (CTA), massive irreparable
rotator cuff tears, and revision of previously failed hemi- or conventional total shoulder
arthroplasty (TSA). The goals of rTSA are to restore range of motion (ROM) and provide
pain relief; however, post-operative ROM may be limited by impingement, in some cases
leaving the patient with an adduction deficit. Additionally, repeated impingement of the
polyethylene humeral cup on the scapular neck may be the primary cause of scapular
notching, which has been reported to occur in as many as 96% of rTSAs. Scapular notching
may contribute to loosening of the glenoid component (Nicholson et al., 2011).

Lateralizing the COR of rTSA away from the glenoid increases ROM in both adduction and
abduction, and could therefore decrease the incidence of adduction deficit and scapular
notching (Gutiérrez et al., 2008a; Gutiérrez et al., 2008b, Hettrich et al., 2015). However,
this may come at the cost of compromising primary implant stability and long-term survival
of rTSA, because lateralization of the COR increases joint contact forces and bending
moments at the bone-implant interface of the glenoid (Costantini et al., 2015). The effect of
lateralizing the COR on primary mechanical stability (micromotion) of the glenoid-side
implant component (the baseplate) has previously been investigated using bone substitute
(Harman et al.,2005; Virani et al.,2008). However, it is unknown whether or not lateralizing
the COR would amplify differences in initial fixation due to subject- and surgery-specific
factors such as patient-specific bone density distributions or modified fixation strategies. For
example, the results of a recent /n-vitro biomechanical study with cadaveric shoulders has
suggested that the use of two peripheral fixation screws (versus the typical usage of four
screws) does not compromise primary stability of the baseplate in the context of baseplate
micromotion (James et al., 2013). However, whether or not the same is true when the COR
is lateralized has not been reported.

We hypothesize that there is a trade-off between rTSA ROM and baseplate fixation; COR
lateralization will increase impingement-free adduction ROM, but baseplate micromotion
will also increase significantly. Furthermore, we hypothesize that using fewer fixation
screws (two versus four) will significantly increase baseplate micromotion, especially when
the COR is lateralized. Therefore, the aims of this study were to (1) develop shoulder-
specific rTSA finite element (FE) models capable of predicting impingement-free adduction
ROM and baseplate micromotion under standardized loads, (2) measure the effect of COR
lateralization on impingement-free adduction ROM and baseplate micromotion, and (3)
measure the effect of using only two (superior and inferior) versus four fixation screws on
baseplate micromotion at various COR lateralization distances.
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2. Methods

2.1 Geometry

Four (4) fresh-frozen shoulders from three (3) cadaveric specimens (age 71-78, 2 male, 1
female, 2 left, 2 right) underwent computed tomography (CT) scanning using an Ingenuity
CT (Philips Healthcare, Amsterdam, Netherlands) scanner at 120 kVa and 200 mA at a
resolution of 0.68 x 0.68 x 0.33 mm. Three-dimensional (3D) models of each shoulder were
created by first segmenting the scapula from the CT image data using a minimum threshold
segmentation technique (HU > 250) in the open-source software 3D Slicer (Fedorov et al.,
2012 — http://www.slicer.org), from which 3D surface models representing the exterior
cortical boundary were created using a marching cubes algorithm. This model reconstruction
technique is well established and provides models with sufficient accuracy for FE modelling
(Willing et al., 2013; Lalone et al., 2015). The cortical-cancellous boundary in the region of
the glenoid was identified manually in a slice-by-slice manner, and was also reconstructed as
a 3D model (Fig. 1A). These surface models were assembled and imported into SolidWorks
(Dassault Systémes SolidWorks Corp., Waltham, MA, USA), and converted to solid CAD
models. In Creo Parametric 2.0 (PTC Inc., Needham, MA, USA), a virtual reaming
procedure was performed in order to create a 36 mm diameter circular glenoid ream parallel
to a plane containing points on the superior, inferior, and posterior rims of the glenoid,
centered slightly posteriorly and inferiorly to the anatomic center of the glenoid (Aequalis®-
Reversed Il Surgical Technique, Tornier, Inc.) (Fig. 1B).

A generic glenoid component, representing a baseplate, metallic spacer, a central post, and
four locking fixation screws (anterior, posterior, inferior and superior), was modelled as a
monoblock. The assembled baseplate and metallic spacer were represented as a 25 mm
diameter, 17 mm thick cylinder, allowing up to 16 mm of COR lateralization. The method of
simulating lateralization, related to load application, will be discussed in a subsequent
section. The central post was represented as a 15 mm long, 8 mm diameter cylinder
positioned on the center of the back surface of the metallic spacer (Aequalis®-Reversed 11
Surgical Technique, Tornier, Inc.). The fixation screws were modelled as 4.5 mm diameter
cylinders, representing the major diameter of commonly used bone screws (Chae et al.,
2015) (Fig. 1C). Placement of the glenoid component, as well as screw trajectories, were
determined on a shoulder-specific basis according to manufacturers’ suggestions for an
existing rTSA system (Aequalis®-Reversed 11 Surgical Technique, Tornier, Inc.) and peer-
reviewed literature for achieving the best possible initial fixation (Humphrey et al., 2008).
All screw configurations were reviewed for clinical relevance by a board certified, shoulder
fellowship trained orthopaedic surgeon experienced in rTSA (J.C.). Additional models for
each shoulder were created where the glenoid component contained only 2 fixation screws;
the anterior and posterior screws and corresponding holes in the scapula were removed while
all other portions of the glenoid component remained unchanged. Therefore, the total
number of geometric models was 8: 2 different screw configurations for each of the 4
shoulders.
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2.2 Meshing

Finite element meshes of each model were created using Abaqus 6.14-2 (Dassault Systémes
Simulia Corp., Providence, RI, USA) comprising quadratic, tetrahedral elements (Fig. 2). A

typical element edge length of 1.3 mm was chosen following a mesh convergence study on a
single specimen. A carefully planned meshing technique ensured that screw and screw-hole

boundaries initially shared identical node locations.

2.3 Material Properties

The baseplate, metallic spacer, and central post were assigned titanium material properties
with an elastic modulus of 113.8 GPa and a Poisson’s ratio of 0.34 (Allegheny Technologies
Inc., 2012). Similarly, the screws were also modelled as titanium, however the elastic
modulus was reduced to 50.6 GPa to account for the increased stiffness of the oversized
cylindrical screw geometries which were employed. Linear, isotropic, elastic material
properties were used to model bone. Cortical bone was assigned an elastic modulus of
17,500 MPa and a Poisson’s ratio of 0.3. Cancellous bone material properties were assigned
on an element-by-element basis as calculated from corresponding CT data (Taddei et al.,
2008 - http://bonemat.org); a linear relationship between Hounsfield Unit (HU) and density
with a slope of 0.002 and an intercept of 0.001 was defined. Subsequently, previously
established equations to convert Hounsfield Units (HU) to elastic modulus were employed
(Pomwenger et al., 2014), resulting in cancellous bone element elastic moduli ranging from
0 (empty space) to 17,500 MPa.

2.4 Loads, Boundary Conditions, and Contact

The FE models were constrained by fixed-displacement boundary conditions along the
medial border of each scapula. A simulated joint reaction force was applied directly to the
baseplate/spacer component, including a 1 x BW (686 N, assuming a 70 kg individual)
compressive load oriented normal to the glenoid surface, and a superiorly oriented shear
load of the same magnitude (Anglin et al., 2000; Harman et al., 2005; Virani et al., 2008;
Bergmann et al., 2011) applied on the inferior portion of the baseplate/spacer (Fig. 2).
Compressive and shear loads were applied as pressures over the lateral surface and 1 mm?
areas on the inferior portion of the baseplate/spacer, respectively. Lateralization of the COR
was simulated by applying the shear loads incrementally further from the surface of the
glenoid while the geometry of the baseplate/spacer remained unchanged. Lateralization of
0-16 mm in 4 mm increments was investigated. Therefore, results were based on a total of
40 simulations (4 shoulders x 5 levels of lateralization x 2 screw configurations).

A sensitivity analysis for friction properties was performed prior to determining friction
coefficients used in the final models. Three different friction scenarios were applied to 2
shoulders at 2 levels of lateralization, 0 and 8 mm. The friction scenarios were as follows:
friction coefficients of 0.8 or 1.7 at all bone-implant interfaces or a combination of
frictionless sliding contact at the spacer/central post-bone interfaces and frictional contact at
screw-bone interfaces with a friction coefficient of 0.8 (Zhang et al., 1999). The friction
application chosen for use in final models was an isotropic friction model with a
combination of frictionless sliding contact and frictional contact with a coefficient of 0.8.
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2.5 Measuring Results

3. Results

Micromotion of the baseplate/spacer in each model was measured on a node-by-node basis
at the implant-glenoid interface. In-plane translations (displacement in the plane of the
reamed glenoid face) and normal translations (displacement perpendicular to the reamed
glenoid face) were calculated. Absolute micromotion was then calculated for each node,
after which the average was taken. Average absolute micromotion of the baseplate/spacer
will herein be referred to as absolute micromotion to avoid confusion in discussing averages
taken across the specimen pool. Absolute micromotion for each configuration (combination
of lateralization level and number of fixation screws) was normalized with respect to the
baseline configuration, defined as 0 mm lateralization with four fixation screws for each
shoulder.

Specimen bone quality was quantified by calculating the average density of cancellous bone
in the glenoid region, and visualized using simulated x-rays based on mapped material
property data in ParaView 4.3.1 (Ahrens et al., 2005 — http://www.paraview.org).

Adduction ROM at each lateralization level was measured as the angle between the central
axis of a humeral stem with a 155° head-neck-shaft angle and a plane parallel to the reamed
glenoid face at the point when the humeral cup was just impinging with any glenoid-side
entity; bone or implant (Fig. 3). The only glenoid-side implant component affecting
impingement after lateralization was the geometry of the spacer, which was the same
diameter as the baseplate (25 mm).

A two-way repeated-measures ANOVA with a Greenhouse-Geisser correction was
performed with micromotion as the dependent variable to determine the effects of
lateralization and the number of screws. A one-way repeated-measures ANOVA with a
Greenhouse-Geisser correction and Post Hoc pairwise comparisons with a Bonferroni
correction were performed to determine the effect of lateralization on adduction ROM. A p-
value less than 0.05 was considered statistically significant.

Results of the friction sensitivity analysis for a subset of specimens, used to determine
friction application in final models, are shown (Fig. 4). Friction properties had a large
influence on resulting micromotions, and frictional contact included at all interfaces
appeared to over-constrain the model and yielded very small micromotions. The
combination of frictionless contact (1 = 0) on the spacer/central post and frictional contact (u
= 0.8) for the screws provided micromotion values closer in magnitude (although still
roughly 70% lower for 0 mm of lateralization) to previous /n-vitro studies than the other
configurations (Harman et al., 2005; Virani et al., 2008). Thus, this combination was chosen
for all subsequent models.

Lateralization had a significant effect on adduction ROM (p = 0.001). Shoulder-specific
relationships between lateralization and adduction ROM are shown in Fig. 5. A negative
value for adduction ROM was calculated for one shoulder at one level of lateralization (0
mm), indicating an adduction deficit. Post Hoc pairwise comparisons showed a statistically
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significant difference in adduction ROM at 16 mm compared with all other levels of
lateralization.

Absolute micromotion of the baseline configuration (0 mm of lateralization and 4 fixation
screws) averaged across all shoulders was 18.3 + 5.9 um. Absolute micromotion, expressed
as a percentage of baseline micromotion for each shoulder, are shown in Fig. 6. Absolute
micromation was significantly affected by both lateralization (p = 0.015) and the number of
screws (p = 0.008). The interaction between lateralization and the number of screws was
also significant (p = 0.024). Shoulder-specific results comparing degree of COR
lateralization and absolute micromotion for 4 and 2 fixation screw configurations
demonstrate that both lateralization and the number of screws affect micromotion, but the
magnitude varies between shoulders (Fig. 7A and 7B, respectively). Average cancellous
bone densities are shown in Table 1, and simulated x-rays in Figure 8.

4. Discussion

We hypothesized that lateralizing the COR and reducing the number of fixation screws
would both affect micromotion of the baseplate; and our results have supported this
hypothesis. Minimizing micromotion is key factor in bony in-growth and long term fixation
of the implant. Furthermore, our results confirmed that adduction ROM is also significantly
increased by lateralization, but there is a trade-off; lateralization increases adduction ROM
of rTSA at the cost of compromising primary implant stability. This trade-off, however, is
variable even within our small shoulder population. Although three of the four shoulders
exhibit very similar trends in the relationships between lateralization, the number of screws,
and micromotion, one shoulder follows a different trend, which may be attributed to bone
quality and specimen size differences. This supports the notion that, although we can
generally quantify trade-offs that exist between lateralization and primary implant stability,
the actual trade-off may vary on a patient-specific basis. Therefore, simulation-aided pre-
operative planning of rTSA performed on a patient-specific basis may be required to provide
truly optimal outcomes.

The method of simulating lateralization in the present study was very similar to the
experimental setup used by Harman et al. (2005), who also reported lateralization having a
significant effect on micromotion, whereas Virani et al. (2008) reported that lateralization
did not have a significant effect on baseplate micromotion and supported their experimental
results with FE models. However, their study achieved lateralization by using glenospheres
of varying geometry, while the present study opted to use a consistent spacer design to avoid
confounding results due to implant design variations. The results of the present study
showed lower average micromotions than those measured in both of these experimental
studies, possibly due to differences in experimental/modelling setups and the exact locations
where displacements were measured. Another notable difference is that this study uses
specimen-specific geometries and material property variations from real scapulae, whereas
the previous experimental studies utilized foam blocks of artificial bone substitute with
homogeneous material properties.
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Some patients do not have adequate bone stock available to place four fixation screws. An
experimental study performed by James et al. (2013) concluded that there were no statistical
differences in central displacement of the glenosphere when two (superior and inferior)
versus four fixation screws were used, whereas our results indicate that the number of
screws does have a significant effect on micromotion (p=0.008); however, the trends are
similar. At 0 mm of lateralization in the present study, two screw configurations increased
absolute micromotion from 18.3 £ 5.9 ym to 35.0 £ 14.9 um (87%) with respect to four
screws, indicating that two screw configurations provide less rigid primary fixation. The
clinical implications of these differences, however, are unknown. The differences in the
conclusions of James et al. and the current study may be due, in part, to differing study
designs. We employed a computational technique, benefiting from smaller variability and an
enhanced ability to detect small differences in metrics that may not be detectable using 7n-
vitro studies with small sample sizes.

The difference between two and four screw configurations appears to increase with
lateralization (Fig. 6). However, this trend may be affected by one shoulder (shoulder 3),
which showed larger increases in micromotion with lateralization in both screw
configurations (Fig. 7). The relatively larger micromotions and increases in shoulder 3 can
be attributed to a lower average cancellous bone density (see Table 1 and Fig. 8), likely due
to a diagnosis of osteopenia, and the fact that it was a smaller specimen. Loading was not
adjusted for specimen size or bone quality, however /n-vivo loading magnitudes would vary
depending on both weight and activity level of a patient. Quality and availability of bone
stock, as well as patient activity level, could be key factors in determining whether or not to
lateralize, as shoulder 3 also only received the second-lowest increase in adduction ROM
compared with other specimens (Fig. 5).

Several studies have investigated the effect of a laterally offset COR on adduction ROM.
Henninger et al. (2012) concluded that resting abduction angle was not significantly affected
by lateralization in a cadaveric experimental study. Conversely, and supported by the results
of this study, Gutiérrez et al. (2008a, 2008b) reported that adduction deficit was significantly
affected by lateralization in two separate studies; one experimental using sawbones and the
other computational. Differences could be accounted for by the role of deltoid tension in the
cadaveric study by Henninger et al., whereas the present study, as well as the studies by
Gutiérrez et al., do not account for soft tissue contribution to adduction angle. Only one
shoulder exhibited an adduction deficit in our study, which was alleviated by lateralizing the
COR by only 4 mm (Fig.5). It is possible that adduction deficits would be prevalent in other
shoulders with varying implant parameters (head-neck angle of the humeral stem, humeral
cup depth, glenosphere placement, etc.) and inclusion of the contribution of factors such
deltoid tension, scapular orientation, and scapulothoracic motions.

It should be noted that all shoulders converged to a 23° adduction ROM at 16 mm
lateralization, at which point impingement always occurred between the humeral cup and the
metallic spacer. The metallic spacer was the same diameter as the baseplate (25 mm) and the
glenosphere would be placed on the lateral portion of the baseplate/spacer combination. This
is analogous to the lateralization technique called bony increased-offset (BI1O). Two clinical
studies, performed by Boileau et al. (2011) and Athwal et al. (2015), utilized BIO with
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autologous grafts harvested from the humeral head that were the same diameter as the
baseplate and reported scapular notching rates of 40% and 19% respectively, both of which
are lower than reported in other studies using the Grammont style prosthesis. Another
clinical study performed by Valenti et al. (2011) reported no scapular notching in 76 patients
with a minimum of 24 month follow-up when lateralizing with a metallic spacer. This
suggests lateralizing the COR with the technique simulated in this study may contribute to
reducing scapular notching rates.

A secondary finding of the current study is the strong sensitivity of simulation results to
frictional properties. In varying only friction coefficients, three different definitions yielded
disparate relationships between the variables studied (Fig. 4). In several configurations,
when relatively large friction coefficients were used, micromotion of the baseplate was
inexplicably greater when using four screws versus only two. Experimental validation would
be required to confirm quantitative reliability of predicted micromotions in relation to
several model parameters (e.g. friction). Future work should focus on identifying more
accurate frictional properties for simulating rTSA micromotion, including eventual
optimization of frictional coating distributions based on simulation models.

Some limitations of this study relate to simplifications required to produce consistency
across all FE models as well as lower computational costs. Mapped cancellous bone material
properties were not applied to the scapula in its entirety, but instead only to the glenoid
region, the area in which the fixation screws are placed. This simplification was made to
lower computational costs of simulations, but may have artificially increased the stiffness of
the scapula. Additionally, the elimination of screw thread geometry simplified meshing and
reduced computational costs of the models, however, modelling actual thread geometry may
provide more accurate results and should be considered in future work. Our results are based
on a relatively small sample size (4 shoulders) due to the development time associated with
each model. Consequently, a potential limitation of our study is that our results don't
necessarily capture the true variability in shoulder shape and material property distribution
present in a population. However, each model received the same treatment, and we were able
to calculate statistically significant, and similarly trending effects due to changes in the
independent variables. Finally, arthritic shoulders may have altered bone morphology (lower
strength and geometric deformities). For this reason, future work should consider arthritic
shoulders to determine if similar trends to those in this study are observed.

The modelling technique employed in this study, incorporating shoulder-specific scapular
geometry and bone material property distributions, demonstrated that it is necessary to
consider the trade-offs between adduction ROM and primary implant fixation during
lateralization on a shoulder-specific basis. In general, lateralization significantly increases
both micromotion and adduction ROM, however the decision to lateralize or not should still
be considered on a shoulder-specific basis; and this decision can be better informed through
the use of patient-specific computer models.
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Figure 1.
Representative models showing A) the external cortical boundary and cortical-cancellous

boundary in the region of the glenoid, cropped to reduce computational costs of mapped
material properties, B) the glenoid ream, and C) glenoid component geometry.
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Figure 2.
A representative meshed FE model where the solid and unfilled arrows represent shear and

compressive load applications, respectively, and the distance between the glenoid and the
shear load is the degree of lateralization of the COR. Solid triangles represent fixed-
displacement boundary conditions at the medial border of the scapula.
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Adduction ROM

Figure 3.
Representative implanted rTSA, with 0 mm of lateralization, showing the entities between

which the angle was measured in order to characterize adduction ROM.
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Figure 4.
Results of the friction sensitivity analysis for specimens 1 (A & B) and 3 (C &D) at 0 mm

(A &C) and 8 mm (B & D) of lateralization. Three friction applications were examined:
frictionless sliding contact at the baseplate/central post-bone interfaces in combination with
frictional contact at screw-bone interfaces with a friction coefficient of 0.8 and frictional
contact at all implant-bone interfaces with friction coefficients of 0.8 and 1.7.
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Figure 5.
Specimen-specific relationships between lateralization of COR and adduction ROM, where a

negative value for adduction ROM represents an adduction deficit.
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Figure 6.
The effect of lateralization and the number of screws on the average percent change in

micromotion from the baseline. Note: baseline micromotion of each specimen was taken to
be 100% and therefore standard deviation was 0. An asterisk indicates statistical significance
(p <0.05).
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Figure 7.
Shoulder-specific relationships between lateralization of COR and average absolute

micromaotion of the baseplate for (A) 4 fixation screw configurations and (B) 2 fixation
screw configurations.
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Figure 8.
Simulated x-rays of each shoulder generated by mapping density values to opacity and

projecting onto a black background, where darker areas represent less dense bone.
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Average density of the cancellous bone in the region of the glenoid for each shoulder.

Table 1

Shoulder

Average cancellous
bone density (g/cm?3)

0.59

0.61

0.45

Alw N

0.59
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