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Background: Several studies have reported proximal bone resorption in stemless and press-fit short-
stem humeral implants for anatomic total shoulder arthroplasty. The purpose of this biomechanical
study was to evaluate implant and cortical bone micromotion of a cortical rim-supported stemless
implant compared to a press-fit short stem implant during cyclic loading and static compression testing.
Methods: Thirty cadaveric humeri were assigned to 3 groups based on a previously performed density
analysis, adopting the metaphyseal and epiphyseal and inferior supporting bone densities for multi-
variate analyses. Implant fixation was performed in stemless implant in low bone density (SL-L, n ¼ 10)
or short stem implant in low bone density (Stem-L, n ¼ 10) and in stemless implant in high bone density
(SL-H, n ¼ 10). Cyclic loading with 220 N, 520 N, and 820 N over 1000 cycles at 1.5 Hz was performed
with a constant valley load of 25 N. Optical recording allowed for spatial implant tracking and quanti-
fication of cortical bone deformations in the medial calcar bone region. Implant micromotion was
measured as rotational and translational displacement. Load-to-failure testing was performed at a rate of
1.5 mm/s with ultimate load and stiffness measured.
Results: The SL-H group demonstrated significantly reduced implant micromotion compared to both
low-density groups (SL-L: P ¼ .014; Stem-L: P ¼ .031). The Stem-L group showed significantly reduced
rotational motion and variance in the test results at the 820-N load level compared to the SL-L group
(equal variance: P ¼ .012). Implant micromotion and reversible bone deformation were significantly
affected by increasing load (P < .001), metaphyseal cancellous (P ¼ .023, P ¼ .013), and inferior supporting
bone density (P ¼ .016, P ¼ .023). Absolute cortical bone deformation was significantly increased with
stemless implants in lower densities and percentage reversible bone deformation was significantly
higher for the SL-H group (21 ± 7%) compared to the Stem-L group (12 ± 6%, P ¼ .017).
Conclusion: A cortical rim-supported stemless implant maintained proximally improved dynamic bone
loading in variable bone densities compared to a press-fit short stem implant. Biomechanical time-zero
implant micromotion in lower bone densities was comparable between short stem and stemless im-
plants at rehabilitation load levels (220 N, 520 N), but with higher cyclic stability and reduced variability
for stemmed implantation at daily peak loads (820 N).

© 2024 The Authors. Published by Elsevier Inc. on behalf of American Shoulder and Elbow Surgeons.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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Anatomic total shoulder arthroplasty (aTSA) has historically
demonstrated acceptable results. In an effort to preserve bone and
improve revisability, the humeral component has transitioned to-
wards short-stem and stemless designs. However, bone resorption
can occur from unphysiological proximal humeral bone loading.
While particularly stemmed and short stem designs have shown
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resorptions in the medial calcar region,14,32,37 similar bone re-
sorptions were found for metaphyseal impacted fin designs ,1-3,11,19

while a hollow screw design rather reduced the cancellous bone
density in the greater tuberosity region.20,21 While the short-term
clinical impact of such stress shielding is minimal,1,20,21,23,39 poten-
tial longer term drawbacks may include survival time, long-term
outcomes, bone loss affecting revision, and periprosthetic frac-
ture.16 The additional influence of low bone mineral density (BMD)
also remains unclear in these cases. As stemless implants are
increasingly used in a wider range of bone quality, there is
substantial interest in objective predictions of stemless implants in
aTSA using bone density evaluations in the proximal humerus.13,22,26

Biomechanical studies in these settings have mainly focused on
primary stability and micromotion measurements, without
considering effects on humeral bone loading.3,10,17 Physiological
load transfer patterns in the healthy proximal humerus are com-
plex with respect to specific armmovements and have been shown
to vary between poor and normal bone quality, highlighting the
importance of cortical load absorption.18,28,33 Finite element ana-
lyses (FEA) of stemless implants have also confirmed the impor-
tance of cortical load transfer to increase stability and mimic native
humeral loads.33,34 Cortical loading varies by implant design. For
instance, a reduction of medial calcar stress shielding has been
reported using a central screw designwith cortical rim support that
maintains bone loading similar to physiological stresses.1,2,27

Further experimental investigation of the implant-bone interface,
including micromotion and bone deformation analyses, may thus
help to better understand the differences in the implant-to-bone
load transfer of different implant types.

The purpose of this biomechanical study was to evaluate
implant and cortical bone micromotion during cyclic loading and
static compression testing of a cortical rim-supported stemless
implant compared to an press-fit short stem implant. We hypoth-
esized that a cortical rim-supported stemless designwould provide
similar stability compared to an impacted short stem implant in
variable bone densities but with optimized bone loading in the
medial proximal humerus.

Materials and methods

A biomechanical investigation was performed on 30 fresh-
frozen cadaveric proximal humeri specimens (68.3 ± 11.5 years;
13 females 17 males) (Science Care Inc., Phoenix, AZ, USA). For all
cadavers, there was no sign of degenerative joint disease. The
specimens were assigned to low- and high-density groups based on
computed tomography (CT) scans and a classification model using
the thresholds trained in a previous work.35 Ten specimens were
classified as high bone density and 20 were classified as low bone
density. A stemless humeral implant (Eclipse; Arthrex Inc., Naples,
FL, USA) was implanted in the stemless implant in high bone
density (SL-H, n¼ 10). The 20 low-density cadavers were randomly
assigned to either receive the same stemless implant in low bone
density (SL-L, n ¼ 10), or a short stem porous coated press-fit
implant (Apex OptiFit Humeral Stem; Arthrex Inc., Naples, FL,
USA) (Stem-L, n ¼ 10).

Surgical technique

Specimens were stored at�20� C and thawed overnight at room
temperature before tissue preparation and testing. After identifying
the humeral neck based on anatomic landmarks the humeral head
was resected along the anatomic neck perpendicular to the meta-
physeal axis using an oscillating saw and a cutting guide. For
stemless implantation the proximal humerus was measured, and a
cortical rim-supported trunnion was placed followed by
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compression with a hollow cage screw along the metaphyseal axis
according to the manufacturer’s recommendations. Cortical rim
support at the medial calcar was ensured by sizing the trunnion to
the outer rim of the humeral head cut. Short stem cementless
press-fit implantation was performed by broaching the humeral
canal according to the manufacturer’s recommendations.

Bone density

Bone density parameters were adopted from a previous study,
with humeral bones scanned by a standard clinical CT (Siemens
SOMATOM Definition ASþ; Siemens Healthcare GmbH, Erlangen,
Germany) with a voxel resolution of 0.6 � 0.6 � 0.6 mm. Standard
calibration according to the manufacturer’s protocol using density
phantoms [0; 200 mgHA/cm3] was performed to allow conversion
of gray scale values to BMD (mgHA/cm3) as well as to ensure con-
sistency between CT scans. All CT voxel data were imported as a
4-dimensional point cloud (ie [x, y, z, mgHA/cm3]) and the slices
were initially oriented parallel to the anatomical neck for region of
interest analysis. Evaluation using a custom image processing script
(MathWorks, Natick, MA, USA) allowed for the adoption of the
following parameters for previously described stemless aTSA
classification (Fig. 1).35

Biomechanical testing
Based on prior biomechanical studies, 3 load steps were applied,

loading to 220 N, 520 N, and 820 N.6,7,10,17,41 The lower load level
(220 N) was applied to simulate 20% body weight (196 N) for
rehabilitation arm movements measured by a telemetric shoulder
implant.6 The middle load step (520 N) simulated loads during the
first 2 months of physiotherapy after shoulder arthroplasty, rep-
resenting 40% body weight (392 N) during training against resis-
tance.6 Peak loads during “normal” use with no weight in the hand
were simulated by the upper load block (820 N) as the worst case
scenario during rehabilitation. Loads were applied in the coronal
plane at an angle of 30� from the central axis of the implant, as
demonstrated by in vivo measurements.7,41 Loads were applied
cyclically to the humeral head using a custom-made polyethylene
(PE) stamp with the respectively sized PE glenoid curvature to
simulate contact pressure for 1000 cycles per load block in force
control mode at 1.5 Hz (Fig. 2, A). Loads were applied using a single
axis material testing machine (ElectroPuls E3000; Instron, Nor-
wood, MA, USA) to investigate micromotion and bone deformation
at the steady states within the last cycle of each load block using an
optical tracking system (Fig. 2, B). Additional static loading was
performed at a rate of 1.5 mm/s after cyclic loading. Mechanical
datawere recorded continuouslywith a sampling rate of 500 Hz. All
tests were performed at room temperature and the tissue was kept
moist with physiological saline solution throughout preparation
and testing.

Implantebone interface analysis
Micromotion of the implant in reference to the bone and bone

deformation was recorded using an optical tracking system (Carl
Zeiss GOM Metrology GmbH, Braunschweig, Germany). Tracking
points (diameter 0.8 mm) were fixed on the embedding, bone,
implant, and actuator, respectively allowing for rigid body motion
correction in reference to the fixed embedding. The systems’ use of
2 cameras allowed for spatial point cloud tracking with a mean
deviation of 5.4 ± 2.8 mm. Tracking of the point clouds attached
along the cortical margin 2 mms below the resection plane allowed
for measurement of the cortical superficial bone deformation. The
separation in relative implant and bonemotionwas achieved by the
application of different coordinate systems for each component
applied in the optical tracking system. Images were either



Figure 1 Adopted bone density variables from a previous work.
(Reprinted from Ritter et al35) © 2024 Journal of Shoulder and Elbow Surgery Board of Trustees. BMD, bone mineral density; BV/TV, bone volume/total volume.

Figure 2 (A) Testing protocol and (B) experimental cyclic loading and static loading setup including the camera setup and tracking points. Points of data analysis included total
cyclic deformation measurements (stot, Dab, Dad, and Daf) at the end of each load block. During the final hysteresis in each loading block using the tracking points, micromotion
(Dbs, Dde, and Dfg) was evaluated and further divided into the motion of the implant (sImplant, aImplant) and compressive transmission caused deformation of the bone (sBone).
Ultimate load and stiffness were analyzed during final static compression testing (Fmax, DUF; Dgh).
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compared to the time-zero reference state or evaluated during
applied load hystereses (Fig. 3). Optical measurements were taken
at a sampling rate of 30 Hz.

Outcome data

Metrics for comparison included data from cyclic loading and
static compression testing. Cyclic outcome variables included the
853
total construct displacement (stot) at the end of each loading block
(220 N, 520 N, and 820 N). At the same time, micromotion during
one loading hysteresis (Fig. 3) additionally provided relative infor-
mation about implant micromotion (sImplant, aImplant) and
compression-induced superficial deformation of the medial calcar
cortical bone (sBone). To further investigate the load absorption
capability of the bone, the measured superficial cortical deforma-
tion was related to the total displacement as a percentage. The



Figure 3 Schematic illustration of representative load-displacement curves at the end of each load block for total deformation measurement (stot) including optical tracking for
micromotion analysis during reversible hysteresis loading dividing up in implant motion (sImplant, aImplant) and bone deformation (sBone). Ultimate load and stiffness (DUF) were
analyzed during static compression testing.
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ultimate load (Fmax) was defined directly after the elastic progres-
sion where the linear stiffness (DUF) was determined during the
static compression test. Data analysis was performed with
commercial software (Matlab version R2019a; MathWorks, Natick,
MA, USA).

Statistical analysis
Biomechanical testing outcome metrics were the dependent

primary outcome variables. Bone density variables were
defined as secondary outcome variables and were used as
covariates in multivariable regression analyses. Statistical
analysis was performed using commercial software (Sigma Plot
Statistics for Windows, version 13.0; Systat Software, San Jose,
CA, USA).

The statistical analysis included a 1-way analysis of variance
with a Holm-Sidak post hoc test performed for a significant pair-
wise analysis of primary outcome variables. Significance was
defined as P � .05 and the desired power level was set at 0.8. Post
hoc power analysis was performed to confirm adequate sample
size. The ShapiroeWilk test and BrowneForsythe test were used to
confirm each data set followed a normal distribution and equal
variance, respectively. A nonparametric test (KruskaleWallis) was
used for data sets that failed these tests. For KruskaleWallis tests
that found significance, a post hoc test acc. to Dunn’s method was
conducted to further analyze the differences. The observed post hoc
average power values of all 1-way analysis of variance tests were
higher than the desired power level of 0.8 leading us to conclude
that our sample size was sufficient.
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A 1-way analysis of covariance for multivariable regression
analysis including the adopted density variables 35 was performed
to quantify interactions and compare the groups with each other.
For analysis of covariance tests that were considered significant in
an equal slopemodel, a Holm Sidak post hoc test was performed for
pairwise analysis. Significance was defined as P � .05 and the
desired power level was set at 0.8. The ShapiroeWilk and Levene
tests were used to confirm each data set followed a normal
distribution and homogeneity in variance, respectively.

Results

Bone density variables are summarized in Table I.

Cyclic testing

Cyclic displacement was lowest in the SL-H group (Fig. 4). At the
highest load level, the SL-L group showed significantly increased
total displacement (436 ± 172 mm) compared to the Stem-L
(370 ± 90 mm, P ¼ .003) and SL-H (226 ± 92 mm, P ¼ 02) groups,
which were also significantly different (P ¼ .044).

Absolute bone deformation was significantly increased for the
SL-L group (520 N: 39 ± 10 mm; 820 N: 64 ± 22 mm) compared to the
stemmed implant (520 N: 22 ± 13 mm; 820 N: 38 ± 23 mm) in the
520 N and 820 N load blocks (Fig. 5). The percentage of reversible
bone deformation for the SL-H group (21 ± 7%, P ¼ .017) was
significantly higher at all load levels compared to the Stem-L group
(12 ± 6%). SL-L maintained a percentual bone deformation of



Table I
Mean values with standard deviations of the density variables (BMD: Bone Mineral Density; BV/TV: Bone Volume/Total Volume) for specimens assigned to the stemless or
stemmed group including statistical analysis.

SL-L SL-H Stem-L SL-L vs. SL-H Stem-L vs. SL-H Stem-L vs. SL-L

P value P value P value

Epiphysis BMD [mgHA/cm3] 324 ± 43 412 ± 31 332 ± 31 <.001 <.001 .831
Metaphysis BMD [mgHA/cm3] 343 ± 37 410 ± 35 354 ± 34 .003 .002 .759
Epiphysis Cylinder BMD [mgHA/cm3] 282 ± 24 323 ± 17 280 ± 23 <.001 <.001 .123
Epiphysis Cylinder BV/TV 0.38 ± 0.21 0.44 ± 0.20 0.37 ± 0.19 .007 .011 .970
Metaphysis Cylinder BMD [mgHA/cm3] 260 ± 9 297 ± 14 265 ± 12 .003 .002 .662
Metaphysis Cylinder BV/TV 0.20 ± 0.11 0.33 ± 0.11 0.19 ± 0.11 .001 .004 .927
Inferior Support BMD [mgHA/cm3] 333 ± 38 412 ± 31 351 ± 35 <.001 .001 .480
Tingart Cortical Thickness [mm] 3.1 ± 0.4 3.6 ± 0.4 3.1 ± 0.4 .005 .009 .939
Age [y] 73.1 ± 9.4 60.7 ± 9.5 72.2 ± 11.6 .021 .029 .977

SL-L, stemless implant in low bone density; SL-H, stemless implant in high bone density; Stem-L, short stem implant in low bone density; BMD, bone mineral density; BV/TV,
bone volume/total volume.
Italic bold ¼ significant (P < .05) and italic ¼ not significant (P > .05).

Figure 4 Boxplot with mean and median overall cyclic displacement at the end of the cyclic loading blocks (220 N, 520 N, and 820 N). SL-L, stemless implant in low bone density;
SL-H, stemless implant in high bone density; Stem-L, short stem implant in low bone density.
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19 ± 7% without significant differences to the SL-H (P ¼ .110) and
Stem-L group (P ¼ .669).

Significantly increased implant micromotion (Fig. 6, A) occurred
at the highest load level in the lower bone density groups (SL-L 232
mm (confidence interval [CI]95:98-341 mm), P ¼ .015 and Stem-L
221 mm (CI95:118-244 mm), P ¼ .038) compared to the SL-H group
(122 mm (CI95:93-236 mm)). The SL-H and Stem-L groups showed
significantly reduced rotational motion (Fig. 6, B) at the 820-N load
level compared to the SL-L group (Equal variance: P ¼ .012) with
lower variance in the test results for the Stem-L group.

Covariance with bone densities

Implant micromotion interacted significantly with the
increasing load (P < .001), metaphyseal cancellous bone density
(P ¼ .023), and inferior supporting bone density (P ¼ .016). Implant
micromotionwas significantly reduced in the SL-H group compared
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to both low-density groups (SL-L: P¼ .014; Stem-L: P¼ .031), which
were not significantly different (P ¼ .274).

Bone deformation significantly interacted with increasing load
(P < .001), cancellous epiphyseal (P ¼ .019) and metaphyseal bone
density (P ¼ .013), and inferior supporting bone density (P ¼ .023).
The SL-L group showed significantly more bone deformation than
the Stem-L group (P ¼ .021).

Static loading

All constructs reached the regular test end and were statically
loaded. The linear stiffness of the stem group (1328 ± 282 N/mm)
was significantly decreased compared to stemless groups in high
(1641 ± 285 N/mm, P¼ .026) and low bone densities (1623 ± 246 N/
mm, P ¼ .046), which did not differ significantly to each other
(P ¼ .680). The ultimate loads did not differ significantly between
the groups (P ¼ .330) with a mean load of 2506 ± 298 N.



Figure 5 Boxplot with mean and median bone deformations during hysteresis loading at the end of each cyclic loading block (220 N, 520 N, and 820 N). SL-L, stemless implant in
low bone density; SL-H, stemless implant in high bone density; Stem-L, short stem implant in low bone density.

Figure 6 Boxplot of implant translational (A) and rotational (B) motion during the load hystereses at the end of each cyclic loading block (220 N, 520 N, and 820 N). SL-L, stemless
implant in low bone density; SL-H, stemless implant in high bone density; Stem-L, short stem implant in low bone density.
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Discussion

The most important finding of this study was that
implantebone compression of a cortical rim-supported stemless
implant resulted in increased bone loading at the medial cortex of
the proximal humerus, while the press-fit stemmed implant
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demonstrated improved cyclic rotational and translational stability
in low bone density compared to the stemless implant. These
outcomes were found to be significantly affected by the amount of
loading and the bone density. Significantly increased primary
implant stability was found for stemless implants in higher bone
densities with the proximal humeral bone providing a reversible
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load absorption pattern. Various biomechanical studies of primary
implant stability testing are available, but in the current study we
additionally investigated humeral implantebone loading including
the assessment of systematically mapped humeral bone densities.
Although the in vivo biological effects cannot be reproduced
biomechanically such as the effects of bone ingrowth (secondary
fixation), stress shielding, and PE wear, this study showed signifi-
cant differences between current implant types affected by varying
bone densities. The experimental findings resulting from investi-
gated superficial cortical bone micromotions caused by different
load transfer patterns in the humerus may bridge the gap between
FEA simulations and clinical findings.

The behavior of autologous bone is closely linked to the me-
chanical environment in which osseointegration is intended.
Differently maintained mechanical bone stimuli have been re-
ported to have a significant effect on bone restoration, particularly
during the proliferative phase of bone healing.4,5,38 For arthro-
plasty, micromotions below 150 mm have been reported as the
critical threshold for osseointegration with porous-coated implant
surfaces.17,29,30 Within the rehabilitation relevant load levels (220
N, 520 N) the micromotions of all implants were below 150 mm
regardless of the cadaveric humeral bone density. While the
stemless implant withstood the time-zero 820-N load in higher
bone densities, a too-aggressive rehabilitation protocol in lower
bone densities may result in significantly increased micromotions
(>150 mm) that may prevent bone ingrowth.3,10,17 Similarly, a
biomechanical study using density separation at a BMD of <0.35 g/
cm2 recommended stemmed implants in poorer bone quality for
improved stability, except the cortical rim supporting stemless
implant may be usable in a wider range of bone densities.10 The
aforementioned stemless implant maintained a homogeneous load
transfer to the metaphyseal bone in our study and provided a
higher linear stiffness in low and high bone densities under static
loading compared to the impacted short-stem implant, confirming
a sufficient primary fixation stability and therefore implantability
of the implant also in lower bone densities. However, the effect of
the implant design on implant stability, implant-bone osseointe-
gration and stress shielding after the time-zero setting can be
impaired by various other biological factors influencing trabecular
bone formation or resorption14,32,36,37

While anatomic stemless implantation is generally considered
to be stable, the complication rates remain increased in patients
with poor bone density.9 Therefore, preoperative identification of a
patient with low bone density may have implications for the
treatment approach. The inferior supporting andmetaphyseal peri-
implant density parameters showed the highest interaction to
affect implant stability and bone deformation patterns in this work.
Preoperative bone quality assessment may pay off to offer better
preoperative knowledge in the surgeons’ decision process.13,22,26,35

The increased reversible bone deformation observed in our study
suggests that a load transfer ismaintained in themedial calcar region
which may account for the reduced bone resorption in this area
observed clinically with a cortical rim support design.1,2 Recent FE
analyses similarly showed a cortical based load transmission through
the stemless trunnion supporting implant, mimicking the physio-
logical load pattern in the native humerus.33,34 Bone load, load fre-
quency and incidence lead to positive bone adaptions in these cases,
even though the influences of secondary anchorage due to bone
osteointegration at the back of the Calcium Phosphate coated trun-
nion may influence these findings.42 Humeral implants without
cortical support or more distal load transmission patterns showed
bony resorption in impacted stemless and stemmed TSAs respec-
tively.1,2,25,40 Our findings similarly indicate that the primary stability
and bone loading of humeral implants are highly correlated to the
design of the device and the respective load transmission at the
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resection plane. Even though no effects of the bony adaptions on the
clinical outcome scores were determined in short-term clinical
studies,1,20,21,23,39 it may affect long-term results, rates of revision
cases and periprosthetic fractures.9,16 Improvements in stress
shielding are affirmed by clinical 8,21,24,39 and FEA studies when
approximating humeral bone stresses,12,33,34 although different
implant designs seem to have a relevant impact on the bone adap-
tion process. Cortical rim support was shown to decrease the bone
density in the cancellous greater tuberosity area, wherefore a corti-
cally supporting design in short stem implants potentially would
negatively affect the humeral fixation.20 Bone loading effects in the
metaphyseal cancellous bonewere not investigated in this study but
may be significantly affected by the use of a cancellous or cortical
supporting design. Our study experimentally showed similar
behavior of the investigated implants in terms of bone loading and
primary implant stability compared to in-silico studies.12,31,33

Limited activation in either cancellous greater tuberosity or cortical
medial calcar areas during the proliferative phase of bone remod-
eling is associated with reduced mechanical bone stimuli.15,16 The
use of cortically supporting stemless designs may result in improved
cortical load transmission and reduced bone resorption at the
cortical medial calcar region.

Limitations

We acknowledge some limitations to the current study. Bony
ingrowth, which provides secondary anchorage in clinical appli-
cations, could not be accounted for in cadaveric biomechanical
testing. The stability as well as the load transfer of the investigated
implants may behave differently in an in vivo setting over a longer
follow-up period. Biological effects and the ability of different
implant designs to promote bone ingrowth due to bone loading and
implant coatings is a pertinent question that is also beyond the
scope of this study. Nevertheless, the findings of this work deter-
mined the primary stability of stemless and stemmed implants
before bone ingrowth and provided insight into load transfer in an
experimental biomechanical study. These findings are important to
understand potential causes for stress shielding and implant
micromotionwhich influence postoperative bony integration. Axial
compression load was applied in a fixed angle to simulate
compressive loading of the humeral head. Bone loading resulting
from variable in vivo shoulder joint loading, including rotational
and shear forces, may result in different in vivo bone deformations.
Thus, the current test methodology is only a rough simulation of
the in vivo loading environment and the obtained functional per-
formance could differ from clinical device behavior. Our findings
are limited to a stemless cortical rim-supported with screw
compression implant and short stem implant. To extend the un-
derstanding of different types of bony resorptions, further implants
with differing cortical rim support should be investigated with
extending the focus from cortical superficial to cancellous obser-
vations below the resection plane. Although there is no evidence of
bony adaption following stemless reverse shoulder arthroplasty,
this approach may also provide important information that will be
crucial when testing reverse arthroplasty implant designs.

Conclusion

A cortical rim-supported stemless implant maintained proxi-
mally improved dynamic bone loading in variable bone densities
compared to a press-fit short stem implant. Biomechanical time-zero
implant micromotion in lower bone densities was comparable be-
tween short stem and stemless implants at rehabilitation load levels
(220 N, 520 N), but with higher cyclic stability and reduced vari-
ability for stemmed implantation at daily peak loads (820 N).
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