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ARTICLE INFO Background: Stemless humeral components are being clinically investigated for reverse shoulder

arthroplasty (RSA) procedures. There is, however, a paucity of basic science literature on the surgical

Keywords: parameters that influence the success of these procedures. Therefore, this cadaveric biomechanical study
Stemless evaluated the neck shaft angle (NSA) of implantation on the survivability and performance of stemless
Neck shaft angle RSA humeral components during cyclical loading.

Arthroplasty

Methods: Twelve paired cadaveric humeri were implanted with stemless RSA humeral components at
NSAs of 135° and 145°. Implant—bone motion at the periphery of the implant was measured with 3
optical machine vision USB3 cameras outfitted with c-mount premium lenses and quantified with
ProAnalyst software. A custom 3-dimensional loading apparatus was used to cyclically apply 3 loading
directions representative of physiological states at 5 progressively increasing loading magnitudes.
Stemless 135° and 145° implants were compared based on the maximum implant—bone relative
distraction detected, as well as the survivorship of the implants throughout the loading protocol.
Results: Primary fixation and implant biomechanical survivorship were substantially better in the 145°
NSA implants. The 135° NSA implants elicited significantly higher implant—bone distractions during
cyclical loading (P =.001), and implant survivorship was considerably lower in the 135° NSA specimens
when compared to the 145° NSA specimens (135° NSA: 0%, 145° NSA: 50%) (P < .001).
Conclusion: NSA is a modifiable parameter that influences time-zero implant stability, as well as the
early survivorship of the stemless RSA humeral components tested in this study. NSA resections of 145°
appear to promote better stability than those utilizing 135° NSAs during early postoperative eccentric
loads. Further studies are required to assess if other stemless reversed humeral implant designs have
improved time-zero fixation at higher NSAs.
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In the recent years, stemless reverse shoulder arthroplasty
(RSA) humeral prostheses have been introduced to preserve
healthy bone stock, to minimize periprosthetic humeral
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fractures, and to simplify future revision surgeries.'’ Addition-
ally, these shorter humeral implants have been shown to better-
mimic the natural force-transmission properties of the shoulder
joint, thereby reducing risk of stress shielding in periprosthetic
bone.'® However, stemless humeral implants rely primarily on
metaphyseal bone press-fit for stability and fixation, and are
therefore vulnerable to poor initial fixation or loosening
depending on implantation and/or metaphyseal bone properties
and morphology,'” which often may be compromised by disuse
osteopenia or osteoporosis.’

2666-6383/© 2024 The Author(s). Published by Elsevier Inc. on behalf of American Shoulder and Elbow Surgeons. This is an open access article under the CC BY-NC-ND
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Surgeons must decide on the surgical variable of resection
inclination (or neck shaft angle (NSA)) of the humeral head.
Currently, most standard RSA systems vary the NSA between 135°
to 155°. Previously, it has been reported that decreasing NSA may
reduce the risk of scapular notching,'” and may increase total
impingement-free range of motion."> With respect to implant fix-
ation, a recent computational finite element study reported that
decreasing NSA may also significantly decrease the initial fixation
of stemless RSA humeral components, potentially leading to
increased incidence of premature failure in these implants.® This
was commensurate to the results of a previous retrospective clin-
ical study, which found that in a small series RSA humeral
component loosening was more prevalent in 135° NSA-stemmed
implants when compared to 155° NSA-stemmed implants'?;
although the data were not statistically significant due to the small
numbers. As present, there are little clinical data available on failure
modes of stemless RSA implants.

Currently, no in vitro studies are available that have evaluated
the effect of NSA in stemless RSA humeral components during
physiological loading. This present investigation compared 135°
and 145° NSA stemless RSA humeral component performance and
its effect on primary implant stability and early survivorship. We
hypothesized that humeral components implanted at 145° NSA
would exhibit better primary biomechanical stability and improved
implant survivorship when compared to those implanted at 135°
NSA.

Methods
Specimen preparation

Twelve paired cadaveric shoulder specimens (height: 171 + 4
cm, weight: 57 + 20 kg) aged 57 + 12 years (mean + standard de-
viation) were implanted with metaphyseal filling 2-tiered round
stemless RSA humeral components (Tornier Perform® Stemless
Reverse Humeral System, Stryker, Kalamazoo, MI, USA) by 3 board-
certified orthopedic surgeons (GSA, AH, FU). The implant evaluated
was of press-fit design, with a combination of 3D-printed and
plasma-sprayed titanium surface finishes. Nominal barrel and fin
interferences of 1.5 mm and 0.75 mm were present, respectively.
The bone mineral density of the local periprosthetic bone was
calculated using a clinical CT Scanner (GE 750HD Discovery Scan-
ner; GE Healthcare, Chicago, IL, USA) and cortical bone surrogate
(SB3 model 450; GAMMEX, Middleton, WI, USA) and distilled water
phantoms. The average periprosthetic bone mineral density of the
specimens evaluated was 0.106 + 0.003 g/mm?>.

Each bilateral specimen pair (L/R) was randomized to receive a
135° NSA and a 145° NSA implantation, and a single surgeon
positioned both components in each pair. Each NSA cut was pre-
pared using an intramedullary diaphyseal referencing cut-guide
(Fig. 1). Two stemless reverse humeral implant sizes were uti-
lized, sized based on individual patient geometry. A constant size
was utilized between each bilateral 135°/145° NSA pair to remove
the independent variable of sizing. After the humeral head resec-
tion, the metaphyseal bone was reamed with an appropriately sized
reamer, followed by insertion of the stemless trial implant. After
that, the trial implant was removed and the final implant was
impacted in and press-fit into the prepared humerus.

In vitro loading protocol

A custom loading apparatus (Fig. 2) was used to apply 3 loading
conditions representative of aggressive boundary loading (extreme
physiological loads) that a humeral implant might reasonably
experience in the early postoperative period. This boundary loading
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Intramedullary Diaphyseal
Referencing Guide

135° NSA Cut-Guide

Figure 1 NSA cut guide: depicting the intermedullary diaphyseal referencing guide
and 135° NSA cut-guide attachment. NSA, neck shaft angle.

envelope was calculated to represent the 95% percentile of all the
relevant loads from instrumented humeral implants that were
available on the OrthoLoad database® (Fig. 3)—a database with
records of the articular forces generated from telemetrized humeral
implants during common upper limb motions. This envelope was
developed by plotting all relevant articular load vectors into the
humeral coordinate system, then establishing limits based on the
upper and lower values =+ 2 standard deviations from the mean in a
spherical coordinate system.

Loads with vectors pointed most superior-inferiorly were pre-
dominantly 90° abduction motions, whereas loads with vectors
pointed most anterior-posteriorly included steering a steering
wheel or arm elevation motions. Most OrthoLoad® loads were
directed along the anterosuperior—posteroinferior vector direction.
These included combing hair, 2-kg waist-height lifting, and some
elevation and abduction motions.® Loads with the largest magni-
tude/eccentricity combination, and therefore most challenging to
implant fixation, included a 2-kg head-height lifting motion, a
single-hand steering motion, and an unweighted 90° abduction
motion. The aforementioned boundary loads were reconverted into
the humeral coordinate system for load application (Fig. 4). For
each trial, the order of loading direction was randomized. Each
loading set (Superior, Anterosuperior, and Anterior) was applied for
30 cycles at a frequency of 1 Hz at 20%, 40%, 60%, 80%, and 100% of
the physiological magnitude.

Measurement of implant stability

Implant—bone micromotion (ie, implant distraction orthogonal
to the bone surface) was used as the primary outcome. Three op-
tical machine vision USB3 cameras (acA4096-30uc, Basler AG,
Ahrensburg, SH, Germany) were outfitted with c-mount premium
lenses (FL-BC3518-9M, Ricoh, Tokyo, Kanto, Japan) (resultant pixel
size of 3.45 pm) and focused on the implant—bone interface to
collect micromotion measurements at the superior, anterosuperior,
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42 mm Ball Bearing
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Figure 2 A custom 3-dimensional loading apparatus used to apply physiological loads to a stemless humeral RSA implant. For the purposes of the figure, a 135° NSA specimen has
been positioned for loading. Loads were applied using an array of (5) pneumatic actuators, which articulated pistons with polished force pads. Combinates of loads on each actuator
applied resolved physiological loads to the 42-mm ball bearing, which was utilized as a proxy for the glenosphere component of the reversed total shoulder arthroplasty. The potted
humeral specimen was positioned using a custom adaptable potting fixture to facilitate a static boundary condition during loading. CT, computed tomography; RSA, reverse shoulder

arthroplasty; NSA, neck shaft angle.
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Figure 3 Scatter plots of relevant OrthoLoad® load vectors relative to the local resection coordinate system. (A) represents a summary of all vector tails orthogonal to the resection
plane, whereas (B) indicates the relevant loads’ eccentricities relative to the resection plane. The superior, anterosuperior, and anterior simulated loads are indicated by the (t) and
(@). All loading directions were evaluated at the most aggressive eccentricity experienced to simulate the most challenging loading profile to implant stability.

and anterior edges of each implant (Fig. 5). Micromotion data were
extracted from the collected high-resolution digital images using
ProAnalyst (Xcitex Inc., Woburn, MA, USA) motion analysis soft-
ware. All images were collected and stored in Tagged Image File
Format (.TIFF). Implant survivability (defined as maximum micro-
motion of less than 350 pm during the cyclical test), was used as the
secondary outcome measure for this study. A limit of 350 um was
utilized, as this was the observed threshold of micromotion before
critical macrofailure of the bone or disassociation of the implant
occurred.

Statistical analyses

A 2-way paired repeated measures analysis of variance was
conducted for the dependent variables of NSA and loading scenario,
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and a 1-way paired repeated measures analysis of variance was
conducted for the dependent variable of survivability. All statistical
analyses were computed using SciPy 1.9.123, with the threshold of
significance set at P < .05 and Bonferroni correction with an
adjusted alpha level of 0.025 (0.05/2) per 2-way test.

Results

At a 145° NSA, all implants experienced significantly lower time-
zero micromotions (P =.001) and increased survivorship (P < .001)
when compared to the 135° NSA implantations. For all loading
scenarios, maximum micromotion was detected on the implant
edge that was opposite to the direction of loading. Micromotions
detected were significantly higher in the 135° NSA implantations
(Table I)(P =.001) (Fig. 6), and the catastrophic failure rate was also
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Figure 4 Boundary loads representing 95% of loading scenarios available on the OrthoLoad® database. The humerus represented in the figure is a Left side specimen resected at 135°

Anterosuperior

Figure 5 A high-resolution image of the implant—bone interface on the superior periphery (position depicted by (t) on the resection view in the Top Left) of the stemless humeral

implant with respect to the humeral resection plane on a 135° NSA model. White markings on the bone (A) and implant (B) served as tracking points during micromotion
measurement. The anterosuperior and anterior regions of interest relative to the resection plane view are indicated by ( ). NSA, neck shaft angle.

significantly higher in the 135° NSA implantations (P < .001) (135°
NSA failures: total n = 6 [at load levels: 20%: 0, 40%: 0, 60%: 1, 80%

3,100%: 2],145° NSA failures: total n = 3 [at load levels: 20%: 0, 40%

Discussion
0, 60%: 1, 80%: 0, 100%: 2]) (Fig. 7).
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The principal objective of this work was to evaluate the
comparative biomechanical performance of a metaphyseal filling
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Table I
Micromotion data during increasing cyclical load tests.
Direction 20% 40% 60% 80% 100%
135° Average 11+4 35+27 118 + 93 100 +9 153 + NaN
Superior 16 +7 40 + 18 138 + 99 53+ 16 74 + NaN
Anterior 10+6 74 + 103 80+ 72 181 + 205 None survived.
145° Average 8+6 23+19 36 + 27 69 + 39 134+ 114
Superior 10+3 25+ 22 45 + 47 85+ 76 139 + 100
Anterior 6+2 31 +27 37 +29 122 + 76 234 + 128
Load Direction
Anterosuperior Superior Anterior
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Figure 6 Micromotions developed in stemless reversed implants based on loading magnitude, NSA, and loading direction. Where an implant did not survive during a trial, it was
given a micromotion of N/A and is not shown on the plot. NSA, neck shaft angle; N/A, not applicable.

2-tiered round stemless RSA humeral component implanted at
135° NSA and 145° NSA. We hypothesized that 145° NSA stemless
pressfit implants would exhibit better primary fixation and
biomechanical survivorship when compared to 135° NSA stemless
pressfit implants. Our results identified that increasing NSA from
135° to 145° substantially increased time-zero stemless implant
fixation and biomechanical survivorship. Additionally, the results
indicated that when stemless humeral components are subjected
to cyclical loading, critical implant fixation failure may occur when
single-load distractive micromotions are well below the previous
referenced limit of 150 pm for successful osseointegration.>>>4
The osseointegrative potential of porous humeral stemless im-
plants has not yet been thoroughly investigated, and existing
studies evaluating the primary fixation of press-fit implants have
defaulted to the literature, accepting the 150-um threshold for
osseointegration without fibrous tissue formation.>>%'# However,
this threshold appears to be relevant to shear or tangential
micromotion, commensurate with axially loaded stemmed implant
designs. Indeed, previous reports have indicated that for ideal
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osseointegration, full contact between the implant and bone should
be maintained, and any level of shear or distractive micromotion
may potentially negatively influence the success of primary and
secondary fixation.”>*? The micromotions observed in this work
show this threshold of long-term fixation surpassed even at 40%
physiological load, which supports the directive of postoperative
immobilization to increase the probability of successful long-term
fixation.

Measurement of implant stability is a commonly utilized
assessment method when evaluating the osseointegrative potential
of different orthopedic implants.>*%1721 The use of high-
resolution digital tracking methods for the quantification of
implant stability (viz micromotion) is becoming more widely uti-
lized.®° This technique is able evaluate the implant—bone interface
during the application of loads that may realistically be experi-
enced postoperatively during activities of daily living (ADLs).5"16:2>
Although the use of linear variable digital transformers has been
commonly utilized in the experimental evaluation of shoulder
implants,” it has previously been found that linear variable digital
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Figure 7 Survivability of stemless reversed implants based on NSA and cycles survived at increasing load magnitudes. The above plot (A) shows the number of specimens surviving
at each loading case, whereas the below plot (B) shows a representation of the cyclical loading at increasing magnitudes. Please note that the plot in (B) is a representation of the
cyclical loading, and in actuality, each specimen underwent a total of 90 cycles at each load level. NSA, neck shaft angle.

transformer methods may over-report implant—bone relative mo-
tion,® so a high-resolution digital tracking system was used.

Given the interface changes that were observed due to the
loading states simulated, it is logical to postulate that loading of this
nature may be an impediment to osseous integration and may
contribute to early migration of subsidence if it were to occur
postoperatively. When interpreting the telemetrized implant data
available, there are only a limited number of activities that main-
tained load magnitudes of less than 40% of the physiological
boundary load (53% body weight), and those ADLs identified as
“safe” were limited to physiotherapist-assisted external rotation
motions (in 1/1 patient(s)) and controlled unweighted 90° abduc-
tion motions (in 4/17 patient(s))° (Fig. 8). It is therefore reasonable
to postulate that immobilization during the first 4 to 6 weeks after
surgery may serve to decrease implant—bone micromotion,
thereby increasing the potential for bone on-growth with resultant
increased long-term fixation in stemless humeral implants. How-
ever, 4 to 6 weeks of sling use may result in increased joint stiffness,
which may take longer to resolve. Previous investigations on the
effect of modifying NSA have reported comparable results, indi-
cating that lower, more varus NSAs exhibit lower levels of stability®;
therefore also supporting the position that when implant stability
is of concern, higher NSAs may improve early implant stability in
stemless reverse humeral components.” Although both the 135°
NSA and 145° NSA cohorts experienced failures, it is important to
note that the conservative loads utilized for this work were
intended to represent the worst-case conditions that a shoulder
implant might experience postoperatively, before any osseointe-
gration had occurred.

885

Increasing humeral component NSA, however, may have
important  negative  implications, including decreased
impingement-free range of motion in adduction,?* increased risk of
scapular notching,'® increased humeral distalization, and possibly
reduced internal/external rotation."'> As such, it is important to
consider all these factors when selecting an appropriate NSA. When
using a traditional stemmed implant with diaphyseal or meta-
diaphyseal fixation, the effect of NSA on primary implant stability is
likely less pronounced.

Implant fixation has frequently been studied in the shoulder,
however, most studies have focused on glenoid components?; as
such, there are limited protocols currently available for the evalu-
ation of humeral component implant performance. In a clinical
setting, humeral implants are subjected to a wide range of loading;®
hence, it is reasonable to postulate that testing should include a
comprehensive protocol. Most recently, studies have employed
cyclical loading protocols to better mimic the early performance of
uncemented devices*”'%; a strategy that was also employed herein.
Additionally, due to the diverse array of loading states that are
experienced by the shoulder postoperatively, this study utilized a
novel loading protocol that was designed to examine the fixation of
implants using an increasingly aggressive loading protocol. This
was important, as this study also aimed to assess the survivability of
humeral implants during loading that best attempted to mimic the
physiological state.

As discussed, one of the outcome measures leveraged in this
work was distractive micromotion magnitude. This metric is most
commonly associated with osseointegration, as bony ingrowth is
generally more successful when implant micromotion is
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Figure 8 A 3D plot of the proximal humerus, showing all relevant OrthoLoad® activ-
ities used in the calculation of boundary loading limits in vector format. All (1)
represent ADLs that exceed the 40% physiological load survivorship limit determined
by the study. The (t) show the ADLs that were below the 40% limit. Only no-weight
abduction and external rotation in 90° elbow flexion, supported by a physiotherapist
were determined as “safe” activities in a few of the patients. ADLs, activities of daily
living.

limited.>>%!* However, existing literature rarely differentiates be-
tween tangential (shear) and orthogonal (distractive) micromotion.
In fact, to the authors’ knowledge, there are no studies that examine
the influence of cyclical loading on the osseointegration of surfaces
resisting load in the distractive direction. As it has been proposed
that the mechanism of implant—bone distractive fixation is
dependent on the osseointegrated surface area and level of
osseointegration,'® this would imply that when the level of
osseointegration is negligible, any loads resulting in distractive
micromotions would not be resisted in the orthogonal direction by
adhesion phenomena;'! hence, osseous ingrowth in the distractive
direction may be compromised by comparatively small micro-
motion magnitudes. This is noteworthy, as for implant geometries
that rely on fixation to a primarily cancellous bone foundation,
eccentric loading is known to cause “lift-off” and hence analyses of
fixation in these constructs requires assessment of implant
micromotion orthogonal to the interface. Previous finite element
studies for the evaluation of micromotion in humeral implants
found the primary mode of micromotion at the interface to be
distractive micromotion for a similar implant geometry investi-
gated.” Hence, distractive micromotion was utilized as the outcome
measure of this work, but 150 pm was not purposed as a hard limit
as knowledge on the relevance of that value is disputed. The
experimental approaches employed herein have also been widely
employed for tibial and glenoid implants.>'*?!
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There are limitations with the present study. Primarily, bound-
ary loading limits were established using in vivo telemetrized data
for anatomic implants. This is noteworthy, as reversed implants are
likely to experience lower magnitudes of articular force at poten-
tially higher eccentricities due to the medialized center of rotation
and increased deltoid moment arm.'” However, for the purposes of
this work, a conservative approach using larger magnitude loading
was used as telemetrized data for RSA implants are not yet avail-
able.” This evaluation also focused on time-zero (directly after
implantation) implant behaviors. As trabecular bone is a mecha-
noresponsive material and press-fit implants rely on osseointe-
gration for fixation, stability during the postoperative rehabilitation
period may differ in a clinical setting. Lastly, this evaluation only
investigated 1 design of stemless RSA humeral implant. Future
works should assess additional implant designs with a large vari-
ation in fixation geometry to provide a more thorough evaluation of
the effect of NSA.

Conclusion

NSA in stemless reverse humeral components is a modifiable
intraoperative parameter that significantly effects the time-zero
stability and early survivorship of the stemless reverse humeral
component implant design tested. The results demonstrate that a
metaphyseal filling round 2-tiered stemless implant inserted at an
NSA of 145° exhibits better primary stability than when inserted at
135° during simulated early postoperative physiological loading
scenarios. It is suggested, therefore, with conditions of poorer hu-
meral bone quality, that a higher, more valgus, NSA may be
considered to maximize time-zero stemless implant fixation.
Alternatively, sling immobilization to limit provocative ADLs in the
early postoperative period will decrease undesirable bone-implant
micromotions.
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