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Background: Augmented glenoid implants to correct bone loss can possibly reconcile current prosthetic
failures and improve long-term performance for total shoulder arthroplasty. Biomechanical implant studies
have suggested benefits from augmented glenoid components, but limited evidence exists on optimal design.
Methods: An integrated kinematic finite element analysis (FEA) model was used to evaluate optimal aug-
mented glenoid design based on biomechanical performance in translation in the anteroposterior plane
similar to clinical loading and failure mechanisms with osteoarthritis. Computer-aided design software models
of 2 different commercially available augmented glenoid designs—wedge (Equinox; Exactech, Inc., Gaines-
ville, FL, USA) and step (STEPTECH; DePuy Synthes, Warsaw, IN, USA) were created according to precise
manufacturer’s dimensions of the implants. Using FEA, they were virtually implanted to correct 20° of
retroversion. Two glenohumeral radial mismatches, 3.5/4 mm and 10 mm, were evaluated for joint sta-
bility and implant fixation simulating high-risk conditions for failure.

Results: The wedged and step designs showed similar glenohumeral joint stability under both radial mis-
matches. Surrogate for micromotion was a combination of distraction, translation, and compression. With
similar behavior and measurements for distraction and translation, compression dictated micromotion (wedge:
3.5 mm = 0.18 mm and 10 mm = 0.10 mm; step: 3.5 mm = 0.19 mm and 10 mm = 0.25 mm). Stress levels
on the backside of the implant and on the cement mantle were higher using a step design.

Discussion: Greater radial mismatch has the advantage of providing higher glenohumeral stability with
tradeoffs, such as higher implant and cement mantle stress levels, and micromotion worse when using a
step design.

Level of evidence: Basic Science Study; Computer Modeling
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problematic with TSA."'>***%2 Studies have shown that loos-
ening of the implants is typically associated with the glenoid
component (83% of cases) and is the most common reason
for revision operations.**' Under this circumstances, satis-
factory implantation of the glenoid component is difficult to
achieve and remains the most challenging aspect of TSA
surgery,-!116.1821-2325:32 Thyg  the correction of glenoid ret-
roversion and improved component positioning are major areas
of interest in regards to optimizing outcomes for TSA.

Asymmetric “‘high-side’” reaming of the anterior glenoid,
glenoid bone grafting, or the use of an augmented glenoid
component are the current options available to address pos-
terior glenoid bone deficiency."'*'*20%532 In cases with more
severe glenoid retroversion, generally above 20°, asymmet-
ric reaming may result in excessive bone removal such that
a properly sized glenoid will perforate the glenoid wall and
result in reduced stability.'” The advantages of using wedge
or step posterior augment glenoid designs are to better restore
the native joint line, improve implant stability, decrease muscle
shortening, and lessen bone removal to achieve full back side
seating of the implant.''*>%

Although the theoretical biomechanical rationale behind
the augmented glenoid appears promising, limited evidence
exists to support the augmented glenoid technology.” Finite
element analysis (FEA) is a sophisticated form of biome-
chanical testing of shoulder prostheses used to provide detailed
information regarding the loading behavior, localized stresses,
and strains of the glenoid component. By analyzing rele-
vant biomechanical parameters, FEA results have been shown
to correlate with loosening mechanisms and predict reduced
component stability with the standard components.®?5-3

The development of a finite element model of the shoul-
der examining the stresses and strains of the augmented glenoid
will provide key insight into implant performance and optimal
design. With rising medical costs, understanding the biome-
chanics of the augmented glenoid before clinical use would
be beneficial if we can predict or identify factors contribut-
ing to failure or component loosening to minimize the
occurrence of revision operations. The purpose of this study
was to use an integrated kinematic FEA model to evaluate
the optimal augmented glenoid design based on biomechani-
cal performance with true muscle loading and translation in
the anterior-posterior (AP) plane most similar to real time clin-
ical loading and failure mechanisms for TSA.

Materials and methods

This biomechanical study tested 2 different commercially avail-
able augmented glenoid implant designs (wedge and step) comparing
different glenohumeral conformity settings to evaluate the effects
on mechanical parameters related to loosening and fixation failure.
The 2 settings of radial mismatch modeled were based on optimal
(3.5 mm [wedge]/4 mm [step]) and high-risk conditions (10 mm
[wedge and step]) to identifying failure mechanisms based on the
literature. The mismatch conditions were obtained by reducing the
humeral head diameters.

" " i
a b
Wedge type Step type
Exactech DePuy

Figure 1  Finite element models of the augmented (a) wedge and
(b) step glenoid component designs. Exatech Inc., Gainesville, FL,
USA; DePuy Synthes, Warsaw, IN, USA.

Glenoid component and model generation

The 2 augmented glenoid component designs modeled were an all-
polyethylene peg curved back step design (Global STEPTECH;
DePuy Synthes, Inc., Warsaw, IN, USA) and an all-polyethylene
wedge glenoid design (Equinoxe; Exactech, Inc., Gainesville, FL,
USA). All components were constructed as computer-aided design
(CAD) models, and the geometry of the implant components was
used to develop finite element models with 1-mm element resolu-
tion using HyperMesh (Altair Engineering, Inc., Troy, MI, USA),
ICEM-CFD (ANSYS Inc., Canonsburg, PA, USA), and ANSA
(BETA CAE Systems, Root, Switzerland) based on CAD data pro-
cessed with MIMICS (Materialise, Leuven, Belgium). The FEA
simulations were performed using a commercial nonlinear explicit
FEA software LS-Dyna (LSTC, Livermore, CA, USA; Fig. 1).

The material of the glenoid implant was modeled as linearly
elastic, isotropic, homogeneous material of high molecular weight.
The polymethyl methacrylate bone cement material was defined with
Young’s modulus of 2.0 GPa and Poisson’s ratio of 0.23. A rigid
humeral head model was used based on manufacturer design defined
as rigid cobalt chromium alloy (Table I). The glenoid bone model
was considered as a linear elastic material with nonhomogeneous
properties related to its density simulating both cortical and can-
cellous properties. "’

Finite element model setup for ASTM simulation
testing

A standard ASTM test that evaluates glenoid loosening or dissoci-
ation (F2028-08) from humeral head translation in an AP direction
was used to validate our model. To investigate the mechanical effect
of different augmented implant designs on the scapula bone, FEA
models of the scapula bone were developed and integrated with the
validated glenoid models described above (Fig. 2, a). The geome-
try of the scapula of the shoulder was taken from the Global Human
Body Models Consortium (GHBMC, Troy, MI, USA) 50th percen-
tile male human body model developed and validated.** This scapula
model was based on CAD data obtained from the computed to-
mography and magnetic resonance imaging scans of a 50th percentile
male subject. The mesh of the scapula bone was removed to sim-
ulate a 20° retroverted shoulder, and the appropriate augmented
implant designs were fitted to the respective scapula model to sim-
ulate desired retroversion correction (+7 mm for the step style design
and 16° for the wedge style design).
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Table I

Material properties defined for the finite element wedge and the step model

Component name Material model

Wedge model

Humeral head implant Elastic model

Glenoid implant (polyethylene)

Cement (PMMA)

Mounting block (polyurethane) Foam model

Step model

Humeral head implant Elastic model

Glenoid implant (polyethylene)

Cement (PMMA)

Mounting block (polyurethane) Foam model

Piecewise elastic

Piecewise elastic

Piecewise elastic

Piecewise elastic

Property

Rho (kg/mm?) 7.90E-06
E (GPa) 210

Nu 0.3

Rho (kg/mm?) 1.00E-06
E (GPa) 1.26

Nu 0.46
Yield strength (GPa) 0.021
Rho (kg/mm?) 1.00E-06
E (GPa) 2

Nu 0.23

Rho (kg/mm?) 3.20E-07
E (GPa) 0.193
Rho (kg/mm?) 7.90E-06
E (GPa) 210

Nu 0.3

Rho (kg/mm?) 1.00E-06
E (GPa) 0.52

Nu 0.46
Tangential modulus (GPa) 0.1

Yield strength (GPa) 0.012
Rho (kg/mm?) 1.00E-06
E (GPa) 2

Nu 0.23
Rho (kg/mm?) 3.20E-07
E (GPa) 0.193

PMMA, polymethyl methacrylate; Rho, defines the density of the material; kg/mm?, kilograms per 1 cubic millimeter; £ is the Young's modules that defines

material’s stiffness; GP, gigapascals; Nu, defines Poisson’s ration.

The cement elements were generated between the bone and
implant at the proper site according to the manufacturer’s specifi-
cation. The implant—cement—bone interfaces were bonded directly
via nodal connectivity (Fig. 3). Cement was placed over the pegs
of the implant based on the manufacturer’s instruction specified for
the type of glenoid models. The cement was directly connected to
the polyurethane block and the implant peg (Fig. 2, b).

Finite element model simulation

An axial load of 750 N was applied perpendicular to the glenoid
implant, and the humeral head translation occurred along the true
AP axis of the glenoid with 25 mm/s shear movement applied in
the parallel direction of glenoid by the humeral head to recreate edge
loading.® The rest of the direction was constrained and no rota-
tion was allowed (Fig. 4).

The AP translation of the humeral head was simulated based on
the loading used in the ASTM test to investigate the biomechani-
cal responses of the bone and compare the 2 different augment
designs. Each implant underwent 50,000 cycles at constant fre-
quency of 2 Hz. This cyclic loading represents approximately 25
high-load activities per day (ie, getting out of a chair or lifting a
suitcase) for 5 years.”

The glenohumeral subluxation force, glenoid micromotion (com-
pression, distraction, and translation), and shear stress levels were
calculated by the FEA models and compared between the 2 designs

to evaluate the effect of the glenohumeral conformity. Validation of
the FEA models at 3.5 mm and 10 mm radial mismatch for wedge
design and 4 and 10 mm for step designs was achieved through direct
comparison with the results from the ASTM tests by Anglin et al’
and Sabesan et al,”® respectively, to ensure the accuracy of the me-
chanical responses as predicted by the FEA models.

Outcome variables

The outcome variables were model-predicted biomechanical re-
sponses, including glenohumeral contact force, backside of the
implant, and cement mantle stresses, as well as micromotion at the
bone—cement interface between the 2 augmented designs.

Results
Force ratio

The shear force required to assess instability was expressed as
a ratio of shear force compared with the applied compressive
force, defined as the force ratio.'” The step model had a slightly
higher force ratio than the wedge design at similar conformity
settings (Table II). The results showed that the force ratio in-
creased as the radial mismatch increased for both glenoid designs.
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(a) Schematic ASTM subluxation test, and (b) finite element model setup for ASTM subluxation test simulation: The contact

interface was defined between the back of the glenoid implant and the bone substitute.

Table IT  Shearing force required to instigate humeral instability
Implant design Radial mismatch* Force ratio
Wedge! 3.5 0.69

10 0.70
Stept 4 0.72

10 0.75

* Radial mismatch between the humeral head and glenoid prosthetic
components, in mm.

t18° backside full wedge.

+ 7 mm backside step.

Micromotion

Micromotion was defined as a combination of 3 compo-
nents based on different axes directions (Fig. 5). At optimal
radial mismatch (3.5/4 mm), the wedge design showed higher
overall micromotion. The distraction and compression mea-
surements were similar between implants, at 0.042 mm for
the wedge and 0.040 mm for the step design and at 0.18 mm
for the wedge and 0.19 mm for the step design, respective-

Step style implant design

Scapula Cement filling  Glenoid Implanted

Figure 3  Finite element models of the scapula, cement, and im-
planted glenoid for 2 implant designs.

ly. Translation measurements were higher for the wedge design
(0.058 mm) than for the step design (0.023 mm) at lower radial
mismatch settings. With a higher mismatch ratio, the step
design registered higher micromotion at extreme conditions
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Table III  Measurements of compression during finite element Table VI  Measurements of backside implant peak shear stress
model biomechanical testing during finite element model biomechanical testing
Implant design Radial mismatch* Compression' Implant design Radial mismatch* Backside stress!
Wedge? 3.5 0.18 Wedge? 3.5 12.5

10 0.10 10 17.6
Step® 4 0.19 Step® 4 13.4
10 0.25 10 18.6

* Radial mismatch between the humeral head and glenoid prosthetic
components, in mm.

" Micromotion towards the bone substitute, within the x axis, in mm.

 18° backside full wedge.

° 7 mm backside step.

Table IV Measurements of distraction during FE model bio-
mechanical testing

Implant design Radial mismatch* Distraction®
Wedge? 3.5 0.042

10 0.030
Step® 4 0.040

10 0.027

* Radial mismatch between the humeral head and glenoid prosthetic
components, in mm.

t Micromotion away from the bone substitute, within the x axis, in mm.

+ 18° backside full wedge.

§ 7 mm backside step.

(Table I1I) which was driven primarily by compression. Again,
the wedge and step designs had similar results for distraction
and translation at high-risk conditions of radial mismatch
(Tables IV and V), but there were significant differences in
compression (wedge: 0.10 mm; step: 0.25 mm).

Glenoid component shear stress levels

Concerning implant shear stress, the results measured on the
backside of the component were 12.5 MPa (3.5-mm mismatch)
and 17.6 MPa at 10 mm of radial mismatch for the wedge
design and 13.4 MPa for 4 mm and 18.6 MPa at 10 mm of
radial mismatch for the step design (Table VI).

Table V.  Measurements of translation during FE model bio-
mechanical testing

Implant design Radial mismatch* Translation!
Wedge* 3.5 0.058

10 0.062
Step® 4 0.023

10 0.063

* Radial mismatch between the humeral head and glenoid prosthetic
components, in mm.

t Micromotion within the superior-inferior axis parallel to the glenoid
plane, in mm.

+ 18° backside full wedge.

§ 7 mm backside step.

* Radial mismatch between the humeral head and glenoid prosthetic
components, in mm.

t Backside implant peak shear stress, in MPa.

 18° backside full wedge.

§ 7 mm backside step.

Cement shear stress levels

The cement shear stress levels observed were 2.9 MPa at
3.5 mm and 2.6 MPa at 10 mm of radial mismatch for the
wedge design compared with 4.4 MPa at 3.5 mm and 4.1 MPa
at 10 mm of radial mismatch for the step design (Table VII).
The step model showed the highest stress levels under dif-
ferent conditions and measured at different locations.

Discussion

Posterior glenoid wear is a common consequence of
glenohumeral osteoarthritis and a significant factor affect-
ing outcomes for glenoid component in TSA."'*'* Placement
of the glenoid in excessive retroversion leads to eccentric
loading, subluxation of the humeral head, and early
loosening.'*¢710121825 Stydies have demonstrated asymmet-
ric reaming for correction of glenoid retroversion over 20°
results in medialization of the joint line due to excessive
bone removal and peg perforation.”’ One solution proposed
is the use of an all-polyethylene augmented glenoid compo-
nent to manage moderate to severe glenoid bone loss. Our
aim was to use a integrated kinematic FEA of a TSA to
evaluate which augmented glenoid design (wedge vs. step)
would be optimal to reduce excessive stresses on the implant
and cement mantle and minimize micromotion.

Table VII  Measurements of cement mantle peak shear stress
during finite element model biomechanical testing

Implant design Radial mismatch* Cement stress!
Wedget 3.5 2.9

10 2.6
Step® 4 bt

10 4.1

* Radial mismatch between the humeral head and glenoid prosthetic
components, in mm.

t Cement mantle peak shear stress, in MPa.

+ 18° backside full wedge.

§ 7 mm backside step.
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Figure 4 This figure depicts the location of sensors to predict the mechanical response of implant and bone during superior-inferior and
anterior-posterior direction for finite element simulation. (A) One differential variable reluctant transducer sensor was fitted at the superior
pole of the glenoid, as recommended by ASTM standards, to measure glenoid distraction and compression. (B) The second sensor was fitted
at the lateral side of the glenoid parallel to the axis of actuator motion for the measurement of inferior-superior glenoid translation.

Our results suggest that the wedge glenoid design may have
a better performance and fixation profile under different radial
mismatch settings; however, further clinical research is needed
to verify these biomechanical results.> Our results for implant
fixation demonstrated that differences in augmented glenoid
designs based on the amount of micromotion were predomi-
nantly driven by compression, with the step design

Compression
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1

Sensor 2

Relative X-displacement contour

Relative Z-displacement contour or

demonstrating higher amounts of micromotion and risk of
implant loosening.

These differences in micromotion comparing step vs. wedge
designs differed from previously reported literature.'*****
Tannotti et al'” studied the effect of implant design at liftoff
as a surrogate for micromotion and implant fixation in foam
block models. Their results may have differed from ours due
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Micromotion resolved into 3 movements—distraction, translation, and compression—relative to the fixed scapular bone substitute.
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to differences in methodology because we were able to simu-
lated muscle loading and bone fixation in a validated kinematic
FEA model compared with their foam block model. In ad-
dition, we did not specifically examine liftoff and looked at
2 variations in mismatch to truly characterize humeral sub-
luxation or eccentric loading.'”

It appears not only loading conditions but also design varia-
tions are important considerations when examining implant
fixation and micromotion. Because Wahab et al** suggested
that using an additional fifth peg will result in superior fix-
ation stability to resist off center loading compared to the two
4-peg designs, we examined in our results. Further studies
on micromotion must combine loading conditions and crit-
ical implant design features to better understand fixation and
micromotion for augmented glenoid components.

Studies have found significantly larger interface micro-
motion when the radial mismatch between the humeral head
and the glenoid exceeded 6 mm.***” However, previous studies
examined a cementless glenoid component with a metal-
backed, round, posteriorly curved implant with a central screw
mounted in a rigid polyurethane bone substitute. Whereas the
optimal glenohumeral mismatch in cemented pegged glenoid
implants is multifactorial and has not been fully defined, our
results support data from previous studies that there are in-
creased stress levels with increased glenohumeral radial
mismatch greater than 10 mm and the subsequent risk of in-
creasing glenoid micromotion and loosening.> These higher
stress levels and micromotion contrast previous studies showing
a correlation between of glenohumeral prosthetic radial mis-
match and glenoid radiolucent lines.'"*

Walch et al** analyzed the postoperative radiographs of 319
patients who underwent primary TSA with prostheses that ex-
hibited different degrees of glenohumeral radial mismatch
(<4 mm, 4.5-5.5 mm, 6-7 mm, and 7-10 mm) and found a
lower extent of radiolucency was significantly associated with
radial mismatches in excess of 5.5 mm. They concluded that
radial mismatch was significantly associated with glenoid ra-
diolucent lines that were least when the radial mismatch was
between 6 and 10 mm.*

Although there was a tradeoff for better joint stability, the
level of stress on the backside of the implant and in the cement
mantle were both higher at both radial mismatch settings using
a step design. In addition, our results showed that the cement
mantle endurance limit of 4 MPa was exceeded for the step
design, suggesting concerns for initial implant fixation with
the step design.” There is concern with increased initial cement
mantle stresses contributing to increase risk of failure or frac-
ture of the cement mantle. The literature shows that component
loosening has been reported to occur at the bone—cement in-
terface, within the cement mantle itself, or at the component—
cement interface."

The development of an accurate kinematic combined finite
element model of the total shoulder, inclusive of all rele-
vant muscle structures, geometry, and nonhomogeneity of the
glenoid, remains challenging.® Notwithstanding, it has been
used in several studies of the glenohumeral joint during the

past decade, which is an indication of its current value and
future potential. One of the advantages of a finite element
model is that it can be used to virtually determine biome-
chanical responses such as displacement and stress.’ Finite
element models may provide information on dislocation load,
humeral head translation, joint contact pressures, material de-
formation, and fixation stresses that are difficult, if not
impossible, to obtain using laboratory tests.

Some limitations should be considered for this study. An
average 50th percentile man was used as our joint model,
which can only be extrapolated to all patients to a certain
extent. Our analysis simulated at least 5 years of implant wear
under minimal loading conditions and without range of motion
of the studied joint. In a real-life situation, our prosthetic joint
would be under the influence of multidirectional loading con-
ditions that may affect our results.

Conclusion

Posterior glenoid wear is a common consequence of gle-
nohumeral osteoarthritis and a significant factor affecting
outcomes for the glenoid component in total shoulder ar-
throplasty. One solution proposed is the use of all-
polyethylene augmented glenoid component to manage
moderate to severe glenoid bone loss. Our results suggest
that the wedge glenoid design may have a better perfor-
mance and fixation profile under different radial mismatch
settings; however, further clinical research is needed to
verify these biomechanical results. Our FEA model shows
that increasing radial mismatch generated disadvantages
for both implants. Nonetheless, the wedge design pre-
sented with lower overall micromotion and stress levels
on the implant and cement mantle. We can expect a wedged
glenoid implant design to have lower risks of implant loos-
ening and failure or fracture over time, which may lead
to better clinical outcomes and lower revision rates.
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