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Adequate glenoid baseplate fixation in reverse total shoulder arthroplasty (rTSA) is important to achieve,
but may prove challenging in the context of glenoid bone loss or osteopenia. Current rTSA testing stan-
dards rely upon synthetic bone surrogates, but it is unclear if these models accurately recapitulate the
mechanics of osteoporotic bone. Additionally, it also unknown if the use of a central screw effectively

Keywords: provides resistance to micromotion in the milieu of poor quality bone. The purpose of this experiment
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of relative motion between baseplates and bones could be made with: (1) synthetic bones and poor qual-
ity cadaveric bones, and (2) the use or omission of a central screw. rTSA components were implanted into
cadaveric and synthetic bones with and without a central screw. To model a range of loads that may be
experienced during abduction, increasing cyclic loads were applied to shoulder joints in 30° of humeral
abduction. Cycles and loads prior to permanent deformation exceeding 150 um, 1 mm, and joint failure
were determined using measurements from the test frame and from 3-D motion analysis. Synthetic
bones demonstrated significantly more resistance to micromotion in comparison to cadaveric bones.
Use of the central screw improved resistance to dislodgement, which was only observed in the cadaveric
specimens. This study highlights the need for biomechanical testing with cadaveric specimens, especially
when assessing osteopenic or osteoporotic populations.
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1. Introduction

Reverse total shoulder arthroplasty (rTSA) has become a widely
accepted solution for a variety of pathologies. Indications include
rotator cuff tear arthropathy, failed shoulder arthroplasty, com-
minuted proximal humerus fractures in the elderly, and other
shoulder impairments that are not reparable with traditional
shoulder arthroplasty (Chebli et al., 2008; Cheung et al., 2011;
Frankle et al., 2005; Garrigues et al., 2012; Gerber et al., 2009;
Guery et al., 2006; Wall et al., 2007). Despite the popularity of rTSA,
a broad meta-analysis of this surgery indicates there is a high com-
plication rate (24%) associated with the procedure (Zumstein et al.,
2011). A series of clinical outcome studies on the general popula-
tion have reported glenoid loosening rates between 0 and 12%
(Alentorn-Geli et al., 2014; Boileau, 2016; Frankle et al., 2005;
Guery et al., 2006; Sirveaux et al.,, 2004; Stechel et al.,, 2010;
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Werner et al., 2005; Zumstein et al., 2011), and scapular fractures
ranging between 0.9% and 7.2% (Crosby et al., 2011; Hattrup, 2010;
Otto et al., 2013). It is known that these complications are exacer-
bated in the elderly population due to a limited amount of quality
bone stock available for fixation (Cheung et al., 2011; Codsi and
lannotti, 2008; Klein et al., 2010; Lenarz et al., 2011; Otto et al.,
2013).

Previously published biomechanical studies have sought to
characterize and make improvements in rTSA baseplate fixation.
Changes in overall design, baseplate position, and glenosphere lat-
eral offset have been shown to directly impact micromotion and
long-term baseplate stability (Elwell et al., 2017; Gutiérrez et al.,
2007; Harman et al., 2005; Irlenbusch and Kohut, 2015; Nyffeler
et al.,, 2005; Parsons et al., 2009; Stephens et al., 2015). Other stud-
ies have investigated the anatomy of the scapula and identified
regions that maximize screw purchase and fixation strength
(Codsi and lannotti, 2008; DiStefano et al., 2011; Humphrey
et al., 2008; Stephens et al., 2015). Experiments have also investi-
gated the role of individual screws in baseplate fixation. Examples
include peripheral screws (Chebli et al., 2008; Elwell et al., 2017;
James et al., 2013; Yang et al., 2013), posterior screws (Hoenig
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et al., 2010), the central screw (Konigshausen et al., 2015), and
locking versus non-locking screws (Chebli et al., 2008; Humphrey
et al., 2008; Stephens et al., 2015). Interestingly, none of these
studies were performed with osteopenic or osteoporotic bone,
which is a common comorbidity associated with this patient
population.

In general, there are three methods that have been used to test
glenoid baseplate fixation in rTSA implants. First, the humerus can
be moved inferiorly and superiorly relative to the scapula under
load control (Harman et al., 2005; Irlenbusch and Kohut, 2015)
(Fig. 1A). This model recreates implant loosening with a rocking
horse mechanism, but the loading parameters are not necessarily
representative of those experienced during activities of daily living,
especially for patients whom have a deficient rotator cuff. As a sec-
ond option, the shoulder joint can be set at a fixed abduction angle
and external loads can be imparted along the long axis of the
humerus (Fig. 1B) (Codsi and lannotti, 2008; Gutiérrez et al.,
2007; Martin et al., 2017). This type of test is easy to perform with
standard uniaxial testing machines, but only provides simulations
of a limited range of motion. Third, the shoulder can be moved
through a dynamic range of joint angles while external loads are
applied (Fig. 1C) (Chebli et al., 2008; Formaini et al., 2015;
Hoenig et al., 2010; Roche et al., 2013a, 2013b; Stroud et al.,
2013). This protocol represents the preferred ASTM standard for
testing rTSA implants (ASTM F2028-17, 2017). However, the test-
ing equipment required to perform this protocol is not as common-
place as uniaxial universal test frames, and thus may not be readily
performed in many biomechanics labs.

Synthetic bone models have become a standard for biomechan-
ical studies involving rTSA components (Chebli et al., 2008; Codsi
and Iannotti, 2008; Formaini et al., 2015; Gutiérrez et al., 2007;
Harman et al., 2005; Hoenig et al., 2010; Irlenbusch and Kohut,
2015; Konigshausen et al., 2015; Martin et al., 2017). The rationale
for the use of synthetic bones is threefold: (1) they effectively
reduce the variability in experimental measures (Elfar et al.,
2014), (2) they are less costly to procure, and (3) they are not bio-
hazardous. However, there still remains a need to perform experi-
ments on human tissues, especially cadaveric bone of poor quality.
Currently, there are no in vitro studies that investigate rTSA base-
plate fixation in the presence of osteopenic or osteoporotic bone.

The purpose of this experiment was to create a novel cyclic load
test protocol that elicited clinically relevant failures, so that two
main goals could be accomplished. First, to compare relative
motion between rTSA glenoid baseplates with synthetic bones
and poor quality cadaveric bones. It was hypothesized that syn-
thetic bones would demonstrate significantly increased resistance
to micromotion and implant dislodgement. The second goal was to
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characterize the role of the central screw in baseplate fixation for a
specific implant. It was hypothesized that the use of a central
screw would provide additional resistance to micromotion and
the implant would sustain a higher number of cyclic loads prior
to dislodgement.

2. Materials and methods

The cadaveric portion of this study was performed with eight
matched pairs of fresh-frozen scapulae (3 male, 5 female; average
age: 80.6 years, range: 73-88 years). DEXA scans were performed
prior to the acquisition of specimens to confirm osteopenia (Sup-
plemental Table 1). As a synthetic surrogate for osteoporotic bones,
closed cell polyurethane bone blocks were used (15 Ib per cubic
foot Sawbones, Pacific Research Laboratories, Vashon Island, WA;
n = 3 per group). Sample sizes were determined with a power anal-
ysis based on results from a previous study that tested rTSA gle-
noid baseplate fixation to failure (Chebli et al, 2008) (see
Appendix A for more details).

2.1. Specimen preparation

Intact upper extremity specimens were thawed for 24 h prior to
the day of gross dissection. Scapulae were disarticulated from the
shoulder girdle and skeletonized. Prepared specimens were subse-
quently refrozen at —20 °C. On the day of surgery, specimens were
defrosted at room temperature for approximately 2 h and base-
plate implantation was performed by a single fellowship-trained
orthopaedic surgeon (AFK), using the Titan Reverse Total Shoulder
System (Integra Life Sciences, Plainsboro, NJ). The left and right
scapulae of the matched pairs were randomly assigned to either
cadaveric central screw positive (C+) or cadaveric central screw
negative (C—) groups (Fig. 2). C+ and C— specimens underwent
normal baseplate implantation per manufacturer guidelines which
included the use or omission of a central screw (5.5 mm diameter,
20 mm long; Appendix B). Once implantation was complete, the
scapulae were osteotomized and potted in polycarbonate cylinders
filled with polymethylmethacrylate (PMMA) (Orthoet, Lang Den-
tal, Wheeling, IL). Pots were filled up to 1 cm medial from the nadir
of concavity of the glenoid. Prepared specimens were frozen at
—20 °C until the day of biomechanical testing.

Synthetic bone blocks were cut into cylinders (diameter: 10 cm,
height: 3.75 cm) and subsequently cemented into polycarbonate
tubes with PMMA. The procedures described above were used for
implantation to create synthetic with central screw (S+) and syn-
thetic without central screw (S—) groups (Fig. 2).

Compressive Load Compressive Load

45° Minimum

Fig. 1. Schematic diagrams showing test protocols used to apply compressive forces and shear displacements (A), isolated compressive forces (B), and compressive forces

with dynamic rotation of the joint (C).
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Fig. 2. Schematic drawings of the variables of interest tested in the study. Cadaveric
and synthetic bone testing is represented in the vertical columns, while the use and
omission of the central screw is represented in the horizontal rows. Representations
of the actuator-based and 3-D motion tracking measures are also shown (red
arrows). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

2.2. Biomechanical testing

Implanted specimens were defrosted to room temperature on
the day of biomechanical testing. Once thawed, marker clusters
were rigidly affixed to custom 3-D printed jigs, which were either
screwed into to the scapula/bone block or glued to the gleno-
sphere, for the purposes of 3-D motion capture (see Appendix C).
A 6-camera motion capture system (Optitrack Motive, Natural
Point, Corvallis, OR) was calibrated to a 0.2 mm threshold of accu-
racy. 5 s recordings of marker trajectories were made every 100 s
throughout the course of cyclic testing (described below).
Custom-made software (MATLAB R2017b, Natick, MA) was devel-
oped to calculate the 3-D relative displacement between the sca-
pula and glenosphere using validated 3-D motion tracking
techniques (Winter, 1990).

The following methods were used to create the testing jig
(Fig. 3). The humeral stem was potted in a polycarbonate tube with
a low melting point alloy (Cerralow 117, McMaster-Carr,
Robbinsville, NJ) and attached to the vertical actuator of the test
frame (Electroforce 3330, TA Instruments, New Castle, DE, 3 kN
load cell, 1nm displacement resolution (TA Instruments
ElectroForce 3330 Data Sheet, 2015)). An adjustable-angle vise
was used to hold the potted scapulae at 30° abduction relative to
the humeral stem. This created a contact force vector with a direc-
tion similar to vectors measured with telemetered implants during
90° abduction (mean 31.7° superomedially) (Bergmann et al.,
2011; Westerhoff et al., 2009). The vise was securely attached to
the floor of a tank. A 37 °C circulating water bath was used to test
cadaveric specimens, while synthetic bone specimens were tested
in 23 °C air. A stainless steel rail was attached to the bottom sur-
face of the tank, which slid on a linear bearing affixed to the frame.
Compressive horizontal loads of 100 N were applied to the gleno-
humeral joint, which is a reasonable approximation of joint loads
on the shoulder during quiet standing (Nikooyan et al., 2010).

These forces were imparted onto the sliding tank with a pneumatic
cylinder, and were recorded with an Arduino-powered load cell
(Technology Co., Xian, China).

Increasing cyclic loads were imparted onto the specimens with
the vertical actuator using a 1 Hz sinusoidal waveform, which stea-
dily increased the maximum loads at a rate of 0.2 N/cycle. The first
waveform had a minimum compressive load of 100 N and a peak of
150N (180N resultant load). This represents modest gleno-
humeral joint loads during various activities of daily living
(Bergmann et al., 2011; Nikooyan et al., 2010; Westerhoff et al.,
2009). The protocol was designed to have 13,500 cycles (which
exceeds the 10,000 recommended by the ASTM standard), such
that the final waveform had a maximum load of 2850 N (95% sat-
uration of our 3 kN load cell). Specimens were cycled until dis-
lodgement of the baseplate or joint disarticulation, which caused
the test frame to stop instantly. Micromotion was measured by
quantifying permanent creep between the bone-baseplate inter-
face in two manners (Fig. 2): (1) measurements from the vertical
actuator displacement, and (2) calculating 3-D Euclidean distances
between the bones and implant, based on motion capture cluster
trajectories. Threshold values of 150 um, and 1 mm were used,
and the rationale for these choices will be delineated later in the
Section 4.

2.3. Statistical analysis

The number of cycles survived before micromotion thresholds
and implant dislodgement or joint disarticulation were compared
using SigmaStat 4.0 (Systat, San Jose, CA). Data sets were first
checked for normality and equal variance with Shapiro-Wilk and
Brown-Forsythe tests, respectively. If they passed these tests,
one-way ANOVAs were performed and the Holm-Sidak method
was employed to make relevant pairwise comparisons between
groups. If the data set failed the normality test, a Kruskall-Wallis
one-way ANOVA based on ranks was performed and Dunn’s
method was used to make pairwise comparisons between groups.

3. Results

The model successfully recreated realistic dislodgement events
in cadaveric specimens (Bohsali et al., 2006) (Fig. 4), but synthetic
bone trials resulted in joint disarticulation. This was caused by
impingement between the rim of the polyethylene cup and the
synthetic bone block (Appendix D). Comparisons of cycles to joint
failure (cadaveric: dislodgement, synthetic: dislocation) indicated
that S— survived an average of 72.4% more cycles than the
C— (p =0.004), while S+ survived an average of 69.7% more cycles
than C+ (p=0.077) (Fig. 5, Supplemental Table 2). Due to differ-
ences in failure criteria, an additional 1-tailed paired t-test was
used to compare the C+ and C— matched pairs only. Based on this
analysis, the use of a central screw significantly increased the num-
ber of cycles survived before dislodgement by 23.2% (p = 0.026).
Loads associated with final cycles can be found in Supplemental
Tables 2-4.

When using actuator displacement as a micromotion measure-
ment tool, several changes in behavior were observed across test
materials. (Fig. 6A. Supplementary Tables 3A&B and 4A&B). For
the 1 mm measures, C+ survived an average of 37.8% fewer cycles
than S+ (p = 0.039) and on average C— survived 45.0% fewer cycles
than S— (p=0.019). For smaller permanent displacements of
150 pum, there were no significant differences between test medi-
ums. Use of the central screw resulted in no significant differences
between groups at both 1 mm and 150 pm.

Comparisons of micromotions with motion capture techniques
did not provide the same amount of resolution as actuator-based
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Compressive Load

Fig. 3. Schematic (A) and computer-aided drawing (B) of the testing apparatus. Water was circulated with an aquarium filter (black). Bath temperature was controlled with a
submersible heater (gray) and monitored with a thermocouple (yellow). Compressive vertical loads (blue arrow) were applied by the actuator through the humeral stem
(orange) onto the glenosphere (yellow). The entire apparatus slid on a linear bearing, located underneath the tank. This permitted a horizontal load (red arrow) to be applied
with the piston of a pneumatic cylinder (red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

b

Fig. 4. (A) Radiograph of a failed Integra Titan r'TSA glenoid baseplate, where the implant has torn out of the glenoid and is now lodged in the scapular spine. (B) Photograph

depicting catastrophic failure of baseplate fixation in the cadaveric model.

measurements (Fig. 6B, Supplementary Table 4C&D). For the 1 mm
measures, C+ survived an average of 63.0% fewer cycles than S+
but, due to large standard deviations in the cadaveric measure-
ments, these results were not statistically significant (p = 0.312).
Similarly, C— survived an average of 53.2% fewer cycles than S-,
but results were not statistically significant (p =0.981). Due to
the limitations in resolution of the motion analysis setup
(~200 pm), no reliable data could be collected for 150 um
displacements.

4. Discussion

This study was based upon developing a mechanical testing
paradigm that reliably recapitulated clinically relevant rTSA failure
mechanisms in the presence of osteopenic bone. It contains three
notable departures from the existing ASTM standards (ASTM
F2028-17, 2017). First, this study used increasing cyclic loads,
whereas the ASTM standard simulates repeated compressive loads

of 750 N. The use of increasing cyclic loads is an important aspect
of this technique. It allows for the quantification of maximum
forces that can be withstood during early rehabilitation. This is
especially pertinent, because early return to activity can improve
overall clinical success rates (Boudreau et al., 2007; Wall et al.,
2007), but this must be weighed against the risk of implant loosen-
ing. Second, similar to previous studies (Codsi and Iannotti, 2008;
Gutiérrez et al., 2007; Martin et al., 2017), this experiment applies
a static superomedially oriented joint contact vector. We think that
this is a reasonable approximation of the mean vector direction
throughout 90° abduction motions (Bergmann et al., 2011;
Westerhoff et al., 2009). Third, because water acts both as a lubri-
cant and a temperature controller, the ASTM standard for anatomic
shoulder implants calls for testing to take place in a 37 °C water
bath (ASTM F2028-17, 2017). Interestingly, the standard for reverse
total shoulder components calls for synthetic specimens to be
tested in room temperature air. To highlight differences between
existing standards and the current experiment, the cadaveric spec-
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Fig. 5. Box and whisker plot showing cycles prior to dislodgement or disarticulation
for the cadaveric and synthetic bone groups, respectively. Significant increases in
cycles to failure and were found between the C— and C+, as indicated by
* (p=0.004). A one-tailed, paired t-test indicated significant differences between
the C+ and C— groups, as indicated by # (p = 0.026).

imens were tested in 37 °C water while the synthetic blocks were
tested in room temperature air. Future studies will be performed to
identify the differences between heated bath and room tempera-
ture tests with synthetic bones.

The methods described in this paper have associated pros and
cons. Advantages of actuator displacement measures include high
resolution (~1 nm), continuous data collection, and a low signal-
noise ratio. However, actuator displacement only measures the
one-dimensional creep of the entire testing jig. The use of 3-D

motion capture eliminates some of these shortcomings, as it pro-
vides a 3-D measure of the displacement between the
glenosphere-baseplate construct and the bone. Aside from obvious
problems associated with poor resolution, 3-D motions were only
collected every 100 cycles, and the marker clusters attached to soft
bone had the potential to shift during testing. This ultimately intro-
duced large standard deviations into the dataset (Fig. 6). Finally,
the use of cadaveric specimens provides more realistic simulations
of implant fixation, but such specimens come with a high financial
burden and inherent variability.

To our knowledge, this is the first study that has assessed gle-
noid baseplate fixation with both synthetic bones and confirmed
osteopenic cadavers. Results partially confirmed our hypothesis
that osteopenic specimens were less robust than synthetic bones,
as this behavior only became apparent in 1 mm and dislodgement
analyses (Figs. 5 and 6). Previous studies have relied upon a
150 pm resultant relative movement threshold as a gold standard
(Codsi and lannotti, 2008; Gutiérrez et al., 2007; Irlenbusch and
Kohut, 2015; James et al., 2013; Martin et al., 2017). This generally
accepted displacement threshold is known to promote osseous
integration and long-term fixation in bone (ASTM F2028-17,
2017; Cameron et al., 1973; Jasty et al., 1997; Pilliar et al., 1986).
Interestingly, the loads associated with 1 mm permanent displace-
ment for C+ and C— were 754+ 742 N and 778 + 725 N, respec-
tively. If the ASTM standards (750 N) were followed directly with
our cadaveric specimens, it is presumed that approximately
1 mm of implant displacement would have occurred on the first
cycle for most specimens.

Some discrepancies between synthetic and cadaveric results
may attributed to differences in geometry. The synthetic bone
blocks were able to distribute stresses from the screws uniformly,
whereas the strength of the cadaveric specimens was limited by
the small cross-sectional area of the neck of the glenoid. The cadav-
eric specimens were potted into PMMA up to 1 cm from the nadir
of concavity of the glenoid, which is different from previous studies
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Fig. 6. Box and whisker plots showing cycles to 150 and 1000 um thresholds, as measured by (A) actuator displacement, and (B) 3-D motion capture. Significant differences
were observed in the 1000 um threshold between test mediums when measured by actuator displacement, as indicated by * (p < 0.05).
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that buried the majority of the bone in cement (Hoenig et al., 2010;
James et al., 2013). This technique ensured that stresses were con-
centrated at the glenoid neck, and resulted in clinically relevant
failure mechanisms (Fig. 4). However, these techniques still pre-
vented scapular spine fractures, which are a more common failure
mode seen clinically (Crosby et al., 2011; Hattrup, 2010; Otto et al.,
2013). It is currently unclear if anatomically shaped synthetic
bones would perform similar to cadaveric bones this milieu, or
how different potting methods may result in new fracture patterns.
These questions may be pursued in future studies.

The second goal of this study was to investigate the role of the
central screw with regard to baseplate fixation. In accordance with
our hypothesis, the absence of the central screw significantly
reduced the cyclic loads before implant dislodgement in cadavers.
This result may be due to the additional depth that is added to the
implant construct by the central screw, which aids in resisting
moments applied by external loads (Konigshausen et al., 2015).
Although the premise and loading protocol of this study is unique,
the results are similar to the findings of previous experiments,
where significant reductions in ultimate failure loads were found
when a single screw was removed from any of the peripheral fixa-
tion points (Chebli et al., 2008) or different peg lengths were used
(Konigshausen et al., 2015). Finally, the results showed use or
omission of the central screw resulted in no differences in micro-
motion. This behavior was observed in a baseplate fixation study,
where 4 peripheral screws versus 2 peripheral screws exhibited
no significant differences in micromotion (James et al., 2013).

This experiment has several overall limitations. First, the use of
a cadaveric model only assesses initial fixation, and does not
account for osseous integration between the baseplate and glenoid
bone. Second, the use of optical 3-D marker tracking precluded our
ability to measure 3-D displacements in the range of 150 um.
Future iterations may utilize submersible LVDTs (James et al.,
2013; Martin et al., 2017), or employ a laser extensometer. Third,
only one shoulder joint angle was modeled in this study. In the
future, the vise may be discretely adjusted to investigate a larger
range of contact vectors (Gutiérrez et al., 2007), which would also
elucidate the effect of shear forces on micromotion (Chae et al.,
2016, 2014). Finally, only one implant design was used in this
study, so the findings presented may not directly transfer to other
implant designs.

4.1. Clinical perspective

Results of the current study represent the first portion of a lar-
ger body of work that will be performed in the future. Although
dislodgement of the entire glenoid construct (often coupled with
fracture of the glenoid vault) is relatively rare (Bohsali et al,
2006) the consequences can be devastating. Prior studies have
demonstrated decreased bone ingrowth and formation of a fibrous
tissue when implants are displaced between 150 and 500 pm
(Cameron et al., 1973; Goodman and Aspenberg, 1992; Jasty
et al.,, 1997; Pilliar et al., 1986). However, the 1 mm measurement
is also important, as this represents the approximate displacement
that can be observed radiographically in post-operative clinical
follow-up. The implant stability required to allow for bone
ingrowth may be difficult to achieve in osteopenic bone. Therefore,
the role of the central screw may be even more critical to prevent
eventual catastrophic failure if bone ingrowth is not achieved.

5. Conclusion

This study introduced a novel rTSA implant testing paradigm
that demonstrated the differences between synthetic bones to
cadaveric bones with confirmed osteopenia or osteoporosis. The

study also examined the role of the central screw with respect to
micromotion and implant dislodgement, and found that use of
the screw improved the number of cycles that could be survived
before dislodgement, but did not affect micromotion. Optimizing
screw fixation in poor quality bone is an important clinical issue
that requires further research, especially as osteoporosis becomes
more commonplace with an aging population.
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