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Abstract
Background: Reverse shoulder arthroplasty (RSA) designs include multiple options for glenoid component lateralization,

and humeral component lateralization and distalization (inlay/onlay constructs). The influence of combined glenoid lateraliza-

tion, and humeral distalization on acromial and deltoid stresses is not well understood. The purpose of this study was to eval-

uate changes in deltoid and acromial stresses with variations in glenoid lateralization, and with inlay versus onlay humeral

components in RSA.

Methods: Finite element analysis was performed using a RSA system with both inlay and onlay configurations. Variations in

total glenoid lateralization from 3 to 9 mm were evaluated. Deltoid and acromial stresses were determined following virtual

implantation and with 50° of external rotation.

Results: Increased glenoid lateralization resulted in greater stress of the deltoid and acromion. There was a modest increase

in deltoid stress with glenoid lateralization alone (7% and 7.5% with progressive lateralization from 3 to 6 mm and 6 to 9 mm,

respectively), but deltoid stress increased substantially with use of an onlay construct (60% at 9 mm of glenoid lateralization).

Acromial stress correspondingly increased 37% with glenoid lateralization, and up to 117% with an onlay humeral construct.

Discussion: Increased lateralization of the glenoid component resulted in increased levels of deltoid and acromial stress. For

a given amount of glenoid lateralization, utilization of an inlay stem decreased acromial and deltoid stresses compared to onlay

constructs. These data allow surgeons to better understand the interactions of glenoid and humeral lateralization and dista-

lization in the setting of contemporary RSA systems. Level of Evidence: Basic Science Study: Computer Modeling.
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Introduction
Reverse shoulder arthroplasty (RSA) is a successful and com-
monly performed procedure used to address advanced rotator
cuff arthropathy, severe glenohumeral arthritis, proximal
humerus fractures, and other expanding indications.1–3 RSA
can reduce pain and improve function for many patients
with durable long-term outcomes,4–6 but there are unique
complications that can lead to poorer outcomes following
this procedure.7–9Complications such as dislocation, acromial
stress fractures, nerve injury, and persistent soft tissue pain are
more common following RSA when compared to anatomic
total shoulder arthroplasty or hemiarthroplasty.10 These

complications are likely secondary to the unique design fea-
tures of RSA, as well as the patient population for which the
procedure is commonly indicated.11

Surgeons are now presented with a multitude of options for
component combinations when considering RSA constructs
for their patients. Traditional (Grammont) RSA designs
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medialized and distalized the center of rotation of the recon-
structed glenohumeral joint.12 More contemporary RSA
design constructs have focused on increased glenoid lateral-
ization to improve impingement-free range of motion.13–16

Glenoid component lateralization has been shown in multi-
ple studies to improve impingement-free range of motion,
most notably with internal rotation, external rotation, and
adduction following RSA.13,17,18 In addition to improve-
ments in impingement-free range of motion, glenoid compo-
nent lateralization and amore varus humeral neck shaft angle
protect against scapular notching.14,19,20

Humeral component designs now feature both inlay and
onlay constructs that effect both distalization and lateraliza-
tion of the humerus.20–22 Distalization of the humerus has
been shown to improve the efficiency of the deltoid and
allow the deltoid to act as the primary force generator for
forward elevation in patients following RSA.23 Humeral
lateralization is also thought to aid in deltoid wrap and con-
tribute to joint stability following RSA.24 While glenoid
component lateralization or humeral component distalization
and lateralization may allow surgeons to influence functional/
mechanical outcomes following RSA, associated altered
stresses in the surrounding soft tissue and bony structures
could potentially contribute to the post-operative complica-
tions. The effects of combined glenoid lateralization and

humeral lateralization and distalization on acromial and
deltoid stresses and joint stability, are not completely under-
stood. Therefore, the main purpose of this study was to eval-
uate changes in deltoid and acromial stresses with variations
in glenoid lateralization, andwith inlay versus onlay humeral
component designs with a 135° neck-shaft angle in RSA.
Furthermore, this study also aimed to investigate the changes
in torque requirements for rotating the reconstructedglenohum-
eral joint with variations in glenoid lateralization, and inlay
versus onlay humeral component designs in RSA. Finite
element (FE) analyseswere undertaken to provide these impor-
tant mechanical indicators of outcome.

Materials and Methods
Details of our FE modeling approach have been previously
described.17,25 The fundamental FE model setup (material
properties, contact algorithm, constraints, explicit solver)
was based on a prior validated model of scapula-liner
contact.26 Briefly, model anatomic geometries were acquired
from the female shoulder CT scans of the Visible Human
Project (Figure 1). The modeling relied upon the middle
deltoid and subscapularis tendon to provide tension and soft-
tissue restraint around the joint. The setup replicated the clin-
ical case of advanced rotator cuff arthropathy, and only the

Figure 1. RSA models incorporating the inlay and onlay constructs shown with baseplate and lateralized glenosphere combinations

providing up to 9 mm of total glenoid lateralization. The subscapularis tendon is shown transparent for clarity. Note the additional stretch in

the subscapularis tendon with glenoid lateralization and onlay construct. The inferior scapula was not included in the model for

computational efficiency.

2 Journal of Shoulder and Elbow Arthroplasty



middle deltoid and subscapularis were included as they pro-
vided the primary restraint during the simulated motion. The
existing RSA FE model was modified to incorporate a gener-
alized representation of the Stryker Tornier Perform® RSA
system (Stryker, Kalamazoo, MI) with both inlay and onlay
configurations (Figure 1). The RSA components included a
25 mm baseplate (standard (0 mm), 3 mm, 6 mm lateralization),
36 mm glenosphere (standard, lateralized (3 mm)), 36 mm
0 mm thickness symmetric liner (135° angle of inclination),
and a 9 mm spacer to model the onlay configuration. We
used a single RSA system to remove the influence of
implant design across parametric comparisons. Glenoid com-
ponents were placed in ∼5° of inferior tilt and neutral version,
while the humeral components were placed in ∼20° of retro-
version. Implant placement was verified by a fellowship-
trained shoulder surgeon.

All geometries were meshed using linear tetrahedral ele-
ments (3-matic, Materialise, Leuven, Belgium). Tissue-
and implant-specific material properties were assigned as
previously described.17,25 To evaluate acromial stresses,
external and internal scapula elements were assigned repre-
sentative scapula-specific cortical (E= 9 GPa) and trabecular
(E= 1 GPa) bone material properties, respectively.27 Ideally,
bone is assigned heterogeneous properties based on CT atten-
uation. However, we were currently limited to homogeneous
material assignment due to the low acquisition/reconstruction
quality of the CT scans. Deltoid elements were assigned
E= 10 MPa.28 Subscapularis tendon elements were assigned
E= 100.5 MPa.25 The subscapularis tendon and deltoid were
rigidly attached to the humerus at their anatomic insertion
sites. Simulations were performed in two stages. In the first
stage, the subscapularis tendon and deltoid were tensioned
and wrapped around the reconstructed glenohumeral joint.
This tension was purely a result of the passive stretching of
soft tissues relative to the tissue length at the time of CT scan-
ning, which was assumed to be the resting length. Thus, the
amount of tensioning directly depended upon the implant
lateralization/distalization combinations (and assumed mate-
rial behavior), since the proximal locations of the soft tissues
(corresponding to CT scan locations) were the same across
all configurations (Figure 1). In the second stage, we simu-
lated 50° of humeral external rotation from neutral orienta-
tion based on range of motion clinically observed in
patients after RSA. Due to the variability in muscle integrity
observed in patients indicated for RSA, instead of prescribing
torques/moments, external rotation was kinematically simu-
lated and subsequent joint torques were measured.25

During rotation simulation, the proximal deltoid was tied to
the lateral acromion to allow stress transfer across the soft
tissue-bone interface, while the proximal subscapularis
tendon was free to move along its length. Uniform deltoid
and subscapularis muscle forces,29 were also prescribed at
the lateral acromion and proximal subscapularis along their
respective lines of action. This was to account for the con-
tribution of active muscle forces to the acromial stresses

during rotation, in addition to the stresses developed from
passive tension. The scapula (except for the acromion and
inferior glenoid neck/scapular notching regions), baseplate,
and glenosphere were fixed during both simulation stages.
Contact interactions were defined during both simulations
stages between surfaces expected to be involved in contact
in vivo.17,25

All simulations were performed using a dynamic, explicit
FE solver (Abaqus 2018, Dassault Systemes Simulia,
Johnston, RI). This dynamic analysis approach allowed for
simulation of liner impingement, if any, and rotation beyond
impingement and subsequent post-impingement subluxa-
tion/instability. Based on baseplate-glenosphere combina-
tions, we evaluated variations in total glenoid lateralization
from 3 to 9 mm using the lateralized glenosphere (3 configu-
rations), and variations in total glenoid lateralization from
3 to 6 mm using the standard glenosphere (2 configurations).
Note that 9 mm of lateralization achieved through the combi-
nation of the lateralized sphere with the 6 mm lateralized
baseplate is beyond the recommended combinations in the
manufacturer’s device labeling. Each lateralized glenoid con-
figuration was evaluated with either the inlay or onlay (with
spacer) humeral construct, resulting in 10 total parametric var-
iations. Average deltoid and acromial-scapular spine stresses
were determined after virtual implantation of the glenoid
and humeral components (tensioned state before rotation),
as well as during external rotation. Due to the higher stress
magnitudes in the cortical region and likelihood of fracture
initiation within this region based on loading mechanics, we
focused our results only on the acromial-scapular spine corti-
cal region. Results from the trabecular region showed the
same trends. We also determined percent change in stress at
implantation across configurations compared to a reference
configuration. The standard baseplate and lateralized gleno-
sphere combination (3 mm total glenoid lateralization) with
inlay construct was selected as the reference configuration
because most surgeons use some glenoid lateralization
with this stem given the 135° angle of inclination. A media-
lized construct would be very uncommon and not often rec-
ommended with this stem. The torques required to
externally rotate the humerus with simulated subscapularis
repair immediately prior to impingement and any subse-
quent post-impingement subluxation were determined for
each implant configuration. Subluxation was calculated as
the gap distance between the glenosphere and liner centers
of rotation.17,25

Results

Deltoid Stress:
After virtual implantation of RSA components (ie, before
rotation), increasing glenoid lateralization alone resulted in
progressive stretching of the deltoid as expected (Figure 2).
In an inlay configuration, compared to the reference construct
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of 3 mm total glenoid lateralization, deltoid stress increased
15% for the most lateralized construct of 9 mm of total
glenoid lateralization. Deltoid stress increased 7.4% when
glenoid lateralization was increased from 3 mm to 6 mm
and an additional 7.5% when glenoid lateralization increased
from 6 mm to 9 mm. On the other hand, deltoid stress
increased substantially with distalization and lateralization
of the humerus using the onlay construct due to stretching
along the muscle axis (Figure 2). For example, deltoid
stress increased 39% when changing constructs from the
inlay to the onlay configuration at maximal glenoid laterali-
zation of 9 mm. Similar patterns of deltoid stress were also
observed during external rotation of the reconstructed gleno-
humeral joint (Figure 3).

Acromial Stress:
In association with deltoid stretching, acromial stress was
found to correspondingly increase with glenoid lateralization,
and humeral distalization and lateralization after virtual
implantation (Figure 4). In an inlay configuration, acromial
stress increased up to 37% with maximal glenoid lateraliza-
tion of 9 mm compared to the reference glenoid lateralization
of 3 mm at implantation. Secondary to increased humeral
distalization and lateralization, acromial stress increased
even more so with the use of an onlay humeral construct.

Acromial stress increased up to 117% with use of maximal
glenoid lateralization of 9 mm and an onlay humeral stem
construct. Glenoid lateralization increased acromial stress
also during external rotation, and the addition of an onlay
humeral component further increased acromial stress during
simulated external rotation (Figure 5). At the same level of
lateralization, stresses for constructs incorporating the stan-
dard glenosphere were similar to those for constructs incor-
porating the lateralized glenosphere. The anatomic location
of high acromial stress was found to be focused along the
middle portion of the scapular spine as well as the distal most
aspect of the supraspinatus fossa (Figure 6). Larger regions of
the acromion and scapula spine experienced higher stresses
with use of an onlay stem.

Torque Prior to Impingement:
There was a 24% increase in torque as total glenoid laterali-
zation increased from 3 mm to 9 mm (lateralized glenosphere
combinations) with the inlay construct (Figure 7). The torque
required to externally rotate the humerus increased at each
level of glenoid lateralization with the addition of an onlay
humeral stem design, though the increases were relatively
low (for example, 8.4%, 2.9%, and 4.4% with total glenoid
lateralization of 3 mm, 6 mm, and 9 mm, respectively,
using the lateralized glenosphere construct).

Figure 2. Change in deltoid stresses at implantation (before rotation) with total glenoid lateralization from 3 mm to 9 mm, and inlay versus

onlay humeral stem designs. Inset shows the more severe deltoid stretching that occurred with the onlay construct.
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Post-Impingement Subluxation:
The use of an onlay stem decreased the impingement-related
subluxation gap distances at terminal external rotation for
all levels of glenoid lateralization modeled except for 9 mm
of glenoid lateralization (Figure 8), where impingement
occurred at 50° of external rotation. The reduction in

subluxation was more pronounced for the onlay construct
with 3 mm of glenoid lateralization as subluxation increased
proportionately with prolonged rotation after impingement,
which occurred earlier in the range of external rotation (35°
and 37.5° for the lateralized and standard glenosphere com-
binations, respectively).

Figure 3. Variations in deltoid stresses during external rotation with total glenoid lateralization from 3 mm to 9 mm and inlay versus onlay

humeral stem designs.

Figure 4. Change in acromial stresses at implantation (before rotation) with total glenoid lateralization from 3 mm to 9 mm and inlay

versus onlay humeral stem designs.
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Figure 5. Variations in acromial stresses during external rotation with total glenoid lateralization from 3 mm to 9 mm and inlay versus

onlay humeral stem designs.

Figure 6. Scapular spine and acromial von Mises stress distributions at implantation shown for constructs incorporating inlay and onlay

stems and progressive amounts of glenoid component lateralization (total 3 mm to 9 mm with the lateralized glenosphere). Stress

distributions for constructs incorporating the standard glenosphere (not shown) were similar at the corresponding lateralization level.
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Discussion
Increased lateralization of the glenoid component resulted in
increased levels of deltoid and acromial stress in RSA as
expected. For a given amount of glenoid component lateraliza-
tion, the utilization of an inlay stem substantially decreased
acromial and deltoid stress as compared to onlay stem con-
structs. Increased soft tissue tension from glenoid lateralization
and humeral distalization was observed to increase torque
requirements for external rotation. However, it was also
observed to decrease subluxation associated with impingement
during maximal external rotation.

The results of this study are consistent with previously
published cadaveric research that has described increased
deltoid stresses with glenoid lateralization.24,30 Ott et al
investigated glenosphere size and glenoid component lateral-
ization in a cadaveric RSA model and found that increased
glenoid component lateralization increased deltoid stresses
regardless of glenosphere size.30 Giles et al investigated
both humeral and glenoid component lateralization in a bio-
mechanical cadaveric model using an RSA configuration with
a humeral neck shaft angle of 155° and varying amounts of
glenoid and humeral lateralization.24 Consistent with our
results, increased levels of glenoid lateralization resulted in
increased deltoid forces in their cadaveric model. The results
of our FE model were also consistent with their study in that
we too found increased joint kinetics with modification on
the humeral side from an inlay to onlay design. Our results
add to the literature in that in our model, a 135° neck shaft
angle was utilized. Many contemporary RSA design features
now allow for a more varus neck shaft angle as compared to
the traditional Grammont style RSA. A more varus neck

shaft angle has been shown to improve rotational impingement
free ROM, thus we felt it important to test a 135° neck shaft
angle stem in this model.13

In addition to investigating the effects of deltoid stresses,
we also wanted to determine relative changes in acromial
stress and the location of those stresses on the acromion and
scapular spine. As the rate of RSA continues to increase, sur-
geons are now forced to understand andmanage the complica-
tions associated with RSA with increased frequency.31,32

Acromial stress fractures are a rare yet problematic compli-
cation that is relatively unique to RSA.33 The rate of acro-
mial stress fracture following RSA is estimated between
1–7%.34–36 Acromial stress reactions and fractures can have
significant negative effects on overall functional outcome fol-
lowingRSA.33 Risk factors for developing acromial fractures
following RSA include female sex, rheumatoid arthritis,
older age, osteoporosis, and rotator cuff tear arthropathy.37

In addition to patient factors that are known to increase the
risk of acromial stress fractures following RSA, certain
implant characteristics may also contribute to the develop-
ment of this potential complication. Routman et al found an
association between increased number of baseplate screws
and acromial stress fractures following RSA.33 King et al,
in a meta-analysis of acromial stress fractures after RSA,
found that a medialized glenoid construct combined with a
lateralized humeral construct resulted in the lowest rate of
acromial stress fracture.35Wong et al demonstrated increased
acromial stresses in a computational model with increased
levels of glenoid component lateralization.38 Our results are
consistent with those reported byWong et al, in that increased
glenoid component lateralization also resulted in increased
acromial stress in our model.

Figure 7. Torque requirements for the simulated external rotation of the humerus with variations in glenoid lateralization from 3 mm to

9 mm and with inlay versus onlay humeral stem designs.
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Figure 8. Variations in subluxation gap distances during external rotation for all implant configurations. Arrows indicate the external

rotation angle at which liner impingement occurred.
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Furthermore, by investigating humeral lengthening, our
model highlights the important interplay between glenoid later-
alization and humeral distalization. For any given amount of
glenoid lateralization, additional humeral distalization, resulted
in greater amounts of acromial stresses. With maximal glenoid
lateralization and the use of an onlay humeral stem configura-
tion, maximal acromial stress was encountered at the midpor-
tion of the scapular spine. Levy et al classified acromial
fractures following RSA based on the location along the acro-
mion and scapular spine.39 Levy noted that 50%of fractures in
their series were type 2 fractures. The location of stress
encountered along the scapular spine has important clinical
relevance based on our prior understanding of the pathoanat-
omy of acromial stress fractures. Given increased amounts
of deltoid and acromial stress with variations in glenoid later-
alization and humeral distalization, it would follow that differ-
ent patients would likely benefit from more or less glenoid
lateralization and/or humeral distalization depending on their
risk factors for acromial stress fracture and/or dislocation.

TheFEmodeling approachusedalso allowed for assessments
of torque required to externally rotate the reconstructed gleno-
humeral joint prior to impingement, and post-impingement sub-
luxation gap distances. Greater tensioning of the soft-tissue
structures that accompanies the additional distalization and lat-
eralizationwith theonlay construct helped toprovide stability in
the reconstructed joint against subluxation during rotation after
impingement. However, improvement in post-impingement
stability comes with the trade-off of increased torque
demand due to increased joint stiffness, which may hinder
the achievable post-operative range of motion. Progressive
glenoid lateralization has been previously shown to increase
the torque required to externally rotate the shoulder after
RSA, particularly with repair of a stiffer subscapularis.25

As expected, the addition of an onlay stem had a relatively
lesser effect on torque compared to deltoid and acromial
stresses due to the incremental (mm) change in the distance
from the center of rotation as opposed to the substantial defor-
mation of the soft tissues.

Several limitations of our study deserve mention. Only
passive tension was considered, which in our current model
setup, is a function of initial CT geometry length, assigned
soft-tissue material property, and implant combination.
While the model setup of passive tension would provide an
appropriate assessment of mechanical changes and associ-
ated risks for the selected implant configuration immediately
after surgery, it is important that the model inputs capture
realistic patient characteristics for accurate interpretation.
In the clinical setting, standardized CT scans are typically
acquired for pre-operative surgical planning. Patient-specific
muscle integrity could potentially be estimated from concur-
rent MRI scans and empirical stiffness relationships.40

Though we were restricted to a homogeneous material assign-
ment due to insufficient CT quality, CT-derived heteroge-
neous bone material can be implemented on a patient basis,
which in this study was approximated using representative

scapula region-specific values.27 While our FE model was
based on a prior validated model of scapular notching,26

our computational evaluation of acromial stress based on
initial soft-tissue geometry andmaterial property assumptions
needs further validation that is beyond the scope of the current
study. Though stress magnitudes could vary with tissue het-
erogeneity in RSA patients, the interpretation of our results
is expected to be consistent due to the parametric assessment
of implant configurations. Despite the underlying assumptions
related to soft-tissue geometry and material property, our
stress magnitudes were reasonable and corresponded well
with published values,38 and the location of high stresses on
the scapular spine corroborated well with the clinically
observed common location of post-operative acromial stress
fractures (Levy Type II).39 Upon validation of our computed
stresses, the magnitude and location of high stresses could
be used to estimate prospective mechanical fracture risk
for a given RSA construct at the time of implantation. For
example, based on the empirically known yield strain of
bone (0.62% in tension),41 the scapular regions experiencing
high stresses (>70 MPa; Figure 6) would exceed the yield
strength limit (56 MPa, for the assumed scapula-specific
cortical material), potentially placing them at a higher risk of
fracture. Also, post-RSA mechanics may change over time
with muscle remodeling and additional stresses may occur
from active muscle contraction, which was not simulated.
Implementing active muscle forces as a function of motion,
in addition to passive tension, is a future goal. The evaluation
of a single motion was another limitation, and we did not
presently model the posterior cuff. Our model simulated
the scenario of cuff tear arthropathy with a deficient cuff,
and stress magnitudes and distribution may vary with an
intact cuff and other motions, which is a topic for further
investigation.

Despite these limitations, our model allows for dynamic,
and post-impingement evaluation of stresses during motion,
which may provide a more comprehensive understanding of
post-operative RSA mechanics. Higher bone stresses were
observed during rotation after impingement due to soft-tissue
stretching from buttressing of post-impingement humerus
subluxation, which could potentially be better captured
with a dynamic analysis including soft-tissue structures,
compared to studies that simulate direct application of
quasi-static forces excluding soft-tissues.38 These data
may allow surgeons to better understand the interactions
of glenoid lateralization and humeral distalization in the
setting of contemporary RSA systems. An appreciation of
these factors will assist surgeons’ component selection
when contemplating glenoid component lateralization and/
or humeral distalization in RSA. Future investigation will
further define these relationships and add to the understand-
ing of how component positioning effects the mechanics of
RSA. Hopefully such efforts will lead to optimization of
implant selection and improvement in design which will
improve patient outcomes.
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Conclusion
Increased lateralization of the glenoid component resulted
in increased levels of deltoid and acromial stress in RSA.
For a given amount of glenoid component lateralization,
the utilization of an inlay stem decreased acromial and
deltoid stress as compared to onlay stem constructs. This
data allows surgeons to better understand the interactions
of glenoid lateralization and humeral distalization and later-
alization in the setting of contemporary RSA systems. An
appreciation of these factors can assist surgeons in compo-
nent selectionwhen contemplating glenoid component later-
alization and/or humeral distalization in RSA.
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