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Abstract: Reverse shoulder arthroplasty (RSA) has become a widely used procedure since its in-
troduction in the 1980s, and is currently used to treat a wider range of conditions than its original
indication. The original Grammont-style RSA revolutionized shoulder arthroplasty but had several
limitations, including scapular notching and reduced rotational motion. This review discusses the
evolution of RSA design, particularly the development of a lateralized center of rotation constructs,
which aims to improve all the disadvantages associated with the Grammont-style design and more
closely reproduce the native anatomy in order to improve patient outcomes in an expanded context
of pathologies.

Keywords: reverse total shoulder arthroplasty; cuff tear arthropathy; osteoarthritis; long-term
outcome; implant design; biomechanics

1. Introduction

Since its introduction in the 1980s, reverse shoulder arthroplasty (RSA) has become an
increasingly common surgical procedure of the shoulder, comprising 44.69% of shoulder
arthroplasties since 2015 [1]. The Grammont Delta III implant is largely considered to be the
first commercially successful RSA prosthesis and was a pivotal advancement in the surgical
treatment of rotator cuff arthropathy (RCA). As innovation and modifications were made to
the RSA prosthesis design, this allowed for the use of RSA for the management of a wider
spectrum of disease beyond rotator cuff arthropathy. Current RSA indications include
glenohumeral arthritis with eccentric glenoid wear, three- and four-part proximal humerus
fracture, revision shoulder arthroplasty, and oncologic reconstruction [2]. Glenohumeral
osteoarthritis with an intact rotator cuff (GHOA) represented 54% of the indications for
RSA between 2016 and 2020 [3], introducing a new wave of pathology for which the ideal
combination of surgical and implant factors is debated. Thus, the theory of an “anatomic
RSA” aims to place the center of rotation (COR) more closely to its native position to
optimize muscle length tension curves, lines of action, and the moment arms of all intact
musculature around the shoulder. This is compared to previous RSA models where the
COR is medialized and distalized to focus solely on deltoid optimization.

2. Grammont Design

In the early 1970s, patients with severe glenohumeral osteoarthritis and concomitant
rotator cuff deficiency were unable to obtain good functional outcomes and pain relief, with
previous attempts at managing this problem including the use of hemiarthroplasty and
anatomic total shoulder arthroplasty [4]. Dr. Neer attempted to solve this problem with a
constrained prosthesis design that placed the COR in a lateralized position in comparison
to the native humerus, but despite multiple attempts, this prosthesis design was abandoned
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due to high rates of glenoid implant failure [5–7]. Dr. Grammont had been studying the
relationship between the balance of the supraspinatus–deltoid couple and the position of
the prosthesis COR. He proposed that the optimization of the deltoid was imperative to
obtaining good functional outcomes in this specific set of patients. With that in mind, the
“Trompette” prosthesis was introduced in 1985. It was composed of a cemented glenoid
component that consisted of two-thirds of a 44 mm diameter sphere that placed the COR
in a medialized position in comparison to the native humerus and a cemented humeral
polyethylene cone [8]. The initial outcomes with this prosthesis were successful, as reported
in his initial series with a 6 month follow-up [9], but he later reported an unacceptable rate
of glenoid component loosening. To address this concern, he further medialized the COR by
changing the glenosphere component from two-thirds of a sphere to a hemisphere, placing
it directly at the glenoid bone implant interface. Additionally, he substituted the cemented
baseplate for a central press-fit peg baseplate with two 3.5 mm divergent screws [6,8,10].
These two modifications led to the Delta III prosthesis, which consists of a medialized
COR at the glenoid-implant interface and a valgus, 155◦ humeral neck shaft angle (NSA)
(Figure 1).
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This non-anatomic RSA design was based on three hypotheses for the management
of RCA. First, it established a fixed COR with congruent joint surfaces to stabilize the
glenohumeral joint. The glenosphere acted as a fixed mechanical fulcrum, preventing
proximal humeral migration and allowing for the conversion of the deltoid force to the
abduction torque. This effectively compensated for the lost compressive mechanism in
rotator cuff-deficient shoulders [11,12]. Second, the medialized COR increased the deltoid
moment arm and decreased torque at the glenoid—bone interface. This was achieved
with the medial and inferior placement of the prosthesis, facilitating a reduced force
necessary to initiate movement [13–15], while the decreased torque at the implant–bone
interface decreased the risk of glenoid loosening. Third, the humerus was distalized relative
to the glenoid to restore deltoid tension [6,10]. Despite the Grammont RSA achieving
improvements in forward active elevation and decreasing pain [10,16], some important
drawbacks remained.

There are some well-documented complications with the Grammont-style RSA pros-
theses. Scapular notching is a term used to describe an erosive lesion of the axillary border
of the scapular neck that occurs when the medial rim of the humeral implant contacts
the scapular during shoulder abduction. The reported incidence of this phenomenon
varies widely, ranging from 4.6% to 96% [17,18], and has been associated with poor long-
term functional outcomes [19] and increased number of complications, including aseptic
glenoid loosening, persistent pain, and periprosthetic fracture [20]. The variable incidence
of scapular notching is often multifactorial, including influences from preoperative diag-
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nosis, glenoid wear/medialization, and implant positioning. A second-generation Delta
prosthesis was introduced (Delta Xtend) to try to overcome this limitation, incorporat-
ing a smaller baseplate and an eccentric glenosphere, while maintaining the Grammont
medialization concept [21,22]. Alberio et al. [23] have recently compared both first- and
second-generation Delta prostheses, reporting a dramatic reduction in scapular notching
from 100%, associated with the first generation, to 22%, associated with the second gen-
eration. These modifications improved prosthesis use for not only RCA, but also a wider
range of indications now seen in practice [24].

Another common complication associated with Grammont-style RSA prostheses is the
loss of rotational motion [25,26]. This disadvantage is, in part, a result of the medialization
of the COR, which leads to an alteration in the length–tension relationship of the muscles re-
sponsible for rotational movement [21,27]. Several surgical and prosthetic factors have been
established to influence the degree of rotational motion restoration that can be achieved,
including the humeral NSA as well as the glenosphere diameter and lateralization, among
others. While Grammont RSA revolutionized the treatment of RSA, both notching and
rotational motion provided areas for improvement and innovation, particularly in rotator
cuff-intact patients.

3. Introduction of a Lateralized RSA

To expand upon foundational Grammont-style RSA constructs, a novel RSA prosthesis
was designed with a more lateralized COR, striving to more closely reproduce the native
humerus COR. Frankle et al. [28] reported the results of using this alternative design
on sixty RCA patients. The patients had similar improvements in active elevation and
improved rotational motion in comparison to the Delta III prosthesis, without any cases
of scapular notching. However, 12% of patients experienced early glenoid baseplate
failure, later attributed to the lateralized COR increasing stresses at the baseplate bone–
interface [29]. These failures rapidly decreased after two modifications. First, baseplate
peripheral screws were increased from 3.5 mm to 5.0 mm locking screws, improving initial
fixation and minimizing micromotion [29]. Second, the baseplates were placed in neutral
or inferior tilt, as opposed to superior tilt, to improve compression across the bone–implant
interface [30]. By modifying baseplate positioning, with the use of a central compressive
screw with 5.0 mm peripheral locking screws, a reduction in premature mechanical failure
in lateralized COR RSA constructs was seen, with no cases being reported at the two-year
follow-up [31] and a 91% survivorship at the ten-year follow-up [32]. Although many
studies have raised concerns that by using a lateralized COR there was an increased rate
of aseptic glenoid loosening due to the increased torque and shear forces [28,29,33,34], a
recent systematic review published by Rojas et al. [35] involving 103 studies and 6583 RSAs
reported no significant differences between medialized and lateralized glenoid designs.

Lateralized COR RSA constructs have increased in popularity and can be achieved
through different combinations and modifications of the prosthesis components.

3.1. Glenoid-Sided Lateralization

RSA constructs with COR > 5 mm from the glenoid face through modifications to
the glenoid component are deemed lateralized on the glenoid side [36] (Figure 2). Several
options are available to achieve this. Increasing glenosphere thickness changes the major
spherical radius, leading to a lateralized placement of the COR. Berhouet et al. [37] per-
formed a cadaveric study where they reported greater rotational range of motion (ROM)
when using a larger glenosphere (42 mm) in comparison to a smaller glenosphere (36 mm).
Similar results were shown by Mollon et al. [38] when they compared the impact of gleno-
sphere size on patient clinical outcomes, reporting greater improvements in active forward
elevation and external rotation when using the larger glenosphere. More recently, King
et al. [39] showed that there were no differences in postoperative ROM and outcome scores be-
tween using a lateralized glenosphere and a standard glenosphere. Currently, no single study
has been able to demonstrate the ideal glenosphere size to optimize patient performance.
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Baseplate modifications provide an alternative option for glenoid-sided lateralization
through the use of bony metal augmentation. Bony-Increased offset Reverse Shoulder
Arthroplasty (BIO-RSA) was introduced by Boileau et al. [25] in the context of posterior
glenoid deficiencies. Initial outcomes with this technique reported a 98% healing rate
of the autograph with no component loosening at 28 months and a 19% rate of scapular
notching, with long-term outcomes yielding similar results [25,40]. Theoretically, with the
use of a bone graph, the COR would be maintained at the glenoid bone–implant interface
while still lateralizing the arthroplasty construct, decreasing shear forces and reducing the
risk of glenoid loosening associated with early lateralized constructs [35,41]. Additionally,
BIO-RSA may also present some additional challenges for patients with medialized wear
patterns in which large grafts may be required to restore the joint line. The threshold for
lateralization with BIO-RSA is about 5 mm, whereas glenosphere lateralization can achieve
10-15 mm of lateralization [29,42,43]. BIO-RSA has also been associated with higher rates of
scapular stress fractures, with patients suffering from decreased functional outcomes [44].
Lastly, some authors have raised concerns about the increased risk of baseplate loosening
associated with the use of bone graft. A recent comparative study between BIO-RSA and
metal-augmented baseplates found that 36.4% of BIO-RSA patients showed radiolucent
lines around the bone graft, and 34.1% experienced decreased graft thickness [45].

More recently, metallic augmented baseplates have been introduced for the manage-
ment of glenoid bone deficiency in RSA. This option eliminates the risk of graft failure to
incorporate graft resorption. A systematic review published by Ghanta et al. [46] showed
that with the use of a metallic-augmented baseplate, surgeons were able to provide positive
clinical and functional outcomes at a short-term follow-up. However, findings on long-term
performance are still lacking currently in the literature.

Several authors have looked into the influence of glenoid lateralization in the restora-
tion of active internal rotation after RSA. Li et al. [26] reported their results on a computer
model that evaluated how different glenoid-sided implant positions would influence
impingement-free external and internal rotation after RSA. They reported that glenosphere
positioning did have a significant effect, with optimal positioning being described as infe-
riorly translated, inferiorly tilted, and with 10 mm of lateralization. Subsequent studies
have further explored this relationship, with similar results being reported [47,48]. More
recently, Werner and colleagues [49] performed a study involving 455 patients where they
compared the grade of active internal rotation based on the amount of glenoid-implant
lateralization. They found that the greatest improvement in active internal rotation was
seen with 6 to 8 mm of glenoid-sided lateralization.

3.2. Humeral-Sided Lateralization

The original polyethylene humeral inlay from the Grammont reverse prosthesis was
designed with a 155◦ non-anatomic NSA, with modern designs exploring alternative NSAs.
NSA has been associated with having the largest effect on reducing inferior scapular
impingement [50], achieving this through more vertical inclinations (Figure 3). With the
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use of three-dimensional templating, Werner et al. [51] analyzed the influence of NSA and
bony COR on ROM. They concluded that a more valgus NSA increased impingement-free
ROM, with the best results being achieved with a configuration of a 135◦ NSA and 5 mm of
glenoid lateralization. A systematic review of 2,222 shoulders found a 16.8% incidence of
scapular notching with a 155◦ inclination prosthesis compared to a 2.8% incidence with a
135◦ inclination prosthesis [52].
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Onlay humeral component designs lateralized the humerus, since the humeral tray
rests on top of the humeral stem. They have been associated with increased tension in the
rotator cuff and the lengthening of the deltoid muscle [2,14]. Jackson et al. [53] performed
a systematic review comparing outcomes and complications when using an onlay or an
inlay humeral component for the RSA. They showed that both options were associated
with improvements in the ROM, with onlay humeral components showing greater external
rotation and a lower rate of scapular notching. Increased lateral offset can also be achieved
on the humeral side with the use of a curved stem, as demonstrated by Läderman et al. [54];
however, unlike other options, lateralization through a curved stem is predetermined by
the implant design, limiting intraoperative modifications.

4. Defining an Anatomic Reverse Shoulder Arthroplasty

The use of the term “Anatomic Reverse Shoulder Arthroplasty” might sound some-
what counterintuitive, since the defining characteristic of an RSA prosthesis is the non-
anatomic reversed ball-and-socket construct. However, the benefit of achieving a more
anatomical RSA is that by obtaining a reconstruction that is able to closely resemble the
native anatomy relationship, it would allow the muscles to remain in their designed func-
tional position and purpose while simultaneously maintaining a more constrained reverse
articulation for maximum stability. Recent studies have challenged the notion that RSA con-
sistently increases deltoid efficiency through moment arm enhancement, with the current
literature on the impact on overall deltoid efficiency remaining unclear [55–58], suggesting
that factors beyond moment arm play a crucial role in shoulder biomechanics post-RSA. By
restoring the pre-morbid humero-scapular relationship, and by matching the COR of the
native humerus to the RSA pivot point, an improved construct can be achieved that could
potentially achieve optimal outcomes.

This principle is most clearly illustrated in setting the RSA for GHOA with the in-
tact rotator cuff, where RSA has shown similar short-term patient-reported outcomes in
anatomic total shoulder [59,60]. Additionally, RSA has shown lower complication and reop-
eration rates with higher patient satisfaction, with some long-term studies suggesting that
RSA may outperform TSA in terms of durability and patient satisfaction [61]. Moreover,
this principle can be applied to any RSA indication to improve the ability of the shoulder
musculature to act in a similar manner to their designed function.
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4.1. Maximizing Impingement-Free ROM

One disadvantageous biomechanical sequelae of a reverse articulation is the impinge-
ment of the proximal humerus and/or humeral socket on various regions of the scapula. To
create a shoulder with the largest potential for motion, maximizing impingement-free ROM
of the RSA is critical, and several factors need to be taken into consideration. Gutierrez
et al. [62] used a computer model to demonstrate that glenoid component lateralization
has the greatest impact on impingement-free abduction ROM, while the avoidance of an
adduction deficit was achieved by the use of a more varus (130◦) NSA. This is supported
by the Keener et al. [48] study, where a computer software analysis was performed on
10 shoulder computed tomography images, reporting that maximum ROM is achieved
with 10 mm baseplate lateralization in combination with a varus (135◦) NSA. Furthermore,
Werner et al. [51] reported that decreasing humeral NSA demonstrated a significant in-
crease in impingement-free ROM, where a 135◦ NSA with +5 mm of glenoid lateralization
provided the best overall ROM. Therefore, the use of glenoid lateralization (+5 to +10 mm)
and a more anatomic NSA (135◦) in comparison to the Grammont-style prosthesis (+0 mm
and 155◦) has consistently been shown to maximize the impingement-free ROM of the
RSA construct.

4.2. Optimizing Shoulder Muscle Length–Tension Relationship

While impingement-free ROM is required for passive motion at the glenohumeral
joint, the active and functional motion of the joint requires adequate muscle force in the
desired force vector to power the shoulder. Furthermore, achieving ideal soft-tissue tension
in RSA has been widely recognized as being critical in optimizing functional outcomes
and minimizing complications [63]. Inability to achieve an adequate deltoid and rotator
cuff can potentially lead to instability, reduced ROM, and weakness [64], while excessive
tension has been associated with increased pain and polyethylene wear [65,66]. Much of
the literature has focused on the moment arm as the most important feature facilitating
muscle strength and therefore motion [56,67,68]; however, there is little information on
how the RSA alters muscle geometry and thus muscle function. RSA implants have
been developed under the hypothesis that optimal shoulder function would occur by
maximizing the deltoid moment arm [56,63,67]. However, there is evidence of there
being unintended biomechanical consequences of maximizing the deltoid moment arm,
including reductions in the supraspinatus moment arm as well as substantial alterations
in the muscle fiber lengths of the deltoid and the rotator cuff musculature [69]. These
consequences represent a tradeoff in maximizing the deltoid moment arm, which may
compromise both rotator cuff and deltoid muscle performance, and therefore shoulder
function. This has been highlighted by Levin et al. [70], where a geometric biomechanical
model was used to evaluate how three different implant designs affected the moment arm
and muscle fiber lengths of the deltoid and supraspinatus through functional scapular plane
abduction, including the following: (1) a lateralized glenosphere with an inlay 135◦ humeral
component (LGMH), (2) a medialized glenosphere with an onlay 145◦ humeral component
(MGLH), and (3) a medialized glenosphere with an inlay 155◦ humerus (MGMH). The
results demonstrated that the MGLH and MGMH had substantial deltoid muscle fiber
overlengthening, shifting the operating range of this muscle outside of the optimal portion
of its force–length curve (Blick’s Curve), whereas the LGMH design maintained a deltoid
muscle fiber length similar to the native force–length curve. Additionally, MGLH decreased
the supraspinatus moment arm by 59% compared to just a 14% decrease in the LGMH
design. Therefore, lateralizing the glenoid and using an inlay 135◦ humeral component
provides a geometric reconstruction that best replicates the restoration of muscle fiber
lengths, such that it remains within the optimal force–length curve and could be achieved
with a more modest increased in deltoid moment arm [70].

More recently, this computational model has been expanded to evaluate all four rota-
tor cuff muscles along with the anterior, middle, and posterior heads of the deltoid, and
to analyze which combination of surgical and implant-design-related parameters most
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closely restored the anatomic muscle–tendon lengths in three different shoulder sizes [71].
Surgical parameters, including glenosphere position (centered vs. inferior) and humeral
offset relative to the anatomic neck plane (+0 mm vs. +5 mm vs. +10 mm), were combined
with different implant designs, including glenosphere size (30 mm vs. 36 mm vs. 42 mm),
glenosphere lateralization (+0 mm vs. +5 mm vs. +10 mm), and NSA (135◦ vs. 145◦ vs.
155◦), leading to 486 RSA–shoulder size combinations. The results demonstrated that the
configurations that most closely restored the anatomic muscle–tendon lengths were as
follows: (1) 30 mm glenosphere in a centered position with 5 mm of glenoid lateralization
associated with +0 mm of humeral offset and 135◦ NSA for a small size shoulder; (2) 36 mm
glenosphere in a centered position with 5 mm of glenoid lateralization associated with
+0 mm of humeral offset and 135◦ NSA for a medium size shoulder; and (3) 30 mm gleno-
sphere in a centered position with 10 mm of glenoid lateralization associated with +0 mm of
humeral offset and 135◦ NSA for larger shoulders. The most important surgical parameter
associated with the restoration of native muscle–tendon length was humeral offset, favoring
a humeral socket placed at the anatomic neck plane. Additionally, the most important
implant design parameter associated with the restoration of the native muscle–tendon
length was the humeral NSA, favoring a 135◦ NSA. Overall, smaller glenospheres with
a lateralized glenosphere, a humeral socket placed at the anatomic neck plane, and an
anatomic 135◦ NSA best restores native deltoid and rotator cuff muscle–tendon lengths in
RSA. The “anatomic RTSA” is thus most closely achieved by using smaller glenospheres
placed centrally on the glenoid with a lateralized glenosphere, a humeral socket placed at
the anatomic neck plane, and an anatomic 135◦ NSA, as this combination of features best
restores native deltoid and rotator cuff muscle–tendon lengths in RSA [71].

4.3. Long-Term Clinical Outcomes of a More Anatomical RSA

In addition to the biomechanical benefits of improved impingement-free ROM, as well
as the restoration of the anatomic muscle–tendon lengths of the rotator cuff and deltoid,
the lateralized glenoid with an inlay 135◦ NSA has excellent and durable long-term clinical
outcomes at the minimum 10-year follow-up, with patients maintaining their postoperative
gains in ASES scores, SST scores, and improvements in ROM [32]. This contrasts with
Sirveaux et al. [27] and Guery et al. [72], in which a Grammont-style prosthesis was used,
which demonstrated long-term functional deterioration and increase in pain levels after the
6-year follow-up time point. In theory, by providing a more anatomical RSA reconstruction,
the detrimental effect of overlengthening on muscle function can be mitigated and more
durable clinical outcomes can possibly be achieved.

5. Future Direction of Patient-Specific Reverse Shoulder Arthroplasty

Since its introduction, RSA has become the most common shoulder arthroplasty per-
formed, with broad indications spanning degenerative, traumatic, and oncologic patholo-
gies [2]. Despite significant improvements in scapular notching, rotational motion, and
clinical outcomes [28,29,31,32,54], there remains heterogeneity in individual patient out-
comes. A more anatomical RSA has evolved from the first commercially successful RSA
prosthesis, the Grammont-style prosthesis, to one that more closely replicates the native
shoulder from a biomechanical perspective, while providing a stable fulcrum to achieve
motion through the shoulder. Impingement-free ROM and biomechanical studies assess-
ing muscle force–length relationships support the benefits of a more anatomical design,
consisting of a lateralized glenosphere and an inlay 135◦ humeral component [48,50,51].
With the advancements in complex kinematic biomechanical simulation techniques and
applications of artificial intelligence in enhanced automated patient-specific preoperative
assessment of bone and muscle pathology, progress will be made towards an optimal RSA
construct and surgical placement for any given patient and pathology. Furthermore, a
more precise understanding of the optimal implant design and positioning will potentially
allow for benefits in navigation and robotic surgery to improve patient outcomes, as these
technologies will undoubtedly enhance the precision of component placement.
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