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Abstract: Innovations currently available with anatomic total shoulder arthroplasty include shorter
stem designs and augmented/inset/inlay glenoid components. Regarding reverse shoulder arthro-
plasty (RSA), metal augmentation, including custom augments, on both the glenoid and humeral
side have expanded indications in cases of bone loss. In the setting of revision arthroplasty, humeral
options include convertible stems and newer tools to improve humeral implant removal. New
strategies for treatment and surgical techniques have been developed for recalcitrant shoulder insta-
bility, acromial fractures, and infections after RSA. Finally, computer planning, navigation, PSI, and
augmented reality are imaging options now available that have redefined preoperative planning and
indications as well intraoperative component placement. This review covers many of the innovations
in the realm of shoulder arthroplasty.
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1. Introduction

The growth in total shoulder arthroplasty over the past 20 years has been exponential.
From 1993 to 2007, primary procedures increased 369% [1]. Revision shoulder arthroplasty
increased 431% during the same period. During the timing of this explosion, numerous
innovations have occurred, most importantly the development of the reverse shoulder
arthroplasty (RSA). Currently, RSA accounts for over 70% of the shoulder arthroplasties
performed in the U.S. With the expansion of shoulder arthroplasty, and specifically RSA,
numerous other innovative designs have been developed in recent years to address more
and more complicated pathology to hopefully reduce the increasing revision burden and
improve outcomes.

Innovations currently available with anatomic total shoulder arthroplasty include
shorter stem designs and augmented inlay glenoid components. Regarding RSA, metal
augmentation, including custom augments on both the glenoid and humeral side have ex-
panded indications in cases of bone loss. In the setting of revision arthroplasty, humeral op-
tions include convertible stems and newer tools to improve humeral implant removal. New
strategies for treatment and surgical techniques have been developed for recalcitrant shoul-
der instability, acromial fractures, and infections after RSA. Finally, computer planning,
navigation, PSI, and augmented reality are imaging options now available that have rede-
fined preoperative planning and indications as well intraoperative component placement.

2. New Perspectives and Innovations in Anatomic Shoulder Arthroplasty
2.1. Humeral Component Innovations
2.1.1. Stemless Implants

There has been a recent trend in the use of stemless humeral components. Ratio-
nale for this shift has to do with the reported complications of stemmed implant designs,
such as loss of bone stock during revision arthroplasty, malpositioning of the humeral im-
plant, especially in cases of post-traumatic malalignment, intraoperative and postoperative
periprosthetic fractures, and an altered center of rotation [2—4]. Several stemless designs
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are now on the market, all with the aim of providing 3-dimensional reconstruction of the
humeral head, recreating the humeral center of rotation independent of the shaft axis [5],
avoiding additional greater tuberosity osteotomy in post-traumatic cases, and avoiding the
above-listed stem-related complications [4]. Advantages of stemless implants also include
decreased surgical time, less blood loss, low stress shielding, and lower risk of diaphyseal
stress risers [6,7]. As previously mentioned, particularly in the setting of post-traumatic
malalignment or deformities of the glenohumeral joint, stemless designs allow the surgeon
to recreate the glenohumeral center of rotation independent of the humeral shaft [5].

Two major stemless designs exist—impaction systems and screw-in systems. Based on
work by Habermeyer et al. and Krukenberg et al., there does not appear to be a difference in
terms of humeral loosening (n = 0 in both designs), humeral osteophytic exostosis (n = 0 in
both designs), or functional outcomes [8,9]. Radiographic medial calcar resorption occurs
more often with the impaction design, but there does not appear to be a clinical implication
of this, as both designs result in significantly improved Constant and Subjective Shoulder
Value (SSV) scores [8,10].

Short- to mid-term (6 months-5 years) results of stemless implants have been favorable
with Constant scores ranging from 65-86 and revision rates of 0%—-11% [8,9,11-15]. These
results seem to translate to the long-term (8-9 years), with constant scores of 62-69 and revi-
sion rates of 7%-10% [4,16]. Radiographic evaluation of 49 stemless shoulder arthroplasties
at 9 years revealed upward migration of the humeral head in 14.7%, incomplete humeral
“radiolucent line” in 2.3%, and no loosening of the humeral implant. There was incomplete
glenoid radiolucent line without loosening in 27.3% of the stemless TSA [4]. Hawi et al.
also reported a 6.9% revision rate, with secondary cuff insufficiency representing the most
common cause (13.9%), and periprosthetic injection (2.3%) and periprosthetic fracture
(2.3%) being less common. Interestingly, the humeral implant-related complication rate
was 0% [4].

Comparing 20 stemless to 20 stemmed implants with 5-year follow up, Uschock et al.
found that both implants provided consistently good functional outcomes. They reported
no humeral-related complications in the stemless group, whereas there was one fracture of
the greater tuberosity leading to humeral implant loosening in the stemmed group. The
stemless group had one case of glenoid loosening. The overall revision rate in both groups
was 13.8% [17].

Though there are many potential advantages of stemless implants, several notable
limitations remain [7]. These implants lack a convertible platform and therefore require
implant removal in the revision to RSA setting. They are dependent on proximal bone
quality and there are also concerns regarding lesser tuberosity osteotomies given the
dependence of subscapularis fixation strength. Additionally, they may be associated with
increased cost. Mixed methodology between various studies of stemless implants makes
results somewhat difficult to compare, and yet while further long-term studies are required,
stemless implants appear to be a favorable option for TSA. See Figure 1, an X-ray of a
stemless humeral implant.

2.1.2. Short Stem Implants

The potential advantages of the short-stemmed prostheses are that they rely less
on proximal bone stock than stemless implants and provide a larger surface area with a
porous coating for ingrowth into the proximal humerus, are easy to revise given convertible
implant options, and have over 10 years of implementation in Europe. Short- to mid-term
results with short stem implants are also favorable with Constant scores around 75 and
ASES scores around 80, with 0%—9% revision rates [18-21]. Romeo et al. reported on the
outcomes of the Apex short stem and concluded that TSA with this anatomic press-fit short-
stem results in improved clinical outcomes without component loosening at 2 year follow
up [20]. In the anatomic TSA setting, the Aequalis Ascend Flex (Fa. Wright, Memphis, TN,
USA) short-stem implant has a relatively high occurrence of radiographic changes around
the stem (26%), most commonly cortical thinning and osteopenia at the calcar as well as
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spot welding laterally. Despite these radiographic findings, no stems were found to be
loose and short-term clinical outcomes were favorable and comparable to other short-stem
systems [19,22].

Figure 1. Stemless anatomic TSA. AP X-ray of anatomic TSA with stemless humeral component.

Some have proposed the use of pyrolytic carbon, or pyrocarbon, which has similarities
to cortical bone and a low coefficient of friction. There is a theoretical advantage to the
less-stiff quality of pyrocarbon, at least in the hemiarthroplasty setting, in that stiff cobalt-
chrome humeral heads wear against the less stiff cartilage and subchondral bone of the
glenoid. Use of pyrocarbon heads may result in less glenoid bone loss, reducing the
complexity of revision surgeries [23-25]. Garrett et al. have reported good short-term
outcomes with pyrocarbon head short-stem implants in the hemiarthroplasty setting [21].
Whether these results translate to the anatomic TSA setting is yet to be determined.

The senior author’s preference is to use an uncemented short stem (Figure 2) or
stemless implant. In poor humeral bone, however, the preference is to cement a short stem.

2.1.3. Convertible Platforms

With the dramatic rise of primary shoulder arthroplasty over the last 15-20 years has
come a rise of revision shoulder arthroplasty. Though indications for revision shoulder
arthroplasty vary, it remains a technically demanding and challenging procedure regardless
of indication. Revision shoulder arthroplasty is associated with increased blood loss and
operative times, and frequently requires the use of special implants, augments, and bone
grafting [26]. The innovative development of modular platform humeral stems, those
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that can be converted from an anatomic TSA construct to a reverse TSA, has significantly
reduced the complexity of revision shoulder arthroplasty. It theoretically obviates the need
to explant the humeral stem that in turn reduces operative time, decreases blood loss,
preserves humeral bone stock, and can reduce cost [27]. Crosby et al. found a slightly
better postoperative range of motion in those who underwent conversion to RSA with a
convertible platform compared to those that required entire humeral implant exchange.
The prevalence of intraoperative complications was significantly lower with the convertible-
platform group (0% compared to 15%), though rates of reoperation were not different [27].

Figure 2. Short stem anatomic TSA. AP X-ray of anatomic TSA with short humeral stem.

It should be noted that not all convertible-platform humeral components can indeed be
retained at the revision setting. The convertible platform humeral stem must be well-fixed
and well-positioned to be retained. Encouragingly, multiple studies have demonstrated
that a vast majority, approximately 80%, can be retained [27-29].

2.2. Glenoid Component Innovations
Augmented Glenoid Components
Excess retroversion and posterior wear of the glenoid present a dilemma for the

orthopedic surgeon performing anatomic TSA. Glenoids with posterior wear and formation
of a neo-glenoid (Walch B2), and those with >15° retroversion (Walch B3) are at high risk of
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developing glenoid loosening with standard implants [30]. Glenoid loosening has been
the most common cause of anatomic TSA failure and indication for revision. Increased
osteolysis has been demonstrated in cases in which the glenoid component is placed in
excess retroversion, resulting in decreased implant survival [31].

Glenoid component retroversion beyond 15° leads to decreased contact area and
increased contact pressures, placing the glenoid component at high risk of failure [31], and
though eccentric reaming can correct small posterior deficits up to 10-15° [32,33], one risks
removing excessive native bone when eccentrically reaming for larger deficits. Primary
bone grafting has demonstrated variable results and may be associated with clinical and
radiographic failure [34-37]. The other remaining option to deal with excessive posterior
wear and retroversion even in the setting of an intact rotator cuff is to perform RSA, and
some authors prefer this method [30].

For these reasons, there has been the introduction of augmented glenoid components
that theoretically reduce bone removal and shear stresses, while retaining the benefits
of anatomic TSA over RSA. Full wedge and partial wedge augments of varying degrees
exist. Older designs included a keel that was angled in line with the neo-glenoid face, thus
directing fixation toward the anterior neck of the glenoid. Newer implants have placed
vault fixation angled with the paleo-glenoid to improve fixation [38]. Strong long-term data
is lacking for augmented glenoid components. However, the short-term results are encour-
aging with multiple studies citing revision rates of 0%—-5% at 2-3-year follow-up [38—43].
Larger-degree augments may be at higher risk of failure, as demonstrated by Priddy et al.
in their retrospective study of full-wedge glenoid augmented TSA compared to non-
augmented TSA, in which all failures of the augmented glenoids requiring revision came
with the 16° augment, with no failures of the 8° or 12° augments. There were no differ-
ences in radiographic lucencies around the pegs, postop ROM or patient reported outcome
measures [38].

The senior author’s preference for managing glenoid retroversion includes high-side
reaming a B2 or B3 glenoid for retroversion <25°. When retroversion is 25° to 35°, the
preference is to use an augmented glenoid component (Figure 3). For retroversion >35°,
the senior author will perform an RSA with bone grafting of the glenoid.

Figure 3. Anatomic TSA with posteriorly augmented glenoid polyethylene. Axillary X-ray of
posteriorly augmented glenoid polyethylene.



J. Clin. Med. 2022, 11, 2799

6 of 16

2.3. Inlay versus Onlay Glenoid Components

Traditional onlay glenoid prostheses exhibit signs of loosening at relatively high rates,
even when optimally placed [44-46]. Metal-backed glenoids have fallen out of favor
due to the unacceptably high failure rates [47], so all-polyethylene designs are the gold
standard. Though somewhat controversial, pegged onlay glenoids appear to have superior
survivorship to keeled glenoids [45,48]. The “rocking-horse” phenomenon at the glenoid-
bone interface can result in edge loading, liftoff, and subsequent component loosening.
With radiolucent lines occurring in approximately 30%-75% of TSAs with onlay glenoids by
10-year follow up, and loosening resulting in clinical failure requiring revision TSA 2%-10%
of the time [49-51], there indeed is need for improvement in implant design. This has led
to the development of the inlay glenoid design, in which the polyethylene component is
implanted flush with the glenoid bone surface. Its theoretical advantages are those of less
glenoid bone removal and improved mechanical characteristics due to less implant edge
loading and lift off.

In a cadaveric study by Gagliono et al., onlay glenoid components exhibited gross
loosening during fatigue testing, whereas the inlay glenoid components did not, and the
onlay glenoids experienced significantly higher forces acting on them than did the native
or inlay glenoids [52]. Short term results are promising, with good improvement in PROs,
function, and ROM, without increased complication rates, and low reoperation rates [53].
This has been true even in the setting of posterior glenoid erosion, with no differences in
short term clinical and radiographic outcomes evaluating non-spherical humeral head and
inlay glenoid components in concentric (Walch A) glenoids compared to non-concentric
(Walch B1 and B2) glenoids, according to the work of Egger et al. [54]. Inlay components
may be of particular benefit in the younger, athletic, weight-lifting population given the
theoretical decrease in mechanical loosening and resultant lack of restrictions afforded to
them. Early clinical results have been excellent, and most of these patients are able to return
to sports and lifting at the same or higher level [53,55].

Longer term data is required to definitively say whether inlay glenoid components
are superior to onlay components, but early evidence suggests that this may turn out to be
the case.

The senior author typically uses an onlay glenoid component, except when glenoid
dysplasia exists, in which case the preference is to use an inlay glenoid component. See
Figure 4, which depicts an X-ray appearance of an inlay glenoid component.

Figure 4. Inlay glenoid polyethylene in setting of glenoid dysplasia. Axillary X-ray of inlay glenoid
polyethylene in setting of glenoid dysplasia.
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2.4. Convertible Glenoid Components in Anatomic TSA

Cemented all-polyethylene glenoid components have represented the gold standard in
anatomic TSA, given the historically unreliable results of cementless glenoid components.
However, given the challenges and risks of revising a cemented glenoid component, there
has been a resurgence of interest in convertible metal-backed glenoid components for
anatomic TSA. The new generation of convertible metal-backed trays feature improved
designs including a highly stable anchorage mechanism of the metal carrier in the glenoid
vault, with larger bone-implant contact area and improved stability against shear forces [56].
Short and midterm follow-up results of the latest generation of convertible glenoid systems
are encouraging, with revision rates ranging from 0%-11% [56-58]. Magosch et al. reported
no glenoid loosening, an implant related revision rate of 4.2%, polyethylene dissociated in
4.2%, and no complications in cases requiring revision to RSA, in their prospective study of
48 patients at a mean follow up of 49 months [56]. In the setting of failed anatomic TSA,
conversion to RSA may be facilitated by convertible glenoid systems, while maintaining
improvements in pain and shoulder function [59]. Long-term follow-up data is needed,
but there may indeed be a role for these convertible glenoid components moving forward.

3. New Perspectives and Innovations in Reverse Shoulder Arthroplasty

Reverse shoulder arthroplasty was approved by the FDA in the US in 2003. Since
then, the prevalence has increased significantly by more than 2.5 times from 7.3 cases per
100,000 persons to 19.3 cases per 100,000 persons between 2012 to 2017 [60]. Its original
indication was rotator cuff arthropathy in older patients [61], but this has since been ex-
panded as prostheses have improved and surgeon experience has become more ubiquitous.
Indications now include fracture, revision shoulder surgery, rotator cuff arthropathy in
relatively younger patients, tumor, and glenoid bone loss. As these indications expand,
more options have developed to assist in decreasing complications and improving complex
or revision surgeries.

3.1. Combined Humeral and Glenoid Component Innovations
Lateralization

Reverse shoulder arthroplasty designs have evolved over the last 15 years. One major
evolution has been increased lateralization of the glenoid component. Typically, in RSA,
the glenoid center of rotation (COR) is still medialized relative to the native shoulder COR.
The increased lateralization is in reference to the preoperative humeral position rather
than the COR. The current trend is to increase lateralization to increase soft tissue tension,
particularly the rotator cuff. This lateralization can be achieved by one of three methods:
lateralized glenoid baseplate, lateralized glenosphere or glenoid bone grafts (e.g., BIORSA).

Lateralization can have negative and positive effects on both the glenoid and humerus.
Glenoid lateralization decreases adduction impingement thereby decreasing scapular notch-
ing and improving adduction, ER and extension motion [62-66]. It also improves rotator
cuff tension and prosthetic stability [67,68]. Glenoid lateralization does, however, decrease
the mechanical advantage of the deltoid, increase the shear forces across the implant inter-
face and increase acromial strain, potentially increasing the risk of stress fracture [69-74].
Humeral lateralization on the other hand improves the deltoid mechanical advantage as
well as improves the posterior cuff tension and the deltoid wrap by providing a more
anatomic vector of muscle pull [67,70,75,76]. The negative effects of humeral lateralization
are potentially too much soft tissue tension when combined with glenoid lateralization.

3.2. Humeral Component Innovations
3.2.1. Stemless Implants

Stemless RSA implants are not currently FDA approved in the United States, however
they have been approved and studied in Europe and Canada. The appeal of a stemless
RSA implant is similar to their appeal in anatomic TSA, namely preserving proximal bone
stock and easier implantation in the setting of altered distal anatomy, as well as potentially
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decreasing implant malposition and periprosthetic fractures [77,78]. International liter-
ature has found no significant difference in ROM and clinical outcomes scores between
stemmed and stemless RSA in early to mid-term results [79,80]. Osteopenia was noted to
be a relative contraindication for stemless implantation due to an association with early
humeral component loosening [81,82]. Long-term survivorship of these implants is still
under investigation.

3.2.2. Inlay vs. Onlay Implants

The original Grammont style implant was designed as a 155° inlay prosthesis. With the
inlay component, the metaphyseal portion of the stem is inset into the humeral metaphysis.
The thought behind this original design was to increase the surface area contact and
medialize the humerus. The humeral stem onlay prosthesis was then developed with the
metaphyseal tray sitting on top of the humeral cut surface. This allows for more lateralized
and distalized humeral designs, preserved proximal bone stock, and the potential for stem
conversion between RSA, TSA, and hemiarthroplasty [83-85].

In a biomechanical study by Walch, when compared to 155° inlay and 135° /155° onlay
stems, only the 145° onlay humeral stem restored >50% of the native ROM and maximally
lengthened the cuff [83]. Clinical studies have demonstrated improved adduction, exten-
sion, and ER with onlay humerus compared to the traditional inlay component [86,87]. In
one of these studies, there was no difference in complications, however increased scapular
fractures have been noted in other studies of the onlay stems, particularly with distalizing
designs [84,87,88]. Ultimately, further clinical trials are needed to fully delineate the out-
comes of inlay versus onlay, but the data so far suggests that onlay stems, particularly with
lower neck shaft angle, offer improved outcomes and more revision versatility, but with
the increased risk of scapular fracture.

The senior author’s preference is to use an inlay short stem humeral component with
a lateralized glenoid baseplate (Figure 5). If, however, there is significant proximal humeral
bone loss, the senior author’s preference is to use a standard length or long stem with
proximal humeral allograft when necessary.

Figure 5. Lateralized RSA. AP X-ray of lateralized glenoid baseplate.

3.2.3. Vitamin E Polyethylene Implants

Vitamin E has become the most common antioxidant used in polyethylene components
for all joint replacements including reverse shoulder arthroplasty [89]. It is added as an
antioxidant stabilizer to inhibit oxidative degradation in ultra-high molecular weight
polyethylene (UHMWPE). Vitamin E enhanced UHMWPE demonstrates more stability
than gamma sterilized or high-dose irradiated UHMWDPE implants under accelerated aging
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conditions [90-92] and more mechanical and fatigue strength [93]. Vitamin E implants
that were evaluated in a wear stimulator for shoulder implants demonstrated a significant
reduction in wear compared to non-vitamin E enhanced implants [94].

3.2.4. Ceramic Implants

Ceramic RSA components do not yet have FDA approval in the United States, however
they are approved internationally. Internationally, ceramic humeral heads have been
evaluated in anatomic TSA and shown to have reduced wear and osteolysis [95,96].

3.3. Glenoid Component Innovations
Augmented Glenoid Components

As discussed in the section on glenoid augmentation for the anatomic shoulder arthro-
plasty, glenoid bone loss presents a difficult problem for anatomic and reverse shoulder
arthroplasty. With existing bone loss, many prefer to perform an RSA. This is thought to be
a better option due to the decreased humeral migration and ultimately asymmetric poly
wear with the more constrained RSA component as compared to the TSA. Even with the
advantage of RSA glenoid implants, there are still minimum requirements for baseplate
placement. The implant goals are typically cited as version within 5-10 degrees of neutral,
neutral to mildly inferior inclination, a minimum of 50% baseplate contact with possibly
more with augmented baseplates [97,98].

Glenoid augments assist in achieving these goals by increasing the baseplate support
with less glenoid reaming. This also has the added benefit of preserving more native bone
stock and increasing glenoid lateralization. When evaluating glenoid bone loss, cases are
typically broken down into primary cases with bone loss or erosion and revision cases.

For primary cases, the bone loss is usually angular deformities—either version or
inclination. Version abnormalities are associated with primary osteoarthritis, post-traumatic
arthritis and post-capsulorrhaphy arthritis. Version change of >20 degrees requires either
an augment or bone graft to avoid excessive reaming and to achieve the ideal baseplate
position. Inclination deformities are associated with cuff tear arthropathy. Hamada 4 and 5
changes are usually associated with superior erosion but can occasionally be central erosion.
Again, an augmented baseplate can improve the seating with less glenoid reaming, and
inclination of >10-15° requires augment or bone graft rather than asymmetric reaming.

For revision cases, augments are more frequently used as opposed to autograft due to
the lack of excess bone graft (e.g., humeral head) available. Bone loss in revision cases can
be complex and variable including peripheral bone loss, cavitary ventral bone loss, angular
erosive deformities and, most complex, combined defects.

Several augment options exist to address these bone loss patterns. First, there are non-
custom implants. These require some glenoid reaming and are angled metallic augments
that can be either a full or half wedge ranging from 10-30 degrees. These augments increase
the baseplate thickness, so lateralized glenospheres may not be required. Second, there
are custom implants. These are designed pre-operatively off a CT scan platform and are
based on an individual patient’s deformity. They typically do not require glenoid reaming.
Custom implants are best used in the setting of complex, combined glenoid bone loss
patterns (e.g., peripheral and cavitary), severe peripheral defects severely compromising
the glenoid vault walls and severe angular deformity with central bone loss. This is more
often indicated in the revision setting.

The senior author’s preference in cases without glenoid bone loss is to use a standard
lateralized baseplate. In cases of glenoid bone loss, he will use an off-the-shelf augment
for <5 mm bone loss (Figure 6), BIORSA for 5-10 mm of bone loss, structural allograft or
autograft on the glenoid for 10-20 mm of bone loss, and a custom baseplate (Figure 7) or
2-stage iliac crest bone graft (ICBG) reconstruction for >20 mm of bone loss.
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Figure 7. Case of severe glenoid bone loss treated with RSA with custom glenoid component. (Left)
Axial CT scan of right shoulder status post antibiotic hemiarthroplasty spacer for prior prosthetic
joint infection. (Middle) AP X-ray of RSA with custom glenoid component. (Right) Axillary X-ray of
RSA with custom glenoid component.

4. New Perspectives and Innovations in Revision Shoulder Arthroplasty
and Complications

4.1. Convertible Implants

Humeral revision can be as complicated as glenoid revision in revision shoulder
arthroplasty. Humeral revision is complicated by humeral stems that are challenging to
remove and at the same time complicated by bone loss leading to the inability to place new
implants with adequate fixation. Solutions on the humeral side include stemmed implants
that are convertible, so removal does not need to be performed. Convertible systems have
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the benefits of an easier revision but can be complicated by improper positioning of the
original stem or failure of ability to reduce the implant at the time of revision. Component
removal, if required, can be challenging depending on fixation methods and adequacy of
fixation. Options include breaking up the fixation from above, osteotomy or windows. In
the setting of cement, removal systems can significantly improve the ease of revision as well
as eliminate the need for windows to remove cement and plugs. This is especially true in
the setting of infection. In the setting of bone loss proximally, options for humeral revision
include long-stem cemented or uncemented stems with or without proximal replacement
using bone or metal. Various options have their own advantages and disadvantages.

4.2. Humeral Bone Loss

Humeral bone loss is usually seen in the revision setting after failed ORIF, hemiarthro-
plasty for fracture and failed anatomic TSA, as well as sequalae from a fracture malunion
or nonunion or oncologic resection. Like glenoid bone loss, humeral bone loss is a diffi-
cult problem associated with several complications post-operatively after an RSA. One
commonly cited complication is the loss of rotator cuff function, particularly ER, due to
the loss of tuberosities. Loss of the tuberosity is also associated with decreased contour
that decreases the deltoid wrap and subsequently alters the deltoid vector. Lastly, aseptic
humeral loosening is seen due to the lack of metaphyseal osseous support which increases
the torsional forces in the diaphysis.

Treatment options for this include humeral allograft prosthetic composite implants or
proximal humeral replacement systems. For the replacement systems, metallic augmenta-
tion is used to restore the absent proximal humerus bone to restore the deltoid wrap. These
systems also have built in modularity to allow for adjusted length and offset as needed.
They rely on diaphyseal fixation and can be either cemented or cementless depending
on the quantity and quality of bone available distally. These require bilateral full length
humerus films to quantify the amount of bone loss requiring restoration.

5. Innovations in Arthroplasty Technologies
5.1. Patient-Specific Instrumentation and Pre-Operative Planning

Patient-Specific Instrumentation (PSI) systems have been developed to help surgeons
more accurately implant the glenoid prosthesis. A patient’s preoperative 3D CT scan is
used to create a 3D virtual surgery tool that enhances the surgeon’s ability to prepare the
glenoid surface as well as fix the implant and screws. A meta-analysis of 12 studies com-
prising 227 participants found that PSI, compared to standard instrumentation methods,
significantly improved glenoid positioning and decreased the number of malpositioned
components from 68.6% to 15.3% [99]. These systems can be particularly helpful in cases
of altered glenoid morphology. Hendel et al. found that in patients with preoperative
retroversion >16°, surgeons utilizing PSI were able to place the glenoid component within
1.2° of the ideal position [100]. Though implantation accuracy may be improved with PSI,
the long-term clinical outcomes remain to be seen. In knee arthroplasty, for instance, PSI
and robotic-assisted surgery have failed to demonstrate improvements in long-term clinical
outcomes [101,102]. Robotic-assisted total shoulder arthroplasty is on the horizon, but prior
to its widespread implementation, there must be careful consideration of its costs, benefits,
and long-term outcomes.

Patient-specific computer modeling and surgeon-controlled 3D planning software
have emerged as valuable tools for preoperative planning in shoulder arthroplasty. Sta-
tistical shape modeling technology can help quantify glenoid bone defects and virtually
reconstruct the glenoid, thus assisting the surgeon to choose a suitable glenoid implant. 3D
technologies can predict impingement-free ROM, which could help prevent notching or
possible instability secondary to impingement. They also allow the surgeon to virtually
plan implant size, implant seating and positioning, appropriate reaming depth, and com-
pare different implant designs before even entering the OR. Patient specific guides can also
be created based on these virtual models for use in the OR. The senior author’s current
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preference is to use Blueprint ™ (Stryker, Kalamazoo, MI, USA) 3D planning software for
a vast majority of cases.

5.2. Augmented and Mixed Reality Applications in Total Shoulder Arthroplasty

Augmented reality (AR) that is a “digital display overlay on real-world surfaces,
allowing for depth perception” can be used in preoperative planning and intraoperative
guidance during shoulder arthroplasty [103]. AR has been used in multiple orthopedic
procedures and its applications are broadening. Ponce et al. utilized an AR device to enable
a surgeon to interact remotely with another surgeon during a TSA via livestreamed video,
allowing remote mentoring and guidance [104].

Mixed reality (MR), which consists of a “digital display overlay combined with inter-
active projected holograms”, allows the surgeon to view the real world while manipulating
the digital content generated by the device [103]. Gregory et al., in their proof-of-concept
study, successfully utilized the HoloLens MR system (Microsoft) to perform a standard
RSA, with an operative time of 90 min and a post-op CT confirming proper prosthetic
positioning [105].

The ability to visualize data in real time and improve the accuracy of surgical inter-
vention make these reality technologies promising tools for the shoulder arthroplasty
surgeon. However, the prohibitive costs of these tools, for now at least, limit their
widespread application.

6. Conclusions

As our understanding of the biomechanics of shoulder arthroplasty has expanded
over the past decades, as has surgical innovation and the state of the art. Shorter stem or
stemless anatomic TSA decreases humeral bone loss and can be beneficial in situations
of proximal humerus deformity. Augmented glenoid components reduce bone removal
and shear stresses in cases of excess glenoid retroversion, while retaining the benefits of
anatomic TSA over RSA. Regarding RSA, metal augmentation, including custom augments,
on both the glenoid and humeral side have expanded indications in cases of bone loss.
In the setting of revision shoulder arthroplasty, convertible stems and newer tools to
improve humeral implant removal can help simplify an already complex surgery. We have
now entered an era of computer planning, navigation, PSI, and augmented reality that
has redefined preoperative planning and indications, while aiding the surgeon in their
operative execution.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1. Day, J.S.; Lau, E.; Ong, K.L.; Williams, G.R.; Ramsey, M.L.; Kurtz, S.M. Prevalence and projections of total shoulder and elbow
arthroplasty in the United States to 2015. |. Shoulder EIb. Surg. 2010, 19, 1115-1120. [CrossRef] [PubMed]
2. Boileau, P.; Walch, G. The Three-Dimensional Geometry of the Proximal Humerus. J. Bone Jt. Surg. Br. Vol. 1997, 79-B, 857-865.

[CrossRef]

3. Heers, G.; Grifka, J.; An, K.N. Biomechanical considerations on shoulder joint prosthesis implantation. Der Orthop. 2001,
30, 346-353. [CrossRef] [PubMed]

4. Hawi, N.; Magosch, P.; Tauber, M.; Lichtenberg, S.; Habermeyer, P. Nine-year outcome after anatomic stemless shoulder prosthesis:
Clinical and radiologic results. . Shoulder EIb. Surg. 2017, 26, 1609-1615. [CrossRef]

5. Kadum, B.; Hassany, H.; Wadsten, M.; Sayed-Noor, A.; Sjodén, G. Geometrical analysis of stemless shoulder arthroplasty: A
radiological study of seventy TESS total shoulder prostheses. Int. Orthop. 2016, 40, 751-758. [CrossRef]

6.  Athwal, G.S. Spare the Canal: Stemless Shoulder Arthroplasty Is Finally Here. ]. Bone Jt. Surg. 2016, 98, €28. [CrossRef]


http://doi.org/10.1016/j.jse.2010.02.009
http://www.ncbi.nlm.nih.gov/pubmed/20554454
http://doi.org/10.1302/0301-620X.79B5.0790857
http://doi.org/10.1007/s001320170083
http://www.ncbi.nlm.nih.gov/pubmed/11480086
http://doi.org/10.1016/j.jse.2017.02.017
http://doi.org/10.1007/s00264-015-2935-z
http://doi.org/10.2106/JBJS.15.01350

J. Clin. Med. 2022, 11, 2799 13 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Brabston, E.W.; Fehringer, E.V.; Owen, M.T.; Ponce, B.A. Stemless Humeral Implants in Total Shoulder Arthroplasty. J. Am. Acad.
Orthop. Surg. 2020, 28, e277-287. [CrossRef]

Krukenberg, A.; McBirnie, J.; Bartsch, S.; Bohler, N.; Wiedemann, E.; Jost, B.; Mansat, P.; Bellon-Champel, P.; Angeloni, R,;
Scheibel, M. Sidus Stem-Free Shoulder System for primary osteoarthritis: Short-term results of a multicenter study. J. Shoulder
Elb. Surg. 2018, 27, 1483-1490. [CrossRef]

Habermeyer, P.; Lichtenberg, S.; Tauber, M.; Magosch, P. Midterm results of stemless shoulder arthroplasty: A prospective study.
J. Shoulder EIb. Surg. 2015, 24, 1463-1472. [CrossRef]

Alikhah, A.; Imiolczyk, ].P.; Krukenberg, A.; Scheibel, M. Screw fixation in stemless shoulder arthroplasty for the treatment of
primary osteoarthritis leads to less osteolysis when compared to impaction fixation. BMC Musculoskelet. Disord. 2020, 21, 295.
[CrossRef]

Huguet, D.; DeClercq, G.; Rio, B.; Teissier, ].; Zipoli, B. Results of a new stemless shoulder prosthesis: Radiologic proof of
maintained fixation and stability after a minimum of three years’ follow-up. J. Shoulder Elb. Surg. 2010, 19, 847-852. [CrossRef]
[PubMed]

Berth, A.; Pap, G. Stemless shoulder prosthesis versus conventional anatomic shoulder prosthesis in patients with osteoarthritis.
J. Orthop. Traumatol. 2013, 14, 31-37. [CrossRef] [PubMed]

Bell, S.N.; Coghlan, J.A. Short stem shoulder replacement. Int. J. Shoulder Surg. 2014, 8, 72-75. [CrossRef] [PubMed]

Churchill, R.S.; Chuinard, C.; Wiater, ].M.; Friedman, R.; Freehill, M.; Jacobson, S.; Spencer, E.; Holloway, G.B.; Wittstein, J.;
Lassiter, T.; et al. Clinical and Radiographic Outcomes of the Simpliciti Canal-Sparing Shoulder Arthroplasty System. . Bone
Jt. Surg. 2016, 98, 552-560. [CrossRef] [PubMed]

Collin, P.; Matsukawa, T.; Boileau, P; Brunner, U.; Walch, G. Is the humeral stem useful in anatomic total shoulder arthroplasty?
Int. Orthop. 2017, 41, 1035-1039. [CrossRef]

Beck, S.; Beck, V.; Wegner, A.; Dudda, M.; Patsalis, T.; Jager, M. Long-term survivorship of stemless anatomical shoulder
replacement. Int. Orthop. 2018, 42, 1327-1330. [CrossRef]

Uschok, S.; Magosch, P.; Moe, M.; Lichtenberg, S.; Habermeyer, P. Is the stemless humeral head replacement clinically and
radiographically a secure equivalent to standard stem humeral head replacement in the long-term follow-up? A prospective
randomized trial. J. Shoulder Elb. Surg. 2017, 26, 225-232. [CrossRef]

Aibinder, W.R.; Bartels, D.W.; Sperling, ].W.; Sanchez-Sotelo, J. Mid-term radiological results of a cementless short humeral
component in anatomical and reverse shoulder arthroplasty. Bone Jt. J. 2019, 101-B, 610-614. [CrossRef]

Schnetzke, M.; Preis, A.; Coda, S.; Raiss, P.; Loew, M. Anatomical and reverse shoulder replacement with a convertible,
uncemented short-stem shoulder prosthesis: First clinical and radiological results. Arch. Orthop. Trauma Surg. 2017, 137, 679—-684.
[CrossRef]

Romeo, A.A.; Thorsness, R.J.; Sumner, S.A.; Gobezie, R.; Lederman, E.S.; Denard, P.J. Short-term clinical outcome of an anatomic
short-stem humeral component in total shoulder arthroplasty. J. Shoulder EIb. Surg. 2018, 27, 70-74. [CrossRef]

Garret, J.; Harly, E.; le Huec, J.C.; Brunner, U.; Rotini, R.; Godenéche, A. Pyrolytic carbon humeral head in hemi-shoulder
arthroplasty: Preliminary results at 2-year follow-up. JSES Open Access 2019, 3, 37-42. [CrossRef]

Schnetzke, M.; Wittmann, T.; Raiss, P.; Walch, G. Short-term results of a second generation anatomic short-stem shoulder
prosthesis in primary osteoarthritis. Arch. Orthop. Trauma Surg. 2019, 139, 149-154. [CrossRef] [PubMed]

Rasmussen, ].V,; Olsen, B.S.; Al-Hamdani, A.; Brorson, S. Outcome of Revision Shoulder Arthroplasty After Resurfacing
Hemiarthroplasty in Patients with Glenohumeral Osteoarthritis. J. Bone Jt. Surg. 2016, 98, 1631-1637. [CrossRef] [PubMed]
Hannoun, A.; Ouenzerfi, G.; Brizuela, L.; Mebarek, S.; Bougault, C.; Hassler, M.; Berthier, Y.; Trunfio-Sfarghiu, A.-M. Pyrocarbon
versus cobalt-chromium in the context of spherical interposition implants: An in vitro study on cultured chondrocytes. Eur. Cells
Mater. 2019, 37, 1-15. [CrossRef] [PubMed]

Klawitter, J.J.; Patton, J.; More, R.; Peter, N.; Podnos, E.; Ross, M. In vitro comparison of wear characteristics of PyroCarbon and
metal on bone: Shoulder hemiarthroplasty. Shoulder Elb. 2020, 12, 11-22. [CrossRef]

Hsu, S.H.; Byram, L.R.; Bigliani, L.U. Implant Removal in Revision Arthroplasty: A Tour de Force. Semin. Arthroplast. 2012,
23,118-124. [CrossRef]

Crosby, L.A.; Wright, TW,; Yu, S.; Zuckerman, J.D. Conversion to Reverse Total Shoulder Arthroplasty with and without Humeral
Stem Retention: The Role of a Convertible-Platform Stem. ]. Bone Jt. Surg. 2017, 99, 736-742. [CrossRef]

Wieser, K.; Borbas, P.; Ek, E.T.; Meyer, D.C.; Gerber, C. Conversion of Stemmed Hemi- or Total to Reverse Total Shoulder
Arthroplasty: Advantages of a Modular Stem Design. Clin. Orthop. Relat. Res. 2015, 473, 651-660. [CrossRef]

Dilisio, M.F,; Miller, L.R.; Siegel, E.J.; Higgins, L.D. Conversion to Reverse Shoulder Arthroplasty: Humeral Stem Retention
Versus Revision. Orthopedics 2015, 38, e773-e779. [CrossRef]

Bercik, M.].; Kruse, K.; Yalizis, M.; Gauci, M.O.; Chaoui, J.; Walch, G. A modification to the Walch classification of the glenoid in
primary glenohumeral osteoarthritis using three-dimensional imaging. J. Shoulder Elb. Surg. 2016, 25, 1601-1606. [CrossRef]
Shapiro, T.A.; McGarry, M.H.; Gupta, R.; Lee, Y.S.; Lee, T.Q. Biomechanical effects of glenoid retroversion in total shoulder
arthroplasty. J. Shoulder EIb. Surg. 2007, 16, S90-S95. [CrossRef] [PubMed]

Iannotti, J.P; Greeson, C.; Downing, D.; Sabesan, V.; Bryan, J.A. Effect of glenoid deformity on glenoid component placement in
primary shoulder arthroplasty. J. Shoulder EIb. Surg. 2012, 21, 48-55. [CrossRef] [PubMed]


http://doi.org/10.5435/JAAOS-D-16-00747
http://doi.org/10.1016/j.jse.2018.02.057
http://doi.org/10.1016/j.jse.2015.02.023
http://doi.org/10.1186/s12891-020-03277-3
http://doi.org/10.1016/j.jse.2009.12.009
http://www.ncbi.nlm.nih.gov/pubmed/20303799
http://doi.org/10.1007/s10195-012-0216-9
http://www.ncbi.nlm.nih.gov/pubmed/23138538
http://doi.org/10.4103/0973-6042.140113
http://www.ncbi.nlm.nih.gov/pubmed/25258497
http://doi.org/10.2106/JBJS.15.00181
http://www.ncbi.nlm.nih.gov/pubmed/27053583
http://doi.org/10.1007/s00264-016-3371-4
http://doi.org/10.1007/s00264-018-3779-0
http://doi.org/10.1016/j.jse.2016.09.001
http://doi.org/10.1302/0301-620X.101B5.BJJ-2018-1374.R1
http://doi.org/10.1007/s00402-017-2673-3
http://doi.org/10.1016/j.jse.2017.05.026
http://doi.org/10.1016/j.jses.2018.09.002
http://doi.org/10.1007/s00402-018-3039-1
http://www.ncbi.nlm.nih.gov/pubmed/30242565
http://doi.org/10.2106/JBJS.15.00934
http://www.ncbi.nlm.nih.gov/pubmed/27707849
http://doi.org/10.22203/eCM.v037a01
http://www.ncbi.nlm.nih.gov/pubmed/30614513
http://doi.org/10.1177/1758573218796837
http://doi.org/10.1053/j.sart.2012.04.001
http://doi.org/10.2106/JBJS.16.00683
http://doi.org/10.1007/s11999-014-3985-z
http://doi.org/10.3928/01477447-20150902-54
http://doi.org/10.1016/j.jse.2016.03.010
http://doi.org/10.1016/j.jse.2006.07.010
http://www.ncbi.nlm.nih.gov/pubmed/17169588
http://doi.org/10.1016/j.jse.2011.02.011
http://www.ncbi.nlm.nih.gov/pubmed/21600787

J. Clin. Med. 2022, 11, 2799 14 of 16

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Sabesan, V.; Callanan, M.; Sharma, V.; Iannotti, J.P. Correction of acquired glenoid bone loss in osteoarthritis with a standard
versus an augmented glenoid component. J. Shoulder Elb. Surg. 2014, 23, 964-973. [CrossRef] [PubMed]

Hill, J.M.; Norris, T.R. Long-term results of total shoulder arthroplasty following bone-grafting of the glenoid. ]. Bone Jt.
Surg. Am. Vol. 2001, 83, 877-883. [CrossRef]

Iannotti, ].P.; Frangiamore, S.J. Fate of large structural allograft for treatment of severe uncontained glenoid bone deficiency.
J. Shoulder EIb. Surg. 2012, 21, 765-771. [CrossRef]

Klika, B.J.; Wooten, C.W.,; Sperling, ].W.; Steinmann, S.P.; Schleck, C.D.; Harmsen, W.S.; Cofield, R.H. Structural bone grafting for
glenoid deficiency in primary total shoulder arthroplasty. J. Shoulder EIb. Surg. 2014, 23, 1066-1072. [CrossRef]

Walch, G.; Moraga, C.; Young, A.; Castellanos-Rosas, ]. Results of anatomic nonconstrained prosthesis in primary osteoarthritis
with biconcave glenoid. J. Shoulder EIb. Surg. 2012, 21, 1526-1533. [CrossRef]

Priddy, M.; Zarezadeh, A.; Farmer, KW,; Struk, A.M.; King, ].J.; Wright, T.W.; Schoch, B.S. Early results of augmented anatomic
glenoid components. J. Shoulder Elb. Surg. 2019, 28, S138-5145. [CrossRef]

Mizuno, N.; Denard, PJ.; Raiss, P.; Walch, G. Reverse total shoulder arthroplasty for primary glenohumeral osteoarthritis in
patients with a biconcave glenoid. J. Bone Jt. Surg. Am. Vol. 2013, 95, 1297-1304. [CrossRef]

Favorito, PJ.; Freed, R.].; Passanise, A.M.; Brown, M.]. Total shoulder arthroplasty for glenohumeral arthritis associated with
posterior glenoid bone loss: Results of an all-polyethylene, posteriorly augmented glenoid component. J. Shoulder EIb. Surg. 2016,
25,1681-1689. [CrossRef]

Stephens, S.P.; Spencer, E.E.; Wirth, M.A. Radiographic results of augmented all-polyethylene glenoids in the presence of posterior
glenoid bone loss during total shoulder arthroplasty. J. Shoulder Elb. Surg. 2017, 26, 798-803. [CrossRef] [PubMed]

Lenart, B.A.; Namdari, S.; Williams, G.R. Total shoulder arthroplasty with an augmented component for anterior glenoid bone
deficiency. J. Shoulder EIb. Surg. 2016, 25, 398-405. [CrossRef] [PubMed]

Sandow, M.; Schutz, C. Total shoulder arthroplasty using trabecular metal augments to address glenoid retroversion: The
preliminary result of 10 patients with minimum 2-year follow-up. J. Shoulder Elb. Surg. 2016, 25, 598-607. [CrossRef] [PubMed]
Norris, T.R.; Iannotti, J.P. Functional outcome after shoulder arthroplasty for primary osteoarthritis: A multicenter study.
J. Shoulder EIb. Surg. 2002, 11, 130-135. [CrossRef] [PubMed]

Papadonikolakis, A.; Neradilek, M.B.; Matsen, F.A. Failure of the glenoid component in anatomic total shoulder arthroplasty:
A systematic review of the English-language literature between 2006 and 2012. J. Bone Jt. Surg. Am. Vol. 2013, 95, 2205-2212.
[CrossRef]

Strauss, E.J.; Roche, C.; Flurin, PH.; Wright, T.; Zuckerman, J.D. The glenoid in shoulder arthroplasty. J. Shoulder Elb. Surg. 2009,
18, 819-833. [CrossRef]

Taunton, M.].; McIntosh, A.L.; Sperling, ] W.; Cofield, R.H. Total shoulder arthroplasty with a metal-backed, bone-ingrowth
glenoid component. Medium to long-term results. J. Bone Jt. Surg. Am. Vol. 2008, 90, 2180-2188. [CrossRef]

Vavken, P; Sadoghi, P.; von Keudell, A.; Rosso, C.; Valderrabano, V.; Miiller, A.M. Rates of radiolucency and loosening after total
shoulder arthroplasty with pegged or keeled glenoid components. J. Bone Jt. Surg. Am. Vol. 2013, 95, 215-221. [CrossRef]
Clitherow, H.D.S.; Frampton, C.M.A.; Astley, T.M. Effect of glenoid cementation on total shoulder arthroplasty for degenerative
arthritis of the shoulder: A review of the New Zealand National Joint Registry. J. Shoulder EIb. Surg. 2014, 23, 775-781. [CrossRef]
Fox, T.J.; Foruria, A.M.; Klika, B.J.; Sperling, ].W.; Schleck, C.D.; Cofield, R.H. Radiographic survival in total shoulder arthroplasty.
J. Shoulder EIb. Surg. 2013, 22, 1221-1227. [CrossRef]

Wirth, M.A,; Loredo, R.; Garcia, G.; Rockwood, C.A.; Southworth, C.; Iannotti, ].P. Total shoulder arthroplasty with an all-
polyethylene pegged bone-ingrowth glenoid component: A clinical and radiographic outcome study. J. Bone Jt. Surg. Am. Vol.
2012, 94, 260-267. [CrossRef] [PubMed]

Gagliano, ].R.; Helms, S.M.; Colbath, G.P.; Przestrzelski, B.T.; Hawkins, R.J.; DesJardins, ].D. A comparison of onlay versus inlay
glenoid component loosening in total shoulder arthroplasty. J. Shoulder Elb. Surg. 2017, 26, 1113-1120. [CrossRef] [PubMed]
Cvetanovich, G.L.; Naylor, A.J.; O'Brien, M.C.; Waterman, B.R.; Garcia, G.H.; Nicholson, G.P. Anatomic total shoulder arthroplasty
with an inlay glenoid component: Clinical outcomes and return to activity. J. Shoulder EIb. Surg. 2020, 29, 1188-1196. [CrossRef]
[PubMed]

Egger, A.C.; Peterson, J.; Jones, M.H.; Miniaci, A. Total shoulder arthroplasty with nonspherical humeral head and inlay glenoid
replacement: Clinical results comparing concentric and nonconcentric glenoid stages in primary shoulder arthritis. JSES Open
Access 2019, 3, 145-153. [CrossRef]

Uribe, J.; Luis Vargas John, Z. Minimum 2 Years Outcomes of Powerlifters and Bodybuilders with advanced Glenohumeral
arthritis, managed with Stemless aspherical humeral head resurfacing and inlay glenoid. Orthop. J. Sports Med. 2020, 8. [CrossRef]
Magosch, P.; Lichtenberg, S.; Tauber, M.; Martetschlager, F.; Habermeyer, P. Prospective midterm results of a new convertible
glenoid component in anatomic shoulder arthroplasty: A cohort study. Arch. Orthop. Trauma Surg. 2021, 141, 717-724. [CrossRef]
Merolla, G.; Chin, P.; Sasyniuk, T.M.; Paladini, P.; Porcellini, G. Total shoulder arthroplasty with a second-generation tantalum
trabecular metal-backed glenoid component: Clinical and radiographic outcomes at a mean follow-up of 38 months. Bone Jt. ].
2016, 98-B, 75-80. [CrossRef]

Watson, S.T.; Gudger, G.K.; Long, C.D.; Tokish, ].M.; Tolan, S.J. Outcomes of Trabecular Metal-backed glenoid components in
anatomic total shoulder arthroplasty. J. Shoulder EIb. Surg. 2018, 27, 493-498. [CrossRef]


http://doi.org/10.1016/j.jse.2013.09.019
http://www.ncbi.nlm.nih.gov/pubmed/24406121
http://doi.org/10.2106/00004623-200106000-00009
http://doi.org/10.1016/j.jse.2011.08.069
http://doi.org/10.1016/j.jse.2013.09.017
http://doi.org/10.1016/j.jse.2011.11.030
http://doi.org/10.1016/j.jse.2019.04.014
http://doi.org/10.2106/JBJS.L.00820
http://doi.org/10.1016/j.jse.2016.02.020
http://doi.org/10.1016/j.jse.2016.09.053
http://www.ncbi.nlm.nih.gov/pubmed/27887871
http://doi.org/10.1016/j.jse.2015.08.012
http://www.ncbi.nlm.nih.gov/pubmed/26475636
http://doi.org/10.1016/j.jse.2016.01.001
http://www.ncbi.nlm.nih.gov/pubmed/26857086
http://doi.org/10.1067/mse.2002.121146
http://www.ncbi.nlm.nih.gov/pubmed/11988723
http://doi.org/10.2106/JBJS.L.00552
http://doi.org/10.1016/j.jse.2009.05.008
http://doi.org/10.2106/JBJS.G.00966
http://doi.org/10.2106/JBJS.L.00286
http://doi.org/10.1016/j.jse.2013.08.022
http://doi.org/10.1016/j.jse.2012.12.034
http://doi.org/10.2106/JBJS.J.01400
http://www.ncbi.nlm.nih.gov/pubmed/22298059
http://doi.org/10.1016/j.jse.2017.01.018
http://www.ncbi.nlm.nih.gov/pubmed/28359697
http://doi.org/10.1016/j.jse.2019.10.003
http://www.ncbi.nlm.nih.gov/pubmed/31899092
http://doi.org/10.1016/j.jses.2019.07.009
http://doi.org/10.1177/2325967120S00417
http://doi.org/10.1007/s00402-020-03454-y
http://doi.org/10.1302/0301-620X.98B1.36620
http://doi.org/10.1016/j.jse.2017.09.036

J. Clin. Med. 2022, 11, 2799 150f 16

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Valenti, P.; Katz, D.; Kany, J.; Werthel, ].D. Convertible Glenoid Components Facilitate Revisions to Reverse Shoulder Arthroplasty
Easier: Retrospective Review of 13 Cases. Am. J. Orthop. 2018, 47. [CrossRef]

Best, MLJ.; Aziz, K.T.; Wilckens, J.H.; McFarland, E.G.; Srikumaran, U. Increasing incidence of primary reverse and anatomic total
shoulder arthroplasty in the United States. J. Shoulder EIb. Surg. 2021, 30, 1159-1166. [CrossRef]

Grammont, PM.; Baulot, E. Delta shoulder prosthesis for rotator cuff rupture. Orthopedics 1993, 16, 65-68. [CrossRef] [PubMed]
Gutiérrez, S.; Comiskey, C.A.; Luo, Z.P.,; Pupello, D.R.; Frankle, M.A. Range of impingement-free abduction and adduction deficit
after reverse shoulder arthroplasty. Hierarchy of surgical and implant-design-related factors. J. Bone Jt. Surg. Am. Vol. 2008,
90, 2606-2615. [CrossRef] [PubMed]

Gutiérrez, S.; Levy, ].C.; Frankle, M.A; Cuff, D.; Keller, T.S.; Pupello, D.R.; Lee, W.E. Evaluation of abduction range of motion and
avoidance of inferior scapular impingement in a reverse shoulder model. J. Shoulder Elb. Surg. 2008, 17, 608—615. [CrossRef]
[PubMed]

Keener, ].D.; Patterson, B.M.; Orvets, N.; Aleem, A.W.; Chamberlain, A.M. Optimizing reverse shoulder arthroplasty component
position in the setting of advanced arthritis with posterior glenoid erosion: A computer-enhanced range of motion analysis.
J. Shoulder EIb. Surg. 2018, 27, 339-349. [CrossRef]

Tashjian, R.Z.; Burks, R.T.; Zhang, Y.; Henninger, H.B. Reverse total shoulder arthroplasty: A biomechanical evaluation of humeral
and glenosphere hardware configuration. J. Shoulder Elb. Surg. 2015, 24, e68—e77. [CrossRef]

Werner, B.S.; Chaoui, J.; Walch, G. The influence of humeral neck shaft angle and glenoid lateralization on range of motion in
reverse shoulder arthroplasty. J. Shoulder EIb. Surg. 2017, 26, 1726-1731. [CrossRef]

Roche, C.P; Diep, P; Hamilton, M.; Crosby, L.A.; Flurin, P-H.; Wright, TW.; Zuckerman, ].D.; Routman, H.D. Impact of inferior
glenoid tilt, humeral retroversion, bone grafting, and design parameters on muscle length and deltoid wrapping in reverse
shoulder arthroplasty. Bull. Hosp. Jt. Dis. 2013, 71, 284-293.

Chan, K; Langohr, G.D.G.; Mahaffy, M.; Johnson, J.A.; Athwal, G.S. Does Humeral Component Lateralization in Reverse Shoulder
Arthroplasty Affect Rotator Cuff Torque? Evaluation in a Cadaver Model. Clin. Orthop. Relat. Res. 2017, 475, 2564-2571.
[CrossRef]

Henninger, H.B.; Barg, A.; Anderson, A.E.; Bachus, K.N.; Burks, R.T.; Tashjian, R.Z. Effect of lateral offset center of rotation in
reverse total shoulder arthroplasty: A biomechanical study. J. Shoulder Elb. Surg. 2012, 21, 1128-1135. [CrossRef]

Giles, ].W,; Langohr, G.D.G.; Johnson, J.A.; Athwal, G.S. Implant Design Variations in Reverse Total Shoulder Arthroplasty
Influence the Required Deltoid Force and Resultant Joint Load. Clin. Orthop. Relat. Res. 2015, 473, 3615-3626. [CrossRef]

Wong, M.T.; Langohr, G.D.G.; Athwal, G.S.; Johnson, ].A. Implant positioning in reverse shoulder arthroplasty has an impact on
acromial stresses. |. Shoulder EIb. Surg. 2016, 25, 1889-1895. [CrossRef] [PubMed]

Costantini, O.; Choi, D.S.; Kontaxis, A.; Gulotta, L.V. The effects of progressive lateralization of the joint center of rotation of
reverse total shoulder implants. J. Shoulder EIb. Surg. 2015, 24, 1120-1128. [CrossRef] [PubMed]

Yang, C.-C.; Lu, C.-L.; Wu, C.-H.; Wu, J.-J.; Huang, T.-L.; Chen, R.; Yeh, M.-K. Stress analysis of glenoid component in design of
reverse shoulder prosthesis using finite element method. J. Shoulder Elb. Surg. 2013, 22, 932-939. [CrossRef] [PubMed]

Virani, N.A.,; Harman, M.; Li, K; Levy, J.; Pupello, D.R.; Frankle, M.A. In vitro and finite element analysis of glenoid
bone/baseplate interaction in the reverse shoulder design. J. Shoulder Elb. Surg. 2008, 17, 509-521. [CrossRef] [PubMed]
Hamilton, M.A.; Diep, P; Roche, C.; Flurin, P.H.; Wright, TW.; Zuckerman, J.D.; Routman, H. Effect of reverse shoulder design
philosophy on muscle moment arms. J. Orthop. Res. Off. Publ. Orthop. Res. Soc. 2015, 33, 605-613. [CrossRef]

Liou, W.; Yang, Y.; Petersen-Fitts, G.R.; Lombardo, D.J.; Stine, S.; Sabesan, V.J. Effect of lateralized design on muscle and joint
reaction forces for reverse shoulder arthroplasty. J. Shoulder Elb. Surg. 2017, 26, 564-572. [CrossRef]

Upfill-Brown, A.; Satariano, N.; Feeley, B. Stemless shoulder arthroplasty: Review of short and medium-term results. J[SES Open
Access 2019, 3, 154-161. [CrossRef]

Levy, O.; Panagopoulos, G.N.; Leonidou, A.; Atoun, E. Stemless reverse shoulder arthroplasty: Indications, technique and
European experience. Ann. Jt. 2018, 3, 108. [CrossRef]

Liu, EY,; Kord, D.; Yee, N.J.; Horner, N.S.; Al Mana, L.; Leroux, T.; Alolabi, B.; Khan, M. Stemless reverse total shoulder
arthroplasty: A systematic review of short- and mid-term results. Shoulder Elb. 2021, 13, 482-491. [CrossRef]

Leonidou, A.; Virani, S.; Buckle, C.; Yeoh, C.; Relwani, ]. Reverse shoulder arthroplasty with a cementless short metaphyseal
humeral prosthesis without a stem: Survivorship, early to mid-term clinical and radiological outcomes in a prospective study
from an independent centre. Eur. J. Orthop. Surg. Traumatol. Orthop. Traumatol. 2020, 30, 89-96. [CrossRef]

Ballas, R.; Béguin, L. Results of a stemless reverse shoulder prosthesis at more than 58 months mean without loosening. J. Shoulder
Elb. Surg. 2013, 22, el—e6. [CrossRef] [PubMed]

Kadum, B.; Mukka, S.; Englund, E.; Sayed-Noor, A.; Sjodén, G. Clinical and radiological outcome of the Total Evolutive Shoulder
System (TESS®) reverse shoulder arthroplasty: A prospective comparative non-randomised study. Int. Orthop. 2014, 38, 1001-1006.
[CrossRef] [PubMed]

Liadermann, A.; Denard, PJ.; Collin, P.; Zbinden, O.; Chiu, J.C.-H.; Boileau, P.; Olivier, F.; Walch, G. Effect of humeral stem and
glenosphere designs on range of motion and muscle length in reverse shoulder arthroplasty. Int. Orthop. 2020, 44, 519-530.
[CrossRef]


http://doi.org/10.12788/ajo.2018.0008
http://doi.org/10.1016/j.jse.2020.08.010
http://doi.org/10.3928/0147-7447-19930101-11
http://www.ncbi.nlm.nih.gov/pubmed/8421661
http://doi.org/10.2106/JBJS.H.00012
http://www.ncbi.nlm.nih.gov/pubmed/19047705
http://doi.org/10.1016/j.jse.2007.11.010
http://www.ncbi.nlm.nih.gov/pubmed/18325795
http://doi.org/10.1016/j.jse.2017.09.011
http://doi.org/10.1016/j.jse.2014.08.017
http://doi.org/10.1016/j.jse.2017.03.032
http://doi.org/10.1007/s11999-017-5413-7
http://doi.org/10.1016/j.jse.2011.07.034
http://doi.org/10.1007/s11999-015-4526-0
http://doi.org/10.1016/j.jse.2016.04.011
http://www.ncbi.nlm.nih.gov/pubmed/27374235
http://doi.org/10.1016/j.jse.2014.11.040
http://www.ncbi.nlm.nih.gov/pubmed/25601382
http://doi.org/10.1016/j.jse.2012.09.001
http://www.ncbi.nlm.nih.gov/pubmed/23312816
http://doi.org/10.1016/j.jse.2007.11.003
http://www.ncbi.nlm.nih.gov/pubmed/18328739
http://doi.org/10.1002/jor.22803
http://doi.org/10.1016/j.jse.2016.09.045
http://doi.org/10.1016/j.jses.2019.07.008
http://doi.org/10.21037/aoj.2018.12.02
http://doi.org/10.1177/17585732211013356
http://doi.org/10.1007/s00590-019-02531-2
http://doi.org/10.1016/j.jse.2012.12.005
http://www.ncbi.nlm.nih.gov/pubmed/23419604
http://doi.org/10.1007/s00264-013-2277-7
http://www.ncbi.nlm.nih.gov/pubmed/24458592
http://doi.org/10.1007/s00264-019-04463-2

J. Clin. Med. 2022, 11, 2799 16 of 16

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Haidamous, G.; Laidermann, A.; Frankle, M.A.; Gorman, R.A.; Denard, P.J. The risk of postoperative scapular spine fracture
following reverse shoulder arthroplasty is increased with an onlay humeral stem. J. Shoulder Elb. Surg. 2020, 29, 2556-2563.
[CrossRef] [PubMed]

Cho, N.S.; Nam, J.H.; Hong, S.J.; Kim, TW,; Lee, M.G.; Ahn, ].T.; Rhee, Y.G. Radiologic Comparison of Humeral Position according
to the Implant Designs Following Reverse Shoulder Arthroplasty: Analysis between Medial Glenoid /Medial Humerus, Lateral
Glenoid /Medial Humerus, and Medial Glenoid/Lateral Humerus Designs. Clin. Shoulder Elb. 2018, 21, 192-199. [CrossRef]
[PubMed]

Beltrame, A.; di Benedetto, P.; Cicuto, C.; Cainero, V.; Chisoni, R.; Causero, A. Onlay versus Inlay humeral steam in Reverse
Shoulder Arthroplasty (RSA): Clinical and biomechanical study. Acta Bio-Med. Atenei Parm. 2019, 90, 54-63. [CrossRef]
Merolla, G.; Walch, G.; Ascione, F,; Paladini, P.; Fabbri, E.; Padolino, A.; Porcellini, G. Grammont humeral design versus onlay
curved-stem reverse shoulder arthroplasty: Comparison of clinical and radiographic outcomes with minimum 2-year follow-up.
J. Shoulder EIb. Surg. 2018, 27, 701-710. [CrossRef] [PubMed]

Ascione, F; Kilian, C.M.; Laughlin, M.S.; Bugelli, G.; Domos, P.; Neyton, L.; Godeneche, A.; Edwards, T.B.; Walch, G. Increased
scapular spine fractures after reverse shoulder arthroplasty with a humeral onlay short stem: An analysis of 485 consecutive
cases. J. Shoulder Elb. Surg. 2018, 27, 2183-2190. [CrossRef]

Mehta, N.; Hall, D.].; Pourzal, R.; Garrigues, G.E. The Biomaterials of Total Shoulder Arthroplasty. JBJS Rev. 2020, 8, €19.00212.
[CrossRef]

Bracco, P; Brunella, V.; Zanetti, M.; Luda, M.P,; Costa, L. Stabilisation of ultra-high molecular weight polyethylene with Vitamin
E. Polym. Degrad. Stab. 2007, 92, 2155-2162. [CrossRef]

Wolf, C.; Macho, C.; Lederer, K. Accelerated ageing experiments with crosslinked and conventional ultra-high molecular
weight polyethylene (UHMW-PE) stabilised with alpha-tocopherol for total joint arthroplasty. J. Mater. Sci. Mater. Med. 2006,
17,1333-1340. [CrossRef] [PubMed]

Oral, E.; Christensen, S5.D.; Malhi, A.S.; Wannomae, K.K.; Muratoglu, O.K. Wear resistance and mechanical properties of highly
cross-linked, ultrahigh-molecular weight polyethylene doped with vitamin E. J. Arthroplast. 2006, 21, 580-591. [CrossRef]
[PubMed]

Oral, E.; Wannomae, K. K.; Hawkins, N.; Harris, WH.W.H.; Muratoglu, O.K.O.K. Alpha-tocopherol-doped irradiated UHMWPE
for high fatigue resistance and low wear. Biomaterials 2004, 25, 5515-5522. [CrossRef] [PubMed]

Alexander, ].].; Bell, S.N.; Coghlan, J.; Lerf, R.; Dallmann, F. The effect of vitamin E-enhanced cross-linked polyethylene on wear
in shoulder arthroplasty-a wear simulator study. J. Shoulder Elb. Surg. 2019, 28, 1771-1778. [CrossRef] [PubMed]

Mueller, U.; Braun, S.; Schroeder, S.; Schroeder, M.; Sonntag, R.; Jaeger, S.; Kretzer, ].P. Influence of humeral head material on
wear performance in anatomic shoulder joint arthroplasty. J. Shoulder Elb. Surg. 2017, 26, 1756-1764. [CrossRef]

Bell, S.N.; Christmas, M.U.S.I.; Coghlan, J.A. Proximal humeral osteolysis and glenoid radiolucent lines in an anatomic shoulder
arthroplasty: A comparison of a ceramic and a metal humeral head component. J. Shoulder EIb. Surg. 2020, 29, 913-923. [CrossRef]
Formaini, N.T.; Everding, N.G.; Levy, ].C.; Santoni, B.G.; Nayak, A.N.; Wilson, C.; Cabezas, A.F. The effect of glenoid bone loss on
reverse shoulder arthroplasty baseplate fixation. J. Shoulder EIb. Surg. 2015, 24, e312—e319. [CrossRef]

Martin, E.J.; Duquin, T.R.; Ehrensberger, M. T. Reverse total shoulder glenoid baseplate stability with superior glenoid bone loss.
J. Shoulder EIb. Surg. 2017, 26, 1748-1755. [CrossRef]

Villatte, G.; Muller, A.S.; Pereira, B.; Mulliez, A.; Reilly, P.; Emery, R. Use of Patient-Specific Instrumentation (PSI) for glenoid
component positioning in shoulder arthroplasty. A systematic review and meta-analysis. PLoS ONE 2018, 13, e0201759. [CrossRef]
Hendel, M.D,; Bryan, J.A.; Barsoum, W.K.; Rodriguez, E.J.; Brems, ].].; Evans, P.J.; lannotti, ].P. Comparison of patient-specific
instruments with standard surgical instruments in determining glenoid component position: A randomized prospective clinical
trial. J. Bone Jt. Surg. Am. Vol. 2012, 94, 2167-2175. [CrossRef]

Turgeon, T.R.; Cameron, B.; Burnell, C.D.; Hedden, D.R.; Bohm, E.R. A double-blind randomized controlled trial of total knee
replacement using patient-specific cutting block instrumentation versus standard instrumentation. Can. . Surg. J. Can. Chir. 2019,
62, 460-467. [CrossRef] [PubMed]

Trivedi, N.N.; Shimberg, J.L.; Sivasundaram, L.; Mengers, S.; Salata, M.].; Voos, ].E.; Gillespie, R.]. Advances in Glenoid Design in
Anatomic Total Shoulder Arthroplasty. J. Bone Jt. Surg. Am. Vol. 2020, 102, 1825-1835. [CrossRef] [PubMed]

Verhey, ].T.; Haglin, ] M.; Verhey, E.M.; Hartigan, D.E. Virtual, augmented, and mixed reality applications in orthopedic surgery.
Int. ]. Med. Robot. Comput. Assist. Surg. MRCAS 2020, 16, €2067. [CrossRef] [PubMed]

Ponce, B.A.; Brabston, EW.; Zu, S.; Watson, S.L.; Baker, D.; Winn, D.; Guthrie, B.L.; Shenai, M.B. Telemedicine with mobile
devices and augmented reality for early postoperative care. In Proceedings of the Annual International Conference of the IEEE
Engineering in Medicine and Biology Society, Orlando, FL, USA, 16-20 August 2016; pp. 4411-4414. [CrossRef]

Gregory, T.M.; Gregory, J.; Sledge, J.; Allard, R.; Mir, O. Surgery guided by mixed reality: Presentation of a proof of concept.
Acta Orthop. 2018, 89, 480-483. [CrossRef]


http://doi.org/10.1016/j.jse.2020.03.036
http://www.ncbi.nlm.nih.gov/pubmed/32713666
http://doi.org/10.5397/cise.2018.21.4.192
http://www.ncbi.nlm.nih.gov/pubmed/33330176
http://doi.org/10.23750/abm.v90i12-S.8983
http://doi.org/10.1016/j.jse.2017.10.016
http://www.ncbi.nlm.nih.gov/pubmed/29290604
http://doi.org/10.1016/j.jse.2018.06.007
http://doi.org/10.2106/JBJS.RVW.19.00212
http://doi.org/10.1016/j.polymdegradstab.2007.02.023
http://doi.org/10.1007/s10856-006-0608-6
http://www.ncbi.nlm.nih.gov/pubmed/17143765
http://doi.org/10.1016/j.arth.2005.07.009
http://www.ncbi.nlm.nih.gov/pubmed/16781413
http://doi.org/10.1016/j.biomaterials.2003.12.048
http://www.ncbi.nlm.nih.gov/pubmed/15142733
http://doi.org/10.1016/j.jse.2019.01.014
http://www.ncbi.nlm.nih.gov/pubmed/31029519
http://doi.org/10.1016/j.jse.2017.05.008
http://doi.org/10.1016/j.jse.2019.09.032
http://doi.org/10.1016/j.jse.2015.05.045
http://doi.org/10.1016/j.jse.2017.04.020
http://doi.org/10.1371/journal.pone.0201759
http://doi.org/10.2106/JBJS.K.01209
http://doi.org/10.1503/cjs.018318
http://www.ncbi.nlm.nih.gov/pubmed/31782643
http://doi.org/10.2106/JBJS.19.01294
http://www.ncbi.nlm.nih.gov/pubmed/33086353
http://doi.org/10.1002/rcs.2067
http://www.ncbi.nlm.nih.gov/pubmed/31867864
http://doi.org/10.1109/EMBC.2016.7591705
http://doi.org/10.1080/17453674.2018.1506974

	Introduction 
	New Perspectives and Innovations in Anatomic Shoulder Arthroplasty 
	Humeral Component Innovations 
	Stemless Implants 
	Short Stem Implants 
	Convertible Platforms 

	Glenoid Component Innovations 
	Inlay versus Onlay Glenoid Components 
	Convertible Glenoid Components in Anatomic TSA 

	New Perspectives and Innovations in Reverse Shoulder Arthroplasty 
	Combined Humeral and Glenoid Component Innovations 
	Humeral Component Innovations 
	Stemless Implants 
	Inlay vs. Onlay Implants 
	Vitamin E Polyethylene Implants 
	Ceramic Implants 

	Glenoid Component Innovations 

	New Perspectives and Innovations in Revision Shoulder Arthroplasty and Complications 
	Convertible Implants 
	Humeral Bone Loss 

	Innovations in Arthroplasty Technologies 
	Patient-Specific Instrumentation and Pre-Operative Planning 
	Augmented and Mixed Reality Applications in Total Shoulder Arthroplasty 

	Conclusions 
	References

