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Abstract

Background Reverse total shoulder arthroplasty (RTSA)
is widely used; however, the effects of RTSA geometric
parameters on joint and muscle loading, which strongly
influence implant survivorship and long-term function, are
not well understood. By investigating these parameters, it
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should be possible to objectively optimize RTSA design
and implantation technique.

Questions/purposes The purposes of this study were to
evaluate the effect of RTSA implant design parameters on
(1) the deltoid muscle forces required to produce abduc-
tion, and (2) the magnitude of joint load and (3) the loading
angle throughout this motion. We also sought to determine
how these parameters interacted.

Methods Seven cadaveric shoulders were tested using a
muscle load-driven in vitro simulator to achieve repeatable
motions. The effects of three implant parameters—humeral
lateralization (0, 5, 10 mm), polyethylene thickness (3, 6, 9
mm), and glenosphere lateralization (0, 5, 10 mm)—were
assessed for the three outcomes: deltoid muscle force
required to produce abduction, magnitude of joint load, and
joint loading angle throughout abduction.

Results Increasing humeral lateralization decreased del-
toid forces required for active abduction (0 mm: 68% =+ 8%
[95% CI, 60%—-76% body weight (BW)]; 10 mm: 65% =+
8% [95% CI, 58%-72 % BW]; p = 0.022). Increasing
glenosphere lateralization increased deltoid force (0 mm:
61% =+ 8% [95% CI, 55%—68% BW]; 10 mm: 70% =+ 11%
[95% CI, 60%—-81% BW]; p = 0.007) and joint loads (O
mm: 53% =+ 8% [95% CI, 46%—61% BW]; 10 mm: 70% =+
10% [95% CI, 61%-79% BW]; p < 0.001). Increasing
polyethylene cup thickness increased deltoid force (3 mm:
65% £ 8% [95% CI, 56%—73% BW]; 9 mm: 68% + 8%
[95% CI, 61%-75% BW]; p = 0.03) and joint load (3 mm:
60% =+ 8% [95% CI, 53%—67% BW]; 9 mm: 64% + 10%
[95% CI, 56%-72% BW]; p = 0.034).

Conclusions Humeral lateralization was the only param-
eter that improved joint and muscle loading, whereas
glenosphere lateralization resulted in increased loads.
Humeral lateralization may be a useful implant parameter
in countering some of the negative effects of glenosphere
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lateralization, but this should not be considered the sole
solution for the negative effects of glenosphere lateraliza-
tion. Overstuffing the articulation with progressively
thicker humeral polyethylene inserts produced some
adverse effects on deltoid muscle and joint loading.
Clinical Relevance This systematic evaluation has
determined that glenosphere lateralization produces
marked negative effects on loading outcomes; however, the
importance of avoiding scapular notching may outweigh
these effects. Humeral lateralization’s ability to decrease
the effects of glenosphere lateralization was promising but
further investigations are required to determine the effects
of combined lateralization on functional outcomes includ-
ing range of motion.

Introduction

Despite the widespread use of reverse total shoulder
arthroplasty (RTSA) [1, 11, 27], the fundamental effects of
implant configuration on certain biomechanical outcomes
have not been completely elucidated. The deltoid muscle
force required to produce active motion and the resulting
joint load magnitude and angle throughout this motion are
important factors when considering the potential effect of
implant configuration on long-term RTSA performance.
Specifically, after RTSA, arm elevation primarily is
dependent on the deltoid, but large increases in this mus-
cle’s force may be associated with acromial fracture and
chronic muscle fatigue [8, 15, 30, 32]. In addition, increased
joint loading has been linked with greater implant wear and
fixation failure [4]. Initial research in the biomechanical
performance of RTSA focused on individual commercially
available implant configurations [2, 3, 19, 22, 28], although
some studies have addressed individual design parameters
at numerous values (such as humeral version at 10°, 20°,
30°) [16-18, 24]; however, there are little data regarding
how these parameters interact with one another and influ-
ence joint and muscle-loading outcomes.

The configuration of an RTSA is defined by many
geometric parameters; however, three parameters were
chosen for this study that were thought to have the most
direct influence on muscle moment arms, and thus loading
outcomes: glenosphere lateralization, humeral lateraliza-
tion, and polyethylene cup thickness. Glenosphere
lateralization is commonly used to eliminate impingement
between the humeral component and glenoid bone but it
also causes a decrease in the deltoid’s moment arm and
thus its ability to effectively elevate the arm [17]. Humeral
lateralization—which may improve the deltoid moment
arm and joint compressive load—has become adjustable in
numerous implant systems, with each offering a different
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level of lateralization. Finally, polyethylene cup thickness
is frequently adjusted to optimize passive joint tension and
stability, but its effects on other outcomes are unknown
[18], especially if the joint is overtensioned (overstuffed).

The purpose of this investigation was to provide a more
systematic understanding of the fundamental effects of
glenosphere and humeral component design parameters on
the deltoid force required to achieve active abduction and
on the joint load magnitude and angle throughout this
motion. We hypothesized that (1) the deltoid force required
to produce active motion would be increased by gleno-
sphere lateralization, be decreased by humeral
lateralization, and be unaffected by changes in humeral
polyethylene cup thickness. (2) The joint load magnitude
resulting from active motion would be affected by each
implant parameter in the same way as in the first hypoth-
esis. (3) The joint load angle would be unaffected by
glenosphere lateralization, become more compressive with
increasing humeral lateralization, and be unaffected by
changes in humeral polyethylene cup thickness.

Materials and Methods
Custom Adjustable RTSA System

To test our hypotheses independent of the limited implant
configurations achievable using commercial implant sys-
tems and to produce generalizable findings, we designed
custom humeral (Fig. 1) and glenoid (Fig. 2) components
with multiple levels of adjustability for each geometric
parameter of interest. The glenoid and humeral components
were also designed with interchangeable glenosphere and
humeral cup sizes and allowed adjustment of glenosphere
inferiorization, humeral head-neck angle, and humeral
anteversion-retroversion. The glenoid component also
incorporates a six-axis load sensor to measure transarticu-
lar forces and moments.

Humeral Component

A commercially available polyethylene insert (+3 mm;
Delta XTENDTM, DePuy Synthes, Warsaw, IN, USA) was
used (Fig. 1A). The humeral implant was composed of
three custom-adjustable or interchangeable components.
Three millimeter-thick disc-shaped spacers (Fig. 1B-2)
could be placed beneath the humeral cup to adjust its
effective thickness (0, 1, or 2 spacers corresponding to
thicknesses of 3, 6, or 9 mm). These spacers were in turn
attached to a head-neck component (Fig. 1C) that could be
interchanged to adjust the implants head-neck angle.
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Fig. 1A-C (A) An isometric computer rendering of the custom
modular humeral implant is shown. (B) The middle images show an
isometric exploded view of the humeral implant with the modular
components separated: a +3-mm polyethylene cup (Delta XTEND™,
DePuy) (1), a humeral spacer which produces changes in humeral cup
thickness in increments of 3 mm (2), a 155° head-neck angle

Finally, the head-neck component is bolted into one of
multiple configurations provided by the humeral baseplate-
stem component (Fig. 1B-4). In this way, the head-neck
component is used to adjust humeral shaft lateralization by
bolting it to the humeral stem at any one of a series of
threaded holes spaced in 5-mm increments running medi-
olaterally (Fig. 1B-4).

Glenoid Component

A custom-designed 38-mm glenosphere was machined and
finished to a moderate polish (Fig. 2A). Lateralization
spacer(s) (each 5 mm thick) (Fig. 2B-2) can be interposed
between the glenosphere and a six degrees-of-freedom load
cell (Nano25; ATI Industrial Automation, Apex, NC, USA)
(Fig. 2C-3)—which is used to measure transarticular forces
and moments—that in turn connects to a fixation base-
plate (Fig. 2C-4). The glenosphere—load-cell-baseplate
construct, with no lateralization spacers, corresponds to a
0-mm glenosphere lateralization configuration. The base-
plate was fixed in the glenoid vault using three 4.5-mm
SCIews.

component (3), and a humeral stem and baseplate component which
facilitates cup adjustability through the use of retroversion dowel
holes spaced at 5° (0°-20°), and threaded holes for lateralization of
the humeral shaft spaced at 5 mm (—5 to +15 mm) (4). (C) A side
view of the component shows its 155° head-neck angle.

Specimen Preparation

Seven fresh-frozen cadaveric shoulders (mean + SD, 71 +
10 years; range, 56—84 years) were tested. The humerus
was transected midshaft, and a full-thickness supraspinatus
and upper infraspinatus tear was created. To allow joint
access during implantation and configuration changes, the
subscapularis muscle was elevated and reflected laterally.

The custom RTSA system was implanted using a
modified technique from the DePuy product manual [9].
The neutrally configured humeral component was cemen-
ted in the standard RTSA position of 0° retroversion
relative to the epicondyles. By using a guide, the gleno-
sphere baseplate’s inferior edge was made to coincide with
the inferior glenoid and was secured after appropriate
reaming to accommodate the baseplate—load-cell construct.

To permit dynamic muscle force application, the three
heads of the deltoid were sutured separately at the deltoid
insertion using a transosseous technique, whereas a running
locking stitch was used to suture the musculotendinous
junctions of the lower infraspinatus and teres minor toge-
ther as one unit, and separately for the subscapularis
muscle. The remainder of specimen preparation was
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C I
Fig. 2A-C A computer rendering of the custom modular glenoid
implant shows (A) an isometric view of the assembled glenosphere
components with coordinate frame indicating the load measurement
directions; (B) an isometric exploded view of the four glenoid

components separated: a custom 38-mm diameter hemispheric
glenosphere component with hollowed-out back (1), a 5-mm (also 0

completed as described previously [11], which included
fixation of optical trackers (OptoTrak Certus™, NDI,
Waterloo, Canada) to the scapula and insertion of an
optically tracked intramedullary humeral rod. Humeral and
scapular anatomic digitizations were taken to create
physiologically relevant coordinate systems [34] for use in
the real-time control of joint motion and in post hoc data
analysis. The load cell’s coordinate system also was digi-
tized, whereas the glenosphere and humeral cup centers of
rotation were determined from kinematic recordings [33] to
transform recorded loads into a glenoid coordinate system
located at the RTSA rotation center for each
configuration (Fig. 2A).

@ Springer
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and 10 mm) glenosphere lateralization spacer which nests in the
hollow of 1 (2), a six-axis load sensor designed to nest in the hollow
of 1 and in the reamed glenoid fossa (3), and a glenosphere baseplate

for fixation of the glenoid implant to the scapula (4); and (C) the
reverse angle of the isometric exploded view.

Simulator Testing Apparatus

The scapula of the prepared specimen was cemented onto a
validated in vitro shoulder simulator (Fig. 3) [12] that
applied forces to each of the remaining cuff muscles and
the three deltoid heads along physiologically accurate lines
of action through the use of five independently computer-
controlled pneumatic actuators. By using real-time kine-
matic data and a multi- Proportional-Integral-Derivative
(PID) control system [13], the applied muscle forces are
continually modulated, thus allowing predefined muscle-
driven active motion profiles to be accurately and repeat-
ably produced. Reported muscle loading ratios [21] were
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Fig. 3 A computer rendering of the in vitro muscle loading-driven
active motion simulator with a right shoulder mounted shows: a
scapula and humerus implanted with the custom adjustable, instru-
mented RTSA prosthesis (1); rotating scapula pot (2); motor and
linkage mechanism to drive scapula pot rotation (3), low-friction
deltoid and rotator cuff cable guide system which routes sutures from

used to guide the forces the simulator applied, thus
ensuring they accurately replicated in vivo values; how-
ever, the control system modulated the precise values of
these ratios to enable each specimen to achieve the pre-
defined motion despite interspecimen variability. In
addition to generating glenohumeral motion, the simulator
produced physiologically accurate scapular elevation
rotations in rhythm with the glenohumeral orientation
using a previously validated motor and linkage-driven
rotating scapula pot. Replication of the shoulder’s in vivo
glenohumeral-to-scapulothoracic thythm is critical in pro-
ducing accurate glenohumeral articular kinematics [13].

Experimental Protocol

Twenty-seven implant configurations—all permutations of
the three parameters each at three levels—were evaluated
in random order: (1) glenosphere lateralization 0, 5, 10
mm; (2) polyethylene thickness 3, 6, 9 mm; and (3) hum-
eral lateralization 0, 5, 10 mm. Each parameter’s smallest
value corresponded to the clinically neutral configuration
whereby the glenosphere’s base was flush with the glenoid,

the muscle attachment to low friction pneumatic actuators (out of
frame to the right) (4), optical trackers used to provide real-time
kinematic feedback to the control system (5), and weight used to
replace the mass of the resected distal arm (6). Soft tissues are omitted
for clarity.

the humeral cup’s rim was in line with the greater
tuberosity’s upper aspect, and the humeral cup’s deepest
point was 12.5 mm medial to the humeral shaft as is the
case in a standard Grammont-style RTSA (ie, 155° head-
neck angle, with inlay of the component in the metaphysis
and not markedly medializing the cup relative to the
humeral shaft) [7]. All other parameters were held con-
stant: glenosphere and humeral cup size = 38 mm,
glenosphere inferiorization = 0 mm, humeral head-neck
angle = 155°, humerus retroversion = 0°.

For each configuration, active scapular plane abduction
was simulated from 0° to 90° humerothoracic rotation at
a rate of 1° per second. During this motion, scapular
rotation was dictated by the 2:1 glenohumeral-to-scapu-
lothoracic rhythm described by Inman et al. [20]. This
traditionally accepted ratio was chosen because there
continues to be disagreement regarding if and/or how
RTSA alters scapular rotation. One study showed that
patients who had RTSA exhibited greater scapular rota-
tion [23], whereas another showed little change or even a
decrease in rotation [25]. Muscle and other soft tissues
were hydrated regularly using normal saline throughout
the testing protocol.

@ Springer
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Fig. 4 Implant parameters whose effects on the deltoid force varied
across abduction are shown. The means (SDs omitted for clarity) of
deltoid force averaged across all levels of the geometric parameters
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70 C I

65

Deltoid Force (% Body Weight)
]

(Abduction Main Effect) and for differing levels of humeral and
glenosphere lateralization (0, 5, 10 mm) are shown. SDs range from
4% to 16% body weight.
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Fig. 5 The deltoid force interaction between humeral and gleno-
sphere lateralizations is shown. The data represent means (SDs
omitted for clarity) of deltoid force averaged across abduction and

+ 8% [95% CI, 59%—-74% BW], p = 0.006; 9 mm: 68% =+
8% [95% CI, 61%-75% BW], p = 0.03).

Humeral and glenosphere lateralization were found to
interact (p = 0.03) such that deltoid muscle force decreased
with increasing humeral lateralization and humeral later-
alization’s reductive effect was increased as glenosphere
lateralization increased (Fig. 5). Humeral lateralization’s
increasing reductive effect with increasing levels of
glenosphere lateralization caused the comparisons at 5 and
10 mm of humeral lateralization to not be different
between the 5- and 10-mm glenosphere lateralizations
(differences less than 3% + 4%-7% BW; p > 0.878).
Conversely, all other increases in glenosphere lateralization
produced increases in deltoid force (differences greater

humeral cup thickness for changes in humeral and glenosphere
lateralization. SDs range from 6% to 12% body weight.

than 6% + < 2%-7% BW,; p < 0.031) (Fig. 5). However,
these force reductions could not decrease the deltoid force
to the level measured with 0 mm glenosphere lateralization
(10 mm of glenosphere and humeral lateralization: 67% =+
11% [95% CI, 58%—-77% BW]; 0 mm glenosphere and
humeral lateralization: 62% =+ 7% [95% CI, 55%—69%
BW]).

Joint Load
Thicker polyethylene cups (p = 0.007), glenosphere later-

alization (p < 0.001), and moving from adduction into
abduction (p = 0.033) all resulted in increased joint loads,
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Fig. 6 The implant parameters whose effects on joint load varied
across abduction are shown. The data represent the mean (SDs
omitted for clarity) joint load averaged across all levels of the

but humeral lateralization did not (p = 0.275) (Table 1).
Specifically, joint load increased for each increase in
glenosphere lateralization (0 mm: 53% =+ 8% [95% CI,
46%—-61% BW]; 5 mm: 62% £ 7% [95% CI, 55%—69%
BW]; 10 mm: 70% £ 10% [95% CI, 61%-79% BW]; 0
mm vs 5 mm: p <0.001, 0 mm vs 10 mm: p < 0.001, 5 mm
vs 10 mm: p = 0.007). With each additional 5 mm of
glenosphere lateralization, joint load increased by a mini-
mum of 7% BW. Additionally, joint load increased with
progressively thicker polyethylene cups (3 mm: 60% + 8%
[95% CI, 53%—67% BW]; 6 mm: 61% + 7% [95% CI,
54%—69% BW]; 9 mm: 64% £ 10% [95% CI, 56%—72%
BW]; 3 mm vs 9 mm: p = 0.034, 6 mm vs 9 mm: p =
0.026). Finally, although joint loads increased as the
shoulder abducted (Fig. 6), glenosphere lateralization
interacted (p = 0.003) with abduction such that the effect of
increasing this parameter was moderated as abduction
progressed.

Joint Load Angle

Increasing humeral lateralization (p < 0.001) and abducting
the arm (p < 0.001) decreased the joint loading angle (ie,
produced a more centrally directed compressive load)
(Table 1), whereas glenosphere lateralization interacted
with abduction (p = 0.012) such that increased lateraliza-
tion decreased the joint load angle only at low abduction
levels (Fig. 7). All pairwise comparisons among the three
humeral lateralization levels were different (0 mm: 39° +
11°[95% CI, 28°—49°; 5 mm: 36° + 11° [95% CI, 26°-46°;
10 mm: 33° 4+ 11° [95% C1, 23°-43°]; 0 mm vs S mm: p =
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geometric parameters (Abduction Main Effect) and for differing
levels of humeral and glenosphere lateralization (0, 5, 10 mm). SDs
range from 7% to 12% body weight.

0.006, 0 mm vs 10 mm: p < 0.001, 5 mm vs 10 mm: p <
0.001).

Discussion

RTSA is successful because it medializes the glenohumeral
center of rotation, thus increasing the mechanical advan-
tage of the remaining muscles, primarily the deltoid [14].
Subsequent to the design of the first commercially viable
RTSA prosthesis, numerous implant parameters have been
altered in the hopes of improving efficacy and minimizing
clinical problems such as scapular notching. However, the
effects of changes in these parameters on deltoid force and
joint load have not been investigated systematically beyond
the configurations available in commercial implants. Three
major conclusions, which are largely in agreement with our
hypotheses, can be drawn by considering the outcomes of
the current systematic investigation of RTSA geometric
parameters. First, glenosphere lateralization is often used to
eliminate scapular notching; however, caution is required
because, as was hypothesized, increasing glenosphere lat-
eralization produced correspondingly negative effects on
joint and muscle loading, which influences the long-term
success of RTSAs. Second, humeral lateralization may be a
promising parameter to optimize RTSA biomechanics,
because, as hypothesized, it had positive or neutral effects
on all outcomes tested. Additionally, humeral lateralization
may be a useful tool in countering some of the negative
effects of glenosphere lateralization but this must be
investigated further. Third, it was hypothesized that poly-
ethylene thickness would have no effect on outcomes, but
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Fig. 7 The changes in joint load angle across abduction are shown.
The data represent the means (SDs omitted for clarity) of joint load
angle averaged across all levels of the geometric parameters
(Abduction Main Effect) and for differing levels of glenosphere

it was found to produce articular overstuffing that had
unfavorable effects on deltoid muscle and joint loading,
and which must be considered when adjusting joint sta-
bility intraoperatively.

The limitations of this study include that it is an in vitro
cadaveric investigation which means that all data represent
a time-zero case precluding any effect of healing and tissue
relaxation with time. As a result, it is possible that some
portion of the observed changes in joint loading may be a
result of passive overtensioning which may dissipate as
tissues relax with time. Additionally, there are many
parameters (eg, glenosphere inferiorization, humeral ver-
sion) that define the configuration of an RTSA, of which
only three were varied. Furthermore, interpretation of the
presented results must be made with thresholds of clinical
importance in mind, not simply statistical significance;
however, for the measured outcomes, no such limits have
been defined in the literature and thus those used here (5%
BW and 5°) should be considered a best estimate. Despite
these limitations, the results of this systematic investigation
provide a foundation for understanding the effects and
interactions of RTSA implant parameters.

In comparing our deltoid force results with those of
Ackland et al. [3] and Kontaxis and Johnson [22], our
forces are larger (67% BW versus 37% BW and 45% BW,
respectively). However, these studies modeled RTSA with
complete rotator cuff deficiency, whereas our model
involved actively loading the remaining cuff. With this
experimental difference in mind, our greater deltoid forces
can be explained in light of the work of Ackland et al. [2],
who, for one RTSA implant configuration, showed that the
rotator cuff’s native abduction moment arm is transformed

Abduction Main Effect

Glenosphere Lateralization

e 0 mm
B 5mm
wedees 10 mm

.
0 7.5 15 225 30 37.5 45 52,5 60 67.5 75 82.5 90
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lateralization (0, 5, 10 mm), which produced a significant interaction
with abduction whereby lateralization decreased load angle early
during abduction but had no effect at the end of motion. SDs range
from 10° to 13°.

to an adduction effect after RTSA. Our results also show
that this inverted effect is especially pronounced early
during abduction where the remaining rotator cuff por-
tions—which, in the intact joint, are important in abduction
initiation—in fact resist motion and thus cause even greater
required deltoid forces early in motion. Additionally,
increases in glenosphere lateralization and polyethylene
thickness increased the required deltoid force, whereas
increases in humeral lateralization decreased it. As
hypothesized, glenosphere lateralization increased deltoid
force (eg, 10 mm of lateralization increases the force by
9% BW) because it reduced the intended effect of RTSA
by decreasing the deltoid’s mechanical advantage. This
effect is particularly concerning because despite this test-
ing protocol only testing basic arm elevation, glenosphere
lateralization elicited a large increase in deltoid loading (e,
approximately 16 pounds [71 N] for an average North
American male weighing 178 pounds [31]) which would be
further exacerbated by more demanding tasks such as
lifting. The effect of lateralizing the glenosphere by 10 mm
also may be concerning as this level of offset has been
popularized (eg, the bony increased-offset reversed shoul-
der arthroplasty technique of Boileau et al. [6]) and is
endorsed in some product technical manuals [10, 29] as a
means to reduce scapular notching. Conversely, humeral
lateralization is the only parameter in this model that
decreased deltoid force and thus should be an important
consideration when designing implants to address the
clinical problems of deltoid fatigue and acromial fracture,
which are both associated with increased deltoid force [8,
15, 30]. Humeral polyethylene cup thickness was found to
have a small effect on deltoid load that approached our
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threshold for clinical significance (5% BW). These
increases are believed to be caused by a decreased deltoid
moment arm and increased cuff adduction moment arm
resulting from the greater tuberosity being shifted distally.
Therefore, the findings of this study suggest that during
surgery, polyethylene thickness should be chosen based on
the minimum thickness required to achieve joint stability,
as further increases only serve to unnecessarily increase
deltoid muscle forces. However, further studies are
required to determine the optimum balance between max-
imizing joint stability and minimizing deltoid forces.

Deltoid force results also showed an interaction between
humeral and glenosphere lateralization that, although
intuitive, has not been reported previously, to our knowl-
edge. This interaction indicates that increasing humeral
lateralization can be used to counter the greater deltoid
force requirements associated with increased glenosphere
lateralization and that this countering effect is strongest
when the glenosphere is lateralized by 10 mm. However,
this effect cannot fully reverse the deleterious effect of
glenosphere lateralization; a still clinically significant
increase of approximately 5% BW remains after humeral
lateralization. Thus, humeral lateralization should not be
considered a valid means to completely compensate for
excessive glenosphere lateralization but may offer a way to
limit the incidence of deltoid fatigue and acromial fracture
when glenosphere lateralization is used to avoid scapular
notching.

As with deltoid force, our simulation of partial cuff
deficiency resulted in joint loading values that were greater
than those reported by Ackland et al. [3] (65% BW versus
29% BW at 90° abduction) and somewhat higher than the
computational results of Kontaxis and Johnson [22] (50%
BW at 100° abduction). Our results, however, were similar
to those in a computational study by Terrier et al. [28]
(60% BW), who also simulated partial cuff deficiency.
Despite humeral lateralization’s effect of reducing required
deltoid force, it did not markedly reduce joint load mag-
nitude. However, joint load did increase after increases in
humeral polyethylene thickness and glenosphere lateral-
ization. Increasing polyethylene thickness only increased
joint load by approximately 3% BW from the 3-mm to 9-
mm configurations, which may not represent a clinically
meaningful change. Glenosphere lateralization, however,
increased joint load by approximately 16% BW from its 0-
to 10-mm configuration with the greatest effect measured
at the initiation of active abduction and a moderately
decreasing effect as motion progressed. As noted above,
this effect would be further exacerbated by more chal-
lenging daily tasks which involve resistive loads. These
large increases in joint loading, which correspond to
approximately 25% of the in vivo joint load measured by
Bergmann et al. [5] after primary TSA, may lead to
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increased polyethylene wear, as was observed by Nam
et al. [26], and will increase the loads experienced at the
glenosphere baseplate, which has the potential to nega-
tively affect fixation [35]. This, therefore, adds additional
evidence in support of the potentially damaging side effects
caused by decreasing the effectiveness of the shoulder’s
musculature through the use of glenosphere lateralization.
However, although this effect does appear to be clinically
meaningful and may have long-term implications on
implant survival, the need to avoid scapular notching may
necessarily outweigh this concern. Previous rigid body
computational investigations have identified alternative
variables (eg, glenosphere inferiorization and tilting) that
can effectively reduce scapular notching [22]; therefore,
future studies should evaluate the effects of these param-
eters on muscle and joint loading to determine if they can
produce a more optimal compromise between these clinical
and biomechanical considerations.

The joint loading angle in the scapular plane was found
to be affected only by changes in humeral lateralization.
Increases in humeral lateralization decreased average load
angle from approximately 37° to approximately 31° over a
10 mm change. These findings further support the use of
humeral lateralization as a means to limit the negative
effects of joint loading by producing a load vector that is
more compressive and thus less challenging to baseplate
fixation.

This systematic evaluation of the effects of RTSA
geometric parameters on shoulder loading outcomes has
provided some important insights which can influence the
clinical use of RTSA and of future implant system designs.
Of greatest importance is the markedly negative effects that
glenosphere lateralization has on loading outcomes which
clinicians must be aware of when using this variable to
prevent scapular notching. Additional biomechanical
investigations should be conducted to identify more opti-
mal methods to avoid this clinical complication without
sacrificing RTSA biomechanics. Furthermore, clinical
investigations are required to elucidate glenosphere later-
alization’s long-term effects on function and survivorship.
We also identified a previously undescribed beneficial
interaction between humeral and glenosphere lateralization
which makes the former parameter a good method to
counter the latter’s negative effects. Further investigations
should be conducted to determine what, if any, effect the
combination of these parameters has on shoulder function
including range of motion. Finally, although this investi-
gation was conducted using a custom implant system, all of
the variables studied are readily modifiable in most modern
RTSA systems or through surgical technique and thus can
be directly translated regardless of the specific commercial
system used clinically.
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