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Introduction

Most of the surgeries regarding the shoulder were established over a century ago.
In the 1890s, the understanding of the unstable shoulder was elucidated by Broca and
Hartman [1], who introduced the concept of capsulolabral damage following dislocations
as a possible cause of recurrent instability [2]. Notably, most of the findings currently
considered hallmarks of shoulder instability, including Bankart lesions, bony Bankart
lesions, and Kim lesions, as well as anterior and posterior labral periosteal sleeve avulsions
and glenoid avulsions of glenohumeral ligaments, were described within research papers
decades before their depiction by the eponymous figures to whom these lesions are now
commonly assigned [2]. In 1906, Perthes [3] and, a few years later, Bankart [4], emphasized
the reattachment of the labrum to stabilize the joint. Current bone grafting techniques are
based on the initial descriptions by Noeske in 1921 using the coracoid process [5], Eden [6]
in 1918, and Hybinette [7] in 1932, using an autologous iliac crest. Since then, no true
paradigm shift has occurred.

Regarding the rotator cuff, a similar observation can be made. Duplay presented the
classic description of scapulohumeral periarthritis in 1872, highlighting the potential role
of the acromion. Repair of the torn rotator cuff likely dates back to 1898 [8]. Since then,
many evolutions regarding these treatments, such as acromioplasty, arthroscopy, or anchors
development, have been subsequently observed, but without apparent revolution; 150 years
after its first description, the proper place of a procedure such as acromioplasty has yet
to be determined [9], and most enhancing technologies (superior capsular reconstruction
(SCR) [10], growth factors (PRP) [11], Balloon [12], etc.) for rotator cuff reinforcement or
substitution have yet to prove their superiority over simple reattachment of the tendon to
the bone.

Interestingly, the former statements are not true within the domain of arthroplasty.
Since Themistocles Gluck designed the first shoulder prostheses in 1890, of which Jules
Emile Péan implanted the first in 1893 [13], several revolutions have taken place within
these last few decades, namely, by Charles Neer and Paul Grammont. Most importantly,
the realm of shoulder arthroplasty has undergone significant transformation [14] in recent
years, covered in the present Special Issue on shoulder arthroplasty in the Journal of Clinical
Medicine. It concerns not only surgical indications that have dramatically evolved [15-17],
but also planification and navigation with the implementation of artificial intelligence
(Al) and augmented reality (AR) [18]. Moreover, the rapid development of surgical tech-
niques [19,20] and new prosthetic designs [21-23], including custom augments with three
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dimensional (3D) printing, glenoid [24] and humeral [25] reconstruction for various condi-
tions [26], are overviewed. Palpable results of this recent technologic acceleration include
improved outcomes [27] and decreased complication rates. Despite the significant progress
highlighted in this Special Issue, there is currently a myriad prosthetic designs announcing
imminent changes. Indeed, we are only at the dawn of a new era in the history of shoulder
arthroplasty, reminding us that a substantial amount of work remains to be carried out in
order to see progress.
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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.

Keywords: shoulder arthroplasty; stemless; inlay; onlay; augment

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

J. Clin. Med. 2022, 11, 2799. https:/ /doi.org/10.3390/jcm11102799 5

https:/ /www.mdpi.com/journal /jem



J. Clin. Med. 2022, 11, 2799

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.
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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. Conwvertible 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 UHMWPE 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.
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Abstract: Although the demand for shoulder arthroplasties has reached its highest number world-
wide, there remains a lack of epidemiologic data regarding recent and future trends. In this study,
data for all shoulder arthroplasties (hemiarthroplasty, reverse/anatomic shoulder arthroplasty) from
the nationwide inpatient statistics of Germany (2010-2019) and population forecasts until 2040 were
gathered. A Poisson and a negative binomial approach using monotone B-splines were modeled
for all types of prostheses to project the annual number and incidence of primary and revision
arthroplasty. Additionally, trends in main indicators were also gathered and expected changes were
calculated. Overall, the number of primary shoulder replacements is set to increase significantly
by 2040, reaching at least 37,000 (95% CI 32,000-44,000) procedures per year. This trend is mainly
attributable to an about 10-fold increased use of fracture-related reverse shoulder arthroplasty in
patients over 80 years of age, although the number of procedures in younger patients will also rise
substantially. In contrast, hemiarthroplasties will significantly decrease. The number of revision
procedures is projected to increase subsequently, although the revision burden is forecast to decline.
Using these country-specific projection approaches, a massive increase of primary and revision shoul-
der arthroplasties is expected by 2040, mainly due to a rising number of fracture-related procedures.
These growth rates are substantially higher than those from hip or knee arthroplasty. As these trends
are similar in most Western countries, this draws attention to the international issue, of: if healthcare
systems will be able to allocate human and financial resources adequately, and if future research and
fracture-prevention programs may help to temper this rising burden in the upcoming decades.

Keywords: shoulder arthroplasty; reverse shoulder arthroplasty; proximal humerus fracture; hemi-
arthroplasty; projections; revision

1. Introduction

With the baby boomer generation reaching 65 years of age, the socioeconomic issues
of an aging population, with higher incidences of degenerative joint diseases [1] and
fractures, will certainly affect inpatient care. While the increase in the number of hip
and knee arthroplasties is predicted to slow down over the next decades [2-7], only
a few studies have examined national trends for upper extremity arthroplasties [8,9].
However, in contrast to hip and knee arthroplasty, the demand and impact of shoulder
arthroplasty have been underestimated in the past, probably due to a smaller number of
arthroplasties performed per year. In the United States, which is commonly used as a
reference in other orthopedic studies, current growth rates for shoulder arthroplasties are
reported to be comparable with, or even higher than the growth rates for total hip and
knee procedures [8,10]. Furthermore, the projected demand for shoulder arthroplasty is
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anticipated to increase more rapidly over the next decade based on the future demographic
development of the U.S. [9]. However, in contrast to the United States, Germany and many
other Western (European) countries face population declines in the near future due to lower
birth and immigration rates, which are unable to make up for the aging of the population.
Based on current projections, many other countries will likely be heading in the same
direction within the next few decades [11,12]. As the incidence of shoulder arthroplasty
is higher for older patients, an increased burden in the future has to be expected, as age-
related diseases, like osteoarthritis, osteoporosis, frailty-syndrome or injuries are becoming
increasingly important. In Germany, the incidence of shoulder arthroplasty is amongst the
highest around the world [13], due to a relatively old population and a social healthcare
system, which provides almost unlimited access to all parts of orthopedic treatment.
However, as the working population is shrinking and increasingly aging, the healthcare
system faces the challenge of higher demand and costs.

Furthermore, newer implant designs and expanded indications, such as the use of
reverse total shoulder arthroplasty (rTSA) for proximal humerus fractures [14,15], have
also led to the rising surgical volume of shoulder arthroplasties in recent years. A shift to-
wards total shoulder arthroplasty (TSA) and away from hemiarthroplasty (HA) procedures
have also been reported, presumably because of better outcomes both in degenerative
and traumatic conditions [16,17]. However, the contribution of rTSA to future projec-
tions of shoulder arthroplasties has not been evaluated yet. Furthermore, the revision
burden of these procedures appears to be rising as well [8], which is of particular con-
cern because revision surgery tends to be more complex and cost-intensive than primary
arthroplasty [18].

Therefore, the aim of this study was to provide a reliable projection of the future need
for primary and revision shoulder arthroplasty to assist orthopedic surgeons, politicians,
healthcare providers and other stakeholders (insurances, industry) in providing enough
human and financial resources to maintain the current standard of care.

2. Materials and Methods
2.1. Data Collection

An analysis of the data from the national inpatient statistics of Germany (DeStatis)
was conducted. This database includes all annual inpatient treatment reports from all
German hospitals and medical institutions, making this study a nationwide survey (except
military and psychiatric facilities). The data are based on the International Statistical
Classification of Diseases and Related Health Problems, Tenth Edition (ICD-10) and the
German procedure classification system (OPS), which is the official classification system
for encoding surgical procedures in Germany. These statistics contain anonymized data
sustaining plausibility checks and data validation on a medical and economic level. All
cases reported between 2010 and 2019 were analyzed based on the corresponding OPS
codes in its most recent version [19], as well as their associated ICD diagnosis. Data after
2019 was intentionally excluded because of the interference due to the COVID-19 pandemic,
which led to a massive reorganization of the medical system in 2020 and early 2021. All
patients with shoulder arthroplasty, including either anatomic or reverse arthroplasty and
all hemiarthroplasties, as well as all revision shoulder arthroplasties and explanations,
were identified. During the study period, no coding changes were performed. Age was
categorized in the following groups: <55, 55-59, 60-64, 65-69, 7074, 75-79, 80-84, 85-89,
and older than 90 years.

Population data was available from official population projection statistics until
2040 [20]. These population projections consider the future mortality and increased life
expectancy for the oldest population groups, and the immigration rate.

2.2. Data Analysis

Data from 2010 to 2019 (baseline years) and population forecasts up to the year 2040
were used to project the annual incidence of shoulder arthroplasty in Germany. A linear
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(Poisson, “classic approach”) regression analysis was performed to estimate the expected
incidence with the calendar year, sex, and patient age as covariates. The incidence was
calculated by dividing the estimated number of arthroplasties for the national total and for
each age subgroup by the corresponding official population forecast. An offset variable
for the size of the population was chosen to ensure that the procedural number did not
exceed the total population number. To overcome overdispersion problems that could
result in an underestimation of the variance, we used a robust sandwich covariance matrix
estimator for variance calculation. To minimize the error of variance underestimation of
the estimated parameter because of overdispersion, we applied a quasi-Poisson regression
to our data in accordance with the theory of quasi-likelihood.

As regressions based on logarithm, or an exponent, like Poisson, will only fit optimally
when that is the exact nature of the true relationship, they might not be economically
plausible, as in principle the projected counts can rise to infinity. In contrast, it seems quite
reasonable to imagine that there might rather be an asymptotic or curvilinear relationship.
To overcome this issue, an alternative estimate of the TSA projections was also determined
by fitting the incidence rates (counts per 100,000 persons and year) with a negative binomial
regression model using a monotone B-spline approach (“new approach”) for modeling
time effects and accounting for respective gender and age groups. Splines are used in
statistics in order to mathematically reproduce flexible shapes. Knots are placed at several
places within the data range, to identify the points where adjacent functional pieces join
each other. The advantage of using splines for yearly data compared to the traditional
approach is the more accurate curve estimation for the nonlinear trend changes and the
simple way of modeling interactions between the time variables.

To compare the prediction accuracy of each model, the dataset was then split into
training (years 2010-2017) and testing subsets (years 2018-2019). Both models were ana-
lyzed regarding common forecast accuracy measurement instruments (mean squared error
(MSE), root mean squared error (RMSE), the mean absolute percentage error (MAPE) and
Theil’s U inequality coefficients, of which the first (U1) is a measure of forecast accuracy and
the second (U2) is a measure of forecast quality [21]), which showed lower and thus more
accurate values for the negative binominal approach using monotone B-splines (Table 1).

Table 1. Two-year forecast accuracy using an out-of-sample training-test validation set (minor
numbers indicating greater forecast quality).

Model MSE RMSE MAPE U1 U2
Poisson 48,816.735 220.945 6.595 0.018 0.009
B-spline 19,724.682 140.445 3.108 0.012 0.006

MSE: mean squared error; RMSE: root mean squared error; MAPE: mean absolute percentage error; U1/2: Thiel’s
U inequality coefficients.

Because of the anonymization of the diagnosis-related group DRG data, arthroplasty
patients who underwent a revision (replacement or explanation) could not be individually
followed and therefore, actual revision rates could not be calculated. Instead, we estimated
the revision burden (RB) by dividing the number of revisions in the form of replacements
or explanations by the number of all primary and revision shoulder arthroplasties (HA and
TSA), as described previously [22]. Future projections for revision arthroplasty were also
calculated, as mentioned above. For better comparison, a “constant rate” approach was
used, based on the average revision burden during the baseline years and the projections
of shoulder replacements in 2040.

All statistical analyses were performed using R Version 3.4.0 (R Development Core
Team, The R Foundation for Statistical Computing, Vienna, Austria).
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3. Results
3.1. Historical Data: Baseline Years 2010-2019

The procedural volume of primary shoulder arthroplasties increased by approximately
14% each year from 13,678 to 25,294 patients, amounting to an incidence rate of 30.4 per
100,000 in 2019 (Figure 1). This development has mainly been attributed to increased
utilization of rTSA, for which the number of procedures has almost quadrupled since 2010.
In addition, the use of HA decreased by over 70%, while the number and incidence of
anatomic total shoulder arthroplasty procedures (aTSA) showed almost steady progress
over time. Regarding the demand in different age groups, in 2010, 5.2% of all primary
shoulder arthroplasties and only 1.8% of all rTSA procedures were performed in younger
patients (55 years or younger). By the end of 2019, the relative size of this population
had decreased to 4.1% and 1.4%, respectively. Overall, an enormous increase in fracture-
related arthroplasty could be identified, with the number of fracture-related rTSA showing
an almost ten-fold increase during that time span (Figure 2). Additionally, the overall
number of osteoarthritis (OA)-related procedures also almost tripled, with rTSA becoming
increasingly important compared to aTSA or HA.
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Figure 1. German population, shoulder arthroplasty incidence (A) and type of procedure (B) from 2010 to 2017.
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Figure 2. Historical and projected main indications for reverse shoulder arthroplasty from 2010 to 2040.

During the study period, 19,190 revision procedures (replacements or explanations)
were undertaken, which included 5748 revisions for HA and 13,241 for TSA, with an overall
RB of 12.9% for HA and 7.0% for TSA. However, we identified a slight RB decrease for TSA,
while the RB for HA significantly increased (from 7.1% to 18.4%). For both procedure types,
a 1.2-fold higher relative risk for revision was calculated for males compared with females.

3.2. Projection of Primary Shoulder Arthroplasty: Years 2020-2040

Based on our quasi-Poisson projection model, the annual number of shoulder replace-
ments is estimated to grow to 95 x 10% (95% CI 79-112 x 10°) by 2040 (Figure 3). The
forecasted incidence rate was projected to be 112 (95% CI 91-134) per 100,000 German
residents, resulting in a more than seven-fold growth from 2010 to 2040. Additionally,
we used a negative binomial approach with monotone B-splines to achieve a different
projective view on the future demand for shoulder arthroplasty. This model projected
the annual number of shoulder replacements to rise to 37 x 103 (95% CI 32-44 x 103) by
2040, leading to an incidence rate of 47 (95% CI 41-55) per 100,000 inhabitants, which still
represents a rise of approximately 175% since 2010.
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Figure 3. Projections of the incidence (A) and total number (B) of shoulder arthroplasties by the year 2040 based on a
Poisson (red) and a negative binomial regression model using a monotone B-spline approach (blue). The black points
represent the historical numbers.

3.3. Projections of Shoulder Arthroplasty as a Function of Age

Considering age, the incidence rates almost doubled in each age group, while the
total amount of shoulder replacements showed the highest increase in older patients
(Figure 4). This increase can mainly be attributed to the rising utilization of rTSA, which
will be responsible for over 90% of all shoulder replacements in 2040 if our projections
hold true (Figure 5). These arthroplasties will be performed due to a massive increase in
fracture-related scenarios, which could reach an eight-fold increase by 2040 (Figure 2).
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Figure 5. Projected share of reverse total shoulder arthroplasties (rTSA) in total shoulder arthroplasties from 2010 to 2040.

Despite a simultaneously rising number of TSA in younger patients, the demand for
primary shoulder arthroplasties among patients aged 55 y or younger was projected to
decrease from 5.2% in 2010 to 3.2% (95% CI, 2.7-3.6) of all recipients by 2040.
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3.4. Projections of Revision Shoulder Arthroplasty

Along with the rising number of primary replacements, the number of revision
procedures is projected to increase as well. Based on our models, this number will reach its
maximum of approximately 4000 (upper 95% CI limit: 9000) procedures in 2040, which
represents an increase of approximately 300%. However, because of the higher future
number of rTSA, which was associated with a lower RB, the overall estimated RB will
decline. For better comparison, we also calculated the number of revision procedures using
a constant-rate approach. Here, we calculated the highest number of revision procedures
of 4100 (95% CI 3568-4852, monotone B-spline approach) and 10,500 (95% CI 8817-12,558,
Poisson modeling), respectively, which represents a 2.5 to 8.4-fold increase in revision
procedures (Figure 6).

2010

2020 2020 2040
Year

Figure 6. Projections for revision shoulder arthroplasty procedures using a “constant-rate” approach based on a Poisson

(red) and a negative binomial regression model using a monotone B-spline approach (blue).

4. Discussion

Despite a rising number of projection studies for hip and knee arthroplasties in recent
literature, we still lack empirical results on studies for the upper extremities. Although
current growth rates for shoulder arthroplasties are reported to be comparable with, or
even higher than the growth rates for total hip and knee procedures [8,10], the demand
and impact of shoulder arthroplasty have been underestimated in the past. However,
based on evolving scientific evidence regarding good functional outcomes and due to an
expanding indication spectrum, shoulder arthroplasty has been one of the main focus in
orthopedic surgery in recent years. Therefore, we opted for a data-driven model selection,
by minimization of model errors to investigate the trends for primary and revision shoulder
arthroplasty procedures from 2010 to 2040. Although both models predicted a slightly
different total number due to their distinct intrinsic model assumptions, they showed an
important trend during the upcoming decades. Using these models, the number of total
shoulder replacements was estimated to grow up to 700%, mainly due to rising adoption
of rTSA in fracture-related conditions of the elderly. These growth rates are substantially
higher than the current rates of hip and knee arthroplasty [2,7], indicating the immense
importance for orthopedic surgeons in the future.
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With the total number and incidence of primary TSA procedures rising, we also
modeled a rising number of revision procedures, highlighting its increasing burden in the
future.

4.1. Projections of Shoulder Arthroplasty and International Comparison

When comparing our projections with other countries, we found that the trend of
a rising volume of primary shoulder arthroplasties has also been reported in the United
States [10,23,24]. Schwartz et al. detected an over five-fold increase in primary shoulder
arthroplasty between 2001 and 2010 [24], while Wagner et al. projected even higher
growth rates in upper extremity arthroplasty compared with total hip and knee procedures
by the year 2025 (+235% in total volume) [25]. Padegimas et al. even projected the
future volume to increase by 755% by 2030. Similar to our results, this can mainly be
attributed to an exponential rise in the number of reverse shoulder arthroplasty in the
upcoming years, with its prevalence already rising from 7.3 to 19.1 per 100,000 in the
U.S. However, the demographic and economic characteristics of the United States cannot
easily be transferred to other industrialized countries, although the global demographic
pattern of an aging population is identical around the world. However, projections like
those of Wagner et al. [25] tend to be overestimated due to a steep increase of procedure
volume in the baseline years- a problem we also faced using a Poisson model. For this
reason, we implemented an alternative methodical approach, which included a rather
asymptotic development of shoulder arthroplasty in the future but still estimated an
increase in incidence that is several times higher than the projected increase in hip or knee
arthroplasty [2,4,5,26].

These findings are also in line with the most national recent trends for shoulder
arthroplasty in Europe. Although population and economic data, as well as procedure
selection for the major indications, vary between most countries, Liibbeke et al. [13]
reported a strong upward trajectory in the incidence of shoulder arthroplasty in nine
registries, concluding that due to growing demand, increasing health care capacity, and/or
expanding indications, countries could expect to see this continuation in growth in the
future. According to the most recent European study of Villate et al. derived from the
French hospital discharge database, the number of total shoulder arthroplasties is projected
to rise up to 322% by 2050, representing a future challenge for their healthcare system [27].

4.2. Projections as a Function of Age and Indication

Based on our data projections, this trend is mainly attributed to a considerably in-
creasing utilization and incidence of rTSA in patients older than 80 years, although the
number and incidence of procedures performed for younger patients are forecast to rise in
the future as well.

While this observed trend is in line with the findings from other countries [13,28],
including the United States [9], it is in contrast with the trend seen in hip and knee
arthroplasties, where the incidence rate in younger and older patients remained constant
over all age groups [2]. This difference may be explained by various factors. First, based
on the recent population growth in Germany, the share of patients > 65 years of age
is projected to increase from 21% to 30% by the year 2040, which may contribute to a
rapid increase in rTSA utilization, as reverse prostheses are rarely implanted in younger
patients. Second, the indications for rTSA have been expanding during the last decade, as
indicated by the almost ten-fold increase in the number of proximal humerus fractures in
this study. Many surgeons may also now see it as a possible solution for poor shoulder
conditions, which were previously seen as unsolvable [29]. In complex proximal humerus
fractures, which represent the third-most common fracture seen in patients aged > 60
years [30], rTSA was found to provide more reproducible function with better recovery,
as well as lower revision rates than HA [31,32]. However, recent studies also suggest,
that shoulder arthroplasty due to fracture could be associated with more inconsistent
outcomes [33,34] and an increased risk of postoperative complications compared with OA
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and cuff arthropathy [35]. Additionally, shoulder arthroplasty for fracture seems to lead to
an even higher resource utilization [36], which is especially important as we documented a
massive increase in these procedures in the upcoming decades, probably affecting future
healthcare costs. Against the background of moving toward the era of bundled payment
models, an appropriate risk adjustment based on the indication of surgery should, therefore,
be promoted to maintain the current standard of care for all patients.

Although we documented a massive increase in fracture-related rTSA in our study,
current scientific evidence contrarily suggests, that non-operative treatment may be fa-
vorable in the elderly compared to surgical treatment in certain fracture patterns [37,38].
However, based on the increasing demand for self-independency in the elderly, there is
still a controversial debate, on which patients may be better treated by surgical interven-
tion. Therefore, it remains to be seen, if this trend may influence the treatment choice and
amount of implantations in the future, as the number of proximal humerus fractures will
be constantly rising in many European countries over the next decade [39,40].

4.3. Projections of Revision Shoulder Arthroplasty

With the total number and incidence of primary TSA procedures rising, we also
modeled a rising number of revision procedures, which has globally never been performed
up to date. While we were not able to calculate survival or revision rates because of the
aforementioned issue, we used the RB as a surrogate parameter to assess the procedure-
specific risk for revision. As a consequence, the actual revision risk, especially for TSA,
appears to be underestimated by our calculations, which is why we also used a constant
rate approach to estimate the number of revision surgeries based on the RB during the
baseline years, which still led to an up to 8.4-fold increase by 2040.

Based on our models, revision surgery for TSA will be significant in 2040 and would be
expected to increase even more over time as a direct result of the maturation of the increased
number of primary surgeries being performed. This raises the concern if there will be
enough resources and trained surgeons to carry out these difficult revision procedures in
the future. Against the background of a rising number of fracture-related rTSA, this also
highlights the enormous need for adequate fracture-prevention programs, in order to limit
the number of revision surgeries in the future, as well.

4.4. Study Limitations

The current study has some limitations. First, although the German population
forecasts provided rather good agreement between predicted numbers and confirmed
past numbers [2,20], they are typically based on hypothetical future assumptions and are,
therefore, potentially uncertain. Second, this type of study was based on the procedural
growth trajectory for the years 2010-2019, as a longer time frame was not possible due to
coding changes after 2009 and the occurrence of the COVID pandemic after 2019, assuming
that this trend will continue. However, it is possible, that after the world has overcome
all issues regarding the pandemic, new technologies, surgical innovations, or disruptive
innovation techniques, such as cartilage regeneration, tissue engineering, or drug therapies
that limit the progression of osteoarthritis or enhance fracture recovery or joint-preserving
surgery [41]; as well as health-care reforms or reimbursement changes, will meaningfully
affect the relationship between supply and demand for shoulder arthroplasty. Especially,
it remains to be seen, if the demand of rTSA for proximal humerus fracture will actually
see the projected rise in the future, as more and more studies suggest that non-operative
treatment may be more favorable in the elderly compared to a surgical approach [37,38,42].

Overall, in contrast to clinical studies, like randomized controlled trials, which draw
evidence from (allegedly) artificially generated data, large database studies, like the pre-
sented study, describe results of the actual treatment reality. The current study aims to
analyze the current practice and its changes over time, giving the reader an unselected
view on surgical demand, which cannot be obtained from case series or prospective studies.
Therefore, it has to be seen as an important additive or complementary instrument to clini-
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cal studies, providing the possibility to examine the potential effects of current scientific
evidence on the daily surgical routine on the one side and to analyze treatment trends,
whose causal links can be further analyzed by randomized-controlled studies, on the other
side.

5. Conclusions

The current study demonstrates that using a data-driven modeling approach, the
rate of both primary and revision shoulder arthroplasty procedures is projected to rapidly
increase during the next 20 years, with the rate of fracture-related rTSA, performed in
elderly patients, showing the greatest impact of all procedures. In light of limited resources
and healthcare budgets, this emphasizes the need for adequate prevention programs on
the one side, but also for qualified surgeons to meet the demand and for future research to
improve the reliability and survivorship of shoulder arthroplasties on the other side.
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Abstract: Posterior eccentric glenoid wear is associated with higher complication rates after shoulder
arthroplasty. The recently reported association between the acromion shape and glenoid retroversion
in both normal and osteoarthritic shoulders remains controversial. The three-dimensional coordinates
of the angulus acromialis (AA) and acromioclavicular joint were examined in the scapular coordinate
system. Four acromion angles were defined from these two acromion landmarks: the acromion
posterior angle (APA), acromion tilt angle (ATA), acromion length angle (ALA), and acromion axial
tilt angle (AXA). Shoulder computed tomography scans of 112 normal scapulae and 125 patients
with primary glenohumeral osteoarthritis were analyzed with simple and stepwise multiple linear
regressions between all morphological acromion parameters and glenoid retroversion. In normal
scapulae, the glenoid retroversion angle was most strongly correlated with the posterior extension
of the AA (R? = 0.48, p < 0.0001), which can be conveniently characterized by the APA. Combining
the APA with the ALA and ATA helped slightly improve the correlation (R? = 0.55, p < 0.0001), but
adding the AXA did not. In osteoarthritic scapulae, a critical APA > 15 degrees was found to best
identify glenoids with a critical retroversion angle > 8 degrees. The APA is more strongly associated
with the glenoid retroversion angle in normal than primary osteoarthritic scapulae.

Keywords: acromion morphology; glenoid retroversion; wear; osteoarthritis; computed tomography

1. Introduction

Several measures of acromion morphology, both in the sagittal and coronal planes,
have been described and associated with various shoulder disorders [1]. In recent years,
much research has been directed towards the characterization of the lateral extension of the
acromion. The acromion index followed by the critical shoulder angle, both described on
antero-posterior shoulder radiographs, have been shown to be predictors of glenohumeral
osteoarthritis (OA) and rotator cuff tendon tears [2,3]. These initial findings were supported
by subsequent biomechanical studies revealing increased glenohumeral joint reaction forces
with decreased lateral extension of the acromion [4,5]. However, these two anatomical
parameters are unable to assess the antero-posterior imbalance of the glenohumeral joint
typically found in Walch type B glenoids [6].

Over the past three years, Beeler et al. analyzed shoulder computed tomography
(CT) images to improve characterization of acromion roof morphology. Compared with
osteoarthritic shoulders, the acromion was more externally rotated (axial plane), more
downward tilted (coronal plane), and had wider posterior coverage of the glenoid (sagittal
plane) in shoulders with rotator cuff tears [7]. The same research group further found
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a significant difference between shoulders with concentric and eccentric primary gleno-
humeral OA, and concluded that a flatter acromion roof with less posterior glenoid coverage
could contribute to static posterior subluxation of the humeral head and posterior glenoid
wear [8]. Furthermore, Meyer et al. were able to link a decreased posterior acromion slope
and increased glenoid retroversion with static posterior subluxation of the humeral head
and posterior glenoid wear [9]. More recently, Beeler et al. reported that the scapula of a
shoulder with dynamic and static posterior instability was characterized by an increased
glenoid retroversion and an acromion that was shorter posterolaterally and higher and
more horizontal in the sagittal plane [10].

Static posterior subluxation of the humeral head and posterior glenoid wear are of par-
ticular interest to shoulder surgeons, as they have been related to both early glenohumeral
OA in young adults [11], and higher complication rates after shoulder arthroplasty [12].
Although Walch et al. stated that static posterior subluxation of the humeral head preceded
posterior glenoid wear, with glenoid retroversion as a risk factor [11,13], there is currently
no consensus regarding this chicken-or-egg debate [6,14,15]. To our knowledge and despite
the recent study by Beeler et al. [10], there are no published data on the correlation between
the detailed three-dimensional (3D) acromion shape and glenoid retroversion.

Therefore, our objective is to investigate the potential association between the 3D
acromion shape and glenoid retroversion in both normal and osteoarthritic shoulders. This
could prove to be clinically useful to better understand the etiology of eccentric glenoid
wear and possibly define an anatomical parameter to predict its risk of occurrence. We
first examined the presence or absence of correlation between the 3D acromion shape and
glenoid retroversion in normal scapulae. Then, we tested whether the same results held
true in shoulders with primary glenohumeral OA.

2. Materials and Methods
2.1. Study Population

This retrospective observational study was approved by the institutional ethics com-
mittee, with a waiver of patient informed consent (CER-VD protocol number 505-15).
We considered the following two patient groups, who did not need to be matched since
they were analyzed separately according to the study design and primary objective (i.e.,
association between 3D acromion shape and glenoid retroversion).

The normal group included trauma patients aged 18 to 40, who had undergone a
whole-body CT scan covering at least one of the two scapulae in full. Exclusion criteria
were any radiological sign or history in medical records of disorders of the shoulder
bones and joints (OA, fracture, glenoid dysplasia, or prior surgery of the upper limb), CT
signs of immature skeleton (absence of fusion between any of the scapular ossification
centers [16]) or CT artifacts (motion or metal). From our institutional picture archiving and
communication system, an attending musculoskeletal radiologist retrospectively reviewed
221 consecutive whole-body CT scans performed over a 6-month period, and from these
112 patients met the inclusion criteria. The main characteristics of the normal subjects
(79 males and 33 females) were mean age, 28.4 years (range, 18-40); mean height, 174.4 cm
(range, 150-210 cm); mean weight, 75.5 kg (range, 50-120 kg); mean body mass index,
24.7 kg/m? (range, 18.6-38.1 kg /m?).

The pathological group consisted of patients with glenohumeral OA who had under-
gone a shoulder CT scan covering the entire scapula in their preoperative planning prior to
shoulder arthroplasty. Patients with any traumatic injury to the shoulder girdle, malunion
or nonunion, necrosis of the humeral head, or rheumatoid arthritis were excluded. Of
the 334 consecutive patients eligible from 2002 to 2016, 125 with primary glenohumeral
OA met the inclusion criteria. The main characteristics of the OA patients were mean age,
71.4 (range, 46-88 years); 37 males, 88 females; mean height, 165.7 cm (range, 141-186 cm);
mean weight, 78.4 kg (range, 42-129 kg); mean body mass index, 28.5 kg/m? (range,
17.7-43.6 kg/m?). According to the updated Walch classification [17], the distribution of
glenoid types was: Al,n =26, A2,n=23;B1,n=26;B2,n=37,B3,n=8C,n=>5.

36



J. Clin. Med. 2022, 11, 351

2.2. CT Protocols

All CT scans were performed on multidetector-row CT systems (8-256 detector rows)
from the same manufacturer (GE Healthcare), with standardized data acquisition and
image reconstruction settings. For normal subjects, scapular CT images were reconstructed
as follows: section thickness, 1.3 mm; section interval, 0.7-1.3 mm; kernel, sharp (bone or
bone plus); pixel size, 0.4-1.0 mm. For OA patients, shoulder CT images were reconstructed
as follows: section thickness, 0.6-1.3 mm; section interval, 0.3-1.0 mm; kernel, sharp (bone
or bone plus; GE Healthcare); pixel size, 0.3-0.6 mm.

2.3. Scapular Coordinate System

All CT scans were analyzed in 3D using a reliable semi-automated method providing a
scapular coordinate system described in detail elsewhere [18,19]. Briefly, the medio-lateral
(z) axis was along the scapular axis, defined by the line fitting five points placed along the
supraspinatus fossa projected in the scapular plane. The scapular (i.e., ~“coronal”) plane
was defined by three landmarks: the trigonum spinae (TS), the angulus inferior (Al), and
the most medial of the five points defining the medio-lateral axis (Figure 1; additional
illustrations on the coordinate system can be found in [19]). The postero-anterior (x) axis
(i.e., ~“sagittal” plane) was then defined as being perpendicular to the scapular plane and
medio-lateral axis. The infero-superior (y) axis (i.e., ~“axial” plane) was perpendicular to
the other two axes. The origin of the coordinate system corresponded to the spinoglenoid
notch projected on the medio-lateral scapular axis.

Al

Figure 1. Anatomical description of the scapular coordinate system (OXYZ), acromion landmarks
(AA, AC), trigonum spinae (TS), angulus inferior (Al), posterior extension of the acromion (AAx),
acromion posterior angle (APA), acromion tilt angle (ATA), acromion length angle (ALA), and glenoid
retroversion angle (GRA). The three axes (x, y, and z) correspond to postero-anterior, infero-superior,
and medio-lateral, respectively.
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2.4. Acromion Landmarks

Two specific acromion landmarks were placed manually on its 3D surface using the
same software (Amira; Thermo Fisher Scientific) and method as above [19]: the acromion
angle (AA) and the most anterior point of the acromioclavicular (AC) joint (Figure 1). These
two landmarks were characterized by their three coordinates in the scapular coordinate
system (AAx, AAy, AAz; and ACx, ACy, ACz). Because of the expected variability in
scapular size among patients, these coordinates (distances) were normalized by the scapular
height, defined by the infero-superior distance between Al (Aly) and the origin of the
scapular coordinate system.

2.5. Acromion Angles

From these two acromion landmarks, we defined four specific acromion angles (Figure 1):
the acromion posterior angle (APA), the acromion tilt angle (ATA), the acromion length angle
(ALA), and the acromion axial tilt angle (AXA). The APA is the angle between the infero-
superior axis (Y) and the axis formed by the AA landmark and Al, projected in the plane
perpendicular to the medio-lateral axis (i.e., ~“sagittal” plane). The ATA is the angle between
the AA-AC segment and the x-axis, in the xy plane (i.e., ~“sagittal”). The ALA corresponds to
the distance between AA and AC landmarks (in the xy —i.e., ~“sagittal "plane), measured as
an angle from Al Finally, the AXA is the angle between the AA-AC segment and the x axis in
the zx plane (i.e., ~“axial”).

2.6. Glenoid Retroversion Angle

The glenoid retroversion angle (GRA) was measured in 3D from the CT scans using
the same software (Amira) and method as above [19]: the angle between the medio-lateral
axis (z) and the glenoid centerline projected in the axial plane (perpendicular to the infero-
superior axis). The glenoid centerline was defined by the vector joining the center of the
glenoid cavity and the center of a sphere fitting the glenoid cavity (Figure 1, right). This
method has previously shown good to excellent inter- and intra-observer reliability [19].
For simplicity, we defined here retroversion as positive, and anteversion as negative.
The glenoid centerline and all other 3D quantities and computations defined above were
performed with Matlab (MathWorks). This script takes as input the three coordinates of all
the scapular landmarks and all the points on the surface of the glenoid cavity to provide all
reported measurements in the scapular coordinate system, for each case individually.

2.7. Statistical Analysis

Statistical analyses were performed in Matlab. First, for subjects with normal scapulae
(i.e., trauma patients), we performed simple and stepwise multiple linear regressions to
examine the correlation among all six acromion landmarks (AA and AC coordinates) and
the GRA. We also evaluated the correlation among each of the four acromion angles (APA,
ATA, ALA, and AXA) and the GRA. The quality of the regression was quantified by the
root mean square error (RMSE), the coefficient of determination (R?), and its p-value. We
further performed a receiver operating characteristic (ROC) curve analysis to determine
which critical GRA and associated morphological acromion parameter better identified
the two groups (i.e., low vs. high GRA), using the area under the curve (AUC) with the
Youden index. The normality of the measurement data was verified by a Shapiro-Wilk test.
As an additional analysis, differences between the normal and pathological patient groups
were tested by an unpaired two-tailed Student’s ¢-test, and the effect size evaluated with
Cohen’s d. We also assessed the dependence on patient demographics such as gender and
age, and p < 0.05 was considered statistically significant.

3. Results

For normal scapulae, simple linear regressions showed that AAx was the acromion
landmark coordinate most strongly and significantly associated with the GRA (R% = 0.480,
p < 0.0001), followed by ACx (R? = 0.310, p < 0.0001) (Table 1). Stepwise multiple linear
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regressions between the six acromion landmark coordinates examined here (AAx, AAy,
AAz; and ACx, ACy ACz) and the GRA confirmed the importance of AAx, and the slight
improvement in the model by combining AAx with AAz and ACx (R? = 0.530, p <0.0001).
Using this existing correlation, we were able to predict the measured GRA with an error
(RMSE) of 3.6 degrees.

Table 1. Root mean square errors (RMSE), coefficients of determination (R?), and p-values of simple
and stepwise multiple linear regressions between several acromion landmark coordinates and angles
and the glenoid retroversion angle (GRA), for normal scapulae.

RMSE (Degree) R? p-Value

AAX 3.73 0.480 <0.0001

AAy 5.16 0.006 0.4308

AAz 5.02 0.051 0.0096

ACx 431 0.310 <0.0001

Acy 5.14 0.013 0.2298

ACz 5.16 0.007 0.3739

AAx, AAz 3.66 0.505 <0.0001
AAx, AAz, ACx 3.58 0.530 <0.0001
APA 3.73 0.482 <0.0001

ALA 5.17 0.002 0.6305

ATA 5.12 0.022 0.1187

AXA 4.85 0.123 0.0001
APA, ALA 3.61 0.518 <0.0001
APA, ALA, ATA 3.50 0.551 <0.0001

Of the four acromion angles examined here (APA, ATA, ALA, and AXA in Figure 1),
the APA was the most strongly and significantly associated with the GRA (R2 = 0482,
p <0.0001). Combining the APA with the ALA and ATA helped slightly improve the
correlation, while adding the AXA did not. The APA was very strongly and significantly
correlated with AAx (R% = 1.00, p < 0.0001) (Supplementary Material). Because of this,
among the 10 morphological acromion parameters (6 landmark coordinates and 4 angles),
we then focused the analysis between the acromion morphology and glenoid retroversion to
the APA versus GRA (Figure 2), which can be written as follows: GRA =1.9 x APA —25.2
(with GRA and APA in degrees). A 1-degree increase in the APA corresponded approxi-
mately to a 2-degree increase in the GRA.

For osteoarthritic scapulae, we also observed a significant positive correlation between
the APA and GRA (R? =0.197, p < 0.0001), suggesting that a higher APA was associated with
an increased GRA (Figure 2). While both the GRA and APA increased with the (alphabetical)
progression of the updated Walch class, the increase in APA was not proportional to that
of the GRA (Table 2, Figure 3). The ROC curve analysis predicted a critical GRA value of
8 degrees (AUC = 0.78) and a critical APA value of 15 degrees to best identify high GRA
(>8 degrees) from low GRA (<8 degrees).
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Figure 2. Measured acromion posterior angle (APA, x axis) vs. glenoid retroversion angle (GRA,
y axis) for normal scapulae (black dots) and primary osteoarthritic scapulae (white dots). The
continuous line represents the linear regression between the APA and GRA for normal scapulae,
with its 95% confidence interval (dotted lines). The grey-shaded area (top right corner) shows the
number of osteoarthritic scapulae with critical angle values (dashed lines) of APA > 15 degrees and
GRA > 8 degrees.

Table 2. Glenoid retroversion angle (GRA; mean =+ SD) and acromion posterior angle (APA; mean 4 SD)
for normal and osteoarthritic scapulae, subclassified according to the updated Walch classification.

Scapulae GRA (Degree) APA (Degree)
Normal (n = 112) 3.0+£5.2 149 +£19
Walch type A1-A2 (n = 49) 45+94 153 £23
Walch type Bl (n = 26) 10.1 £9.0 152 +1.8
Walch type B2-B3 (n = 45) 169 £8.1 163 £2.2
Walch type C (n=5) 29.6 + 8.4 169 £1.9

Data for the six acromion landmarks, four acromion angles, and the GRA all followed
a normal distribution. Of the six acromion landmarks, AAx, AAy, ACx, and ACy differed
significantly between normal and osteoarthritic scapulae (p < 0.03), but with a moderate-
to-small effect size (Cohen’s d < 0.64). Among the four acromion angles, only APA and
ALA were significantly different between normal and osteoarthritic scapulae (p < 0.04),
but again with a moderate to small effect size (d < 0.43). GRA was significantly more
retroverted in osteoarthritic (11.1 degrees) than in normal scapulae (3.0 degrees) (p < 0.001).
There were no significant differences in age between osteoarthritic scapulae having an APA
above or below 15 degrees (p = 0.38). Regressions between GRA and APA were slightly
different between males and females but remained within the 95% confidence intervals
(ClIs) of the entire datasets.

40



J. Clin. Med. 2022, 11, 351

40

|

® Normal |

O A1&A2 ‘

@ B1

® B2aB3 |
@

@

30 s

Regression ‘
""""" 95% Cl |
—-—- GRA crit. |
— — APAcrit. ° go

n
o
1

Glenoid Retroversion Angle (degrees)
o >
1 1

L
o
1

-20 T T T T T T 1
8 10 12 14 16 18 20 22
Acromion Posterior Angle (degrees)

Figure 3. Measured acromion posterior angle (APA, x axis) vs. glenoid retroversion angle (GRA,
y axis) for normal scapulae (black dots) and primary osteoarthritic scapulae subclassified according to
the updated Walch classification (yellow, orange, red, and purple dots). The continuous line represents
the linear regression between the APA and GRA for normal scapulae, with its 95% confidence interval
(dotted lines). The grey-shaded area (top right corner) shows the number of osteoarthritic scapulae
with critical angle values (dashed lines) of APA > 15 degrees and GRA > 8 degrees.

4. Discussion

Our objective was to test for correlations between scapular morphology and glenoid
retroversion, both in patients with normal scapulae but also in those with primary gleno-
humeral OA. Two specific acromion landmarks were used and represented by their coordi-
nates in the 3D scapular coordinate system. In normal (non-osteoarthritic) glenohumeral
joints, we observed that the posterior extension of the acromion was strongly correlated
with the GRA. This anatomical acromion measure was represented by the APA, a novel
angular measure of the scapula. By comparison with the primary glenohumeral OA popu-
lation, we found a critical APA value, which needs to be further investigated and might
eventually be used as a predictive anatomical parameter or risk factor for posterior glenoid
wear in osteoarthritic shoulders.

The two acromion landmarks used in this study characterized the acromion as a linear
segment. Using the six coordinates of these two landmarks in the local scapular coordinate
system, we tested all possible simple and multiple morphological associations between
the defined acromion segment and GRA. These two scapular landmarks were carefully
selected to be unaffected by osteoarthritic wear or osteophytes [18,19]. Bearing this in mind,
the glenoid center was deliberately avoided, as its location can be modified by glenoid
wear. The same logic was applied for the APA by selecting the inferior edge of the scapula
(AI) as the third landmark. Although glenoid version is classically defined as negative
when oriented posteriorly, we decided to use a positive value for the sake of simplicity.
Hence, we used the term retroversion to avoid any confusion, and a positive correlation
between the APA and GRA was reported here.
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Our statistical analysis revealed that two of these six coordinates (AAx and ACx) were
mainly associated with the GRA. These coordinates were therefore subsequently used to
define angles that could be conveniently measured in daily clinical practice on sagittal-
oblique reformats derived from preoperative shoulder CT scans. As highlighted by our
results, these angles appeared to be reliable and easy-to-use alternatives to characterizing
the acromion morphology. A previous analysis of the inter- and intra-observer variability
in the positioning of scapular landmarks showed moderate to excellent reliability, with
intraclass correlation coefficients ranging from 0.67 to 0.99 [19]. As expected, the correlation
between the APA and GRA in normal scapulae was strong. The APA and AAx indeed had
a strong linearly correlated since AAx is proportional to the trigonometric tangent function
of the APA, which is highly linear between 0 and 20 degrees. This correlation was further
enhanced after normalization of the AAx coordinate by the scapula height (R? = 0.999 and
0.830, with and without normalization by the scapula height, respectively). For normal
scapulae, the more posterior the acromion extension, the wider the GRA. This was reported
by the posterior extension of the AA (AAx), and by the APA. According to our regression
analysis, one degree in APA related to two additional degrees in the GRA.

When secondarily looking at osteoarthritic scapulae, the correlation between AAx and
the APA was still significant but weaker than in normal scapulae (R2 =0.482, p < 0.0001 vs.
R? =0.197, p <0.0001, respectively). This meant that the correlation observed in normal
scapulae seemed to be disrupted in primary glenohumeral OA patients. Our hypothesis is
that this might have been related to posterior glenoid wear. Previous research identified
scapulae with increased glenoid retroversion or posterior glenoid wear as a risk factor for
implant failure in total shoulder arthroplasty [20,21]. In addition, posterior glenoid bone
loss is known to progress over a 5- to 15-year timeframe in up to 55% of patients [22]. Our
research might therefore be critical for helping council patients by defining a critical APA
value related to posterior glenoid wear. We first identified a critical GRA with a ROC curve
analysis. Then, by using the Youden index, we determined the optimal APA cut-off value
that could distinguish between scapulae above and below this critical GRA threshold.

Glenoid retroversion also correlated with ACx, but ACx strongly correlated with AAx
(see correlation matrix in Supplementary Material), meaning that the relative AP acromion
length (distance between AA and AC) had a low variability. Glenoid retroversion also
negatively correlated with the lateral extension of the AA (AAz), which further partly
correlated with the posterior extension (Table 1). These correlations between the two
acromion landmark coordinates were also present between the four tested acromion angles,
and explain why they do not all appear in the multiple correlations obtained with the
stepwise multiple linear regression analysis.

It appears likely that the strong correlation observed between the acromion and glenoid
in normal scapulae was determined by the end of growth [23]. While several hypotheses
regarding posterior glenoid wear were raised (e.g., premorbid glenoid retroversion [24],
muscular imbalance [25], and lower humeral retroversion [26]), its pathophysiology re-
mains unknown. We might reasonably assume that the acromion affected the glenoid
through the action of muscles, but this remains purely conjectural. This link might also be
more deeply anchored in human evolution [27].

Normalized values of the two important acromion landmarks that are the AA and
AC joint have not been previously reported. However, a wide range of acromion angles
have recently been described with increasing interest in characterizing the acromion mor-
phology. The APA presents similarities with the “posterior glenoid coverage” proposed by
Beeler et al. as both are based on AAx and the medio-lateral scapular plane [7,8]. However,
Beeler et al. used the glenoid center as the middle point, while we used the Al instead not
only because it is not affected by glenohumeral osteoarthritis, unlike the glenoid center, but
also and primarily to better correlate the APA with the posterior extension of the acromion
(AAx). These two angles are thus very different, and we verified that the “posterior glenoid
coverage” was not correlated with the GRA in our series of normal scapulae.
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The ALA corresponded to the distance between AA and AC in the sagittal (xy) plane,
measured as an angle using Al as the third landmark. Again, it is similar to the “overall
glenoid coverage” proposed by Beeler et al. [7,8], but uses Al instead of the glenoid
center as the middle point, to better correlate with the AA-AC segment (R? = 0.908 vs.
R? =0.093, respectively). In our series of normal scapulae, these two angles were only
weakly correlated (R? = 0.127), and the variability range of ALA was five times lower.

The ATA corresponds approximately to the previously defined acromion tilt [28], or
90 degrees minus the posterior acromion slope [9], or the sagittal tilt [7,8]. The ATA was
25.2 + 8.2 (range, 5.2-46.9) degrees in our normal scapulae vs. 23.4 & 8.7 (range, 4.5-42.5)
degrees in osteoarthritic scapulae, which corresponds closely to the values in the articles
referenced above.

The AXA corresponds approximately to the previously defined axial tilt angle [7,8].
The AXA was 26.1 £ 8.9 (range, 4.2-52.1) degrees in our normal scapulae vs. 29.1 9.9
(range, 2.5-52.1) in osteoarthritic scapulae, which also matches the previous works men-
tioned above.

The main strength of the present study was the use of the 3D coordinates of two
relevant acromion landmarks in a dedicated local scapular coordinate system generated
from points not affected by glenoid wear that is secondary to glenohumeral osteoarthritis.
This setup permitted multiple linear regression testing to identify the most significant
determinants of glenoid retroversion, which was also comprehensively analyzed in 3D. A
step further was taken by defining acromion angles that normalize measures to patients’
height, thereby obviating the need for subsequent data processing.

The major limitation of our method was the manual identification of the two acromion
landmarks, the effect of which was minimized by the good reliability in the positioning of
scapular landmarks by a single experienced human observer [19]. This could be improved
by using sophisticated fully automatic landmark detection methods [29]. However, even
with such automated methods, the AC might still be affected by osteoarthritis, conversely
to all other anatomical landmarks used to characterize the acromion morphology, the
angles, and the local (i.e., scapular) coordinate system. Nevertheless, the AC is not re-
lated to the APA or the scapular coordinate system, and its variability caused by OA is
supposedly weak since we found no significant difference when comparing the normal
and osteoarthritic datasets. Second, patient characteristics differed between normal and
osteoarthritic scapulae, as per the study design and primary objective (association between
3D acromion shape and glenoid retroversion), and considering that trauma is more com-
mon in males and shoulder OA in females. However, our aim was to assess potential
morphological associations separately, first in normal and then osteoarthritic scapulae. We
verified that the same correlations held true in males and females, with variations within
the 95% Cls. Regarding aging, we further checked that this demographic parameter did
not affect the critical APA value reported here. Finally, although trauma patients with
normal scapulae and patients with glenohumeral OA were not scanned with the same
CT protocols, the differences in the reconstructed geometric volumes were small (with
slightly smaller voxels for OA than trauma patients) and had no impact on the positioning
of scapular landmarks.

5. Conclusions

The strong correlation observed here between the posterior acromion extension, in
particular the APA, and glenoid retroversion in normal scapulae suggests that the APA
might be used as a predictive anatomical parameter or risk factor for the development
and progression of primary glenohumeral osteoarthritis associated with posterior glenoid
wear. However, the identified critical APA value at 15 degrees should now be further
investigated in larger patient series with osteoarthritic scapulae/glenoids, and if possible
elderly controls without any sign of glenohumeral OA. Moreover, long-term clinical studies
should evaluate the impact of the APA on clinical function and surgical revision rates after
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shoulder arthroplasty. Finally, we should also examine whether the APA is associated with
other shoulder disorders or specific treatment outcomes.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article /10
.3390/jem11020351/s1, Figure S1: Correlation matrix among acromion landmarks, acromion angles
and glenoid retroversion angle.
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Abstract: Glenohumeral osteoarthrosis (OA) may develop after primary, recurrent shoulder dis-
location or instability surgery. The incidence is reported from 12 to 62%, depending on different
risk factors. The risk of severe OA of the shoulder following dislocation is 10 to 20 times greater
than the average population. Risk factors include the patient’s age at the first episode of instability
or instability surgery, bony lesions, and rotator cuff tears. For mild stages of OA, arthroscopic re-
moval of intraarticular material, arthroscopic debridement, or arthroscopic arthrolysis of an internal
rotation contracture might be sufficient. For severe stages, mobilization of the internal rotation
contracture and arthroplasty is indicated. With an intact rotator cuff and without a bone graft, results
for anatomical shoulder arthroplasty are comparable to those following primary OA. With a bone
graft at the glenoidal side, the risk for implant loosening is ten times greater. For the functional
outcome, the quality of the rotator cuff is more predictive than the type of the previous surgery or the
preoperative external rotation contracture. Reverse shoulder arthroplasty could be justified due to
the higher rate of complications and revisions of non-constrained anatomic shoulder arthroplasties
reported. Satisfactory clinical and radiological results have been published with mid to long term
data now available.

Keywords: glenohumeral osteoarthrosis; shoulder dislocation; shoulder instability; dislocation
arthropathy; arthroplasty

1. Introduction

Instability-mediated OA is a particular degenerative joint disease after a primary or
recurrent dislocation or after instability surgery. In 1982 Neer [1] reported on 26 patients that
had been treated with total shoulder arthroplasty due to severe OA after recurrent instability
and anterior or posterior surgical stabilization in most cases: “recurrent dislocations and
preceding surgery have tensed the capsule and thereby caused a fixed subluxation in the
opposite direction of the instability”. Since then, it has been discussed whether this unique
type of OA is caused by the primary dislocation and thereby is predetermined, or recurrent
dislocations, concomitant fractures, other risk factors, and different surgical therapies
themselves worsen the prognosis or even cause it. This review clinical article deals with the
following aspects: physical examination, diagnostic radiology, causes, prognostic factors,
and treatments options and their results so far.

2. Physical Examinations

Typical examination finding in patients with recurrent instability and OA is an in-
creasing loss of range of motion, particularly a restriction of external rotation. Rosenberg
et al. reported a mean limitation in external rotation of 18° with the arm at the side and
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15° in 90° abduction in patients evaluated 15 years after open Bankart reconstruction [2].
Pelet et al. found a mean loss of external rotation of 24° in their retrospective 29-year
follow-up study following open Bankart repair [3]. Oh et al. evaluated the association
between shoulder OA and functional results as determined by the DASH score, which was
significantly increased according to the severity of shoulder OA [4]. As a matter of course,
severe pain and joint crepitation are commonly found in patients suffering from OA [5]. A
rotator cuff examination is essential to rule out tears and insufficiencies. Particular attention
should be paid to the subscapularis muscle after the anterior approach, which involves
its detachment if the patient presents with pain, recurrent instability, weakness in internal
rotation, and increased external rotation. An essential examination should include a lift-off
test, internal rotation lag sign, modified belly press test, and belly-off sign [6].

3. Diagnostic Radiology

Conventional radiographs usually confirm the diagnosis of OA in advanced stages or
provide essential hints for differential diagnosis. The typical findings of OA are narrowing
of joint space as an indirect sign of reduction of cartilage, subchondral sclerosis representing
an adaptation reaction of the bone, and metaplastic responses known as osteophytes [7].
The extent of these changes is underestimated by plain-film radiography [8]. Computer
tomography (CT) could finally increase the accuracy in diagnosis and the prevalence of OA
essentially (Figure 1). In 282 patients with unilateral instability without surgery, the rate of
OA was 11.3% in conventional radiographic imaging and 31.2% when CT was used. Even
small osteophytes can be detected. CT can also detect the loss of the anterior and posterior
part of the joint gap when it remains almost unaltered in conventional radiographic ap-
projection [9]. Ogawa et al. [10] reviewed 167 joints of 163 patients undergoing the open
Bankart procedure. Preoperative CT showed OA in 44 shoulders (26.3%), among which
12 shoulders (7.2%) showed OA on the preoperative radiographs. Preoperative CT-proven
OA in 20 shoulders never became visible on postoperative radiographs. Recent three-
dimensional computed tomography (3D CT) trends could better define the relationship
between the humeral head and the glenoid [11]. Posterior wear after index surgery should
be analyzed if the progression of OA is recognized to define new treatment options [12].
Ultrasound is the method to depict intra-articular effusion at early stages. Osteophytes or
the degree of synovitis are also visible. Subchondral lesions, changes in cartilage volume,
and concomitant soft-tissue alterations were detected earlier using MRI [7,9]. MRI also
enables semi-quantitative analysis of the postoperative changes of the subscapularis muscle.
The results provide indications of the causes of the clinical dysfunction of the subscapularis
musculotendinous unit after open shoulder stabilization [13].

ARel Dres med W HofmannWallgang

Figure 1. Imaging methods for evaluating dislocation arthropathy. Examples of conventional
radiographs, MRI, and CT scan showing OA.
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4. Classification

In 1983 Samilson and Prieto [14] reported 74 patients with OA after multiple dislo-
cations or surgical stabilization. They defined the term Dislocation Arthropathy and the
Samilson and Prieto Classification (SPC) and suggested three stages based on anteroposte-
rior radiographic images:

Mild OA: Osteophytes on the lower humeral head or the lower glenoid rim <3 mm

Moderate OA: Osteophytes on the lower humeral head or the lower glenoid rim

between 3-7 mm
e  Severe OA: Osteophytes on the lower humeral head or the lower glenoid rim larger

than 7 mm with slimming of the joint gap and sclerosis

To increase the classification accuracy according to Samilson and Prieto, Buscayret et al.
suggested subdividing the severe OA stage into two stages: one with humeral osteophytes
above 8 mm and a last one with the loss of the joint gap (Figure 2) [15].

Figure 2. Image modified from Buscayret et al. [15]. (a): humeral osteophyte <3 mm. (b): humeral
osteophyte >3 mm and <8 mm. (c): humeral osteophyte >8 mm. (d): obliteration of glenohumeral
joint space.

The Samilson and Prieto classification is radiographic, but can it draw clinical con-
clusions? For example, Kircher et al. correlated pain, active and passive range of motion
with OA graded according to Samilson and Prieto, finding the primary clinical feature,
pain, as the main indication for surgery, not related to radiological parameters. In addition,
the increasing size of the caudal humeral osteophyte was associated with a decreased
functional status in all planes [16].

SPC is based only on 2D examination. Recently, Link et al. found no correlation
between SPC and Walch classification for primary OA. Therefore, understanding glenoid
morphology in the axial plane is mandatory in the final stage of OA for correct implant
selection. However, no validated classification has been published to assess Dislocation
Arthropathy in the axial plane [17].

5. Causes and Prognostic Factors
Since the first descriptions of OA after instability were carried out on patient groups

that underwent surgery in most cases, it was presumed that OA results from the surgery
itself [18].

5.1. Development of OA after Non-Operative Management of Shoulder Instability

Hovelius found that with a follow-up of 225 patients with first-time dislocations after
25 years, the spontaneous process after first-time dislocation accompanies OA develop-
ment [19]. In a prospective study of patients with first-time dislocation after conservative
therapy, 16.1% of 106 patients with a single dislocation without recurrence after ten years
developed OA. With and without recurrence and operation, 11% of 208 shoulders had slight

49



J. Clin. Med. 2022, 11,2019

and 9% moderate or severe OA. The interesting point is that the shoulders with only one
recurrence had similar rates of OA to those with recurrent dislocations or operations [20].

Hovelius [19], and Singer [21], conclude that the primary dislocation introduces the
development of the OA and that later recurrences are in this regard of minor importance.
Ogawa et al., however, found that the number of the dislocations/subluxations was signifi-
cantly different between shoulders with and without OA [9].

Buscayret et al. analyzed the pre and postoperative radiologic processes of 570 patients
that had undergone shoulder stabilization [15]. They found five factors with statistically
significant influence on the development of a preoperative OA without operation: The
age at the first-time dislocation and at the time of the operation, in each case with higher
risk at higher age; bony defects at the front lower glenoid or at the humeral head as
well as a rotator cuff tear. Kraus et al. evaluated the results of conservative treatment
of acute anteroinferior glenoid fractures [22]. Intra-articular step-off amounted to 6 mm
(mean 2 mm); nevertheless, no significant increase in the OA rate could be found after a
mean follow-up of 26.4 months. Marquiera et al. evaluated 14 patients with large Bankart
fractures (>5 mm) and dislocation >2 mm that underwent conservative treatment [23]. After
a mean follow-up of 5.6 years, every shoulder was stable. Only two patients showed mild
and one patient moderate radiographic signs of arthrosis. Finally, Weisser et al. recently
published excellent results of nonoperative treatment of anterior glenoid rim fractures after
primary traumatic anterior shoulder dislocation. In the cohort of 30 patients with a >5 mm
anterior glenoid rim fracture, functional outcome was reported as excellent with a low
rate of recurrent instability (3%) and a low rate of new-onset OA (23%). To achieve these
outcomes well centered post-reduction humeral head was mandatory. Anterior subluxation
after reduction might develop in recurrent instability and OA, and should be considered a
contraindication for nonoperative treatment [23,24].

The risk of developing a severe OA for individuals that suffered a shoulder dislocation
is 10-20 fold increased [25]. The risk factors after conservative and surgical therapy are
partially congruent (age, extended time until operation, bony defects, alcohol, smoker,
hyperlaxity, high BMI, and increased age at initial instability event) [15,26-28].

5.2. OA after Surgical Stabilization

The incidence of OA after anterior surgical stabilization is stated between
12-62% [2,4,29,30]. In a prospective study with 41 patients that had at least two anterior
dislocations and underwent arthroscopic transglenoidal suture, 12% showed radiographic
changes after a follow-up of 52 months. There was a significant correlation between these
changes and a worse clinical outcome. Patients with Bankart and Hill-Sachs lesions or
other bony alterations on the preoperative images presented with a significantly worse
functional outcome [4].

In a retrospective study, 30 of 39 patients that underwent open Bankart reconstruction
could be examined after a mean follow-up of 29 years. Five patients were treated with total
shoulder arthroplasty, and seven presented with radiographic signs of OA. Overall, the rate
of OA was 40%. The authors, therefore, concluded that even though satisfying long-term
results could be attained, the development of OA could not be stopped by surgery [3].

In another retrospective study after open Bankart reconstruction 33 of 53 shoulders
could be evaluated after 15 years; 87% presented with no or minor radiographic signs
of OA, 14 patients with minimal, and one patient with severe signs of OA. A significant
correlation between the radiographic degenerative alterations and limitation of external
rotation in 90° abduction depending on the time of follow-up could be shown. An influence
of the limited external rotation in developing arthrosis was discussed but could not be
proved [2]. In 2010, Ogawa et al. reviewed 163 patients undergoing the open Bankart
procedure, finding that the development and progression of OA cannot be prevented by
surgical intervention [10]. Most postoperatively detected OA developed already before
surgery; nevertheless, the progression of postoperative OA was prolonged. Recent studies
with over 20 years of follow-up still report satisfying outcomes. Moroder et al., with a mean
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22-year follow-up after open Bankart repair in 26 patients, reported good clinical outcomes
with minimal loss in the range of motion [31]. However, OA was found in up to 50% of
patients and was associated with loss of external rotation, raising the question of whether
the loss of external rotation was caused by OA or by overtightening the anterior capsule.

After Latarjet stabilization, 56 of 95 patients could be evaluated after a mean follow-up
of 14.3 years. Three factors could be identified to be relevant for the development of post-
operative OA: rotator cuff lesions, intra- or postoperative complications, and positioning
of the coracoid to lateral. This last one is the most important prognostic factor. It was
discussed that even though the rate of OA is quite high, stage I OA seems not to influence
the postoperative outcome even after ten years [29]. Mizuno et al. conducted a retrospective
review of 68 open Latarjet patients with a mean follow-up of 20 years. Of the 60 shoulders
without OA preoperatively, 12 developed OA at final follow-up [32]. Overall, postoperative
OA was mild, finding stage 1 in 14.7%, stage 2 in 5.9%, and stage 3 in 8.8% of patients. On
the other hand, Gordins et al. report 65% of OA in 31 patients after 33 years of follow-up
open Latarjet [33]. However, the technique implemented was the one described by May,
and all patients were operated on before the modified Latarjet technique by Patte et al. [34].
Coracoid dimensions and standing up “May coracoid transfer” might influence these
OA outcomes.

Comparing the rate of OA after Bankart and Bristow—Latarjet procedures after ten
years of follow up Hovelius found a higher incidence after the Bankart procedure (16 of 26)
than after the Bristow-Latarjet procedure (9 of 30). A recent meta-analysis suggests that the
Latarjet procedure has a lower OA degree than other treatments, including non-operative
treatment [35].

After glenoid reconstruction of significant bony defects using a J-graft, most relevant
studies showed that there was no significant correlation between the number of dislocations
and the rate of OA and that a significant influence of the performed surgery could not be
found [26]. A recent follow-up of the cohort published by Moroder et al. shows excellent
results regarding stability and function after a mean follow-up of 18 years [36]. However,
OA was present in 74% of the patients now. Therefore, the development of dislocation
arthropathy may not be prevented by this procedure.

Of 34 patients that underwent Weber-osteotomy, only four (9%) had no OA, nine (26%)
had been treated with total shoulder arthroplasty. The increased internal rotation and the
degree of arthrosis were statistically significant [37].

The rate of OA after the Eden-Hybinette procedure is always mentioned to be one of
the highest [38]. In a retrospective study including 74 shoulders with a mean follow-up of
29 years after the Eden-Hybinett procedure, a recurrence occurred in 15 cases (20%) and
OA in 35 cases (47%).

The ages at the time of the primary dislocation, surgery, and follow-up were mentioned
as risk factors. Shoulders with signs of OA showed significant limitations of external
rotation, even though most of them were subjectively satisfied [39]. Comparing 2- and
5-years follow-ups, the degree of limitation in the external rotation was not correlated
significantly to the rate of OA. The rate of arthrosis was higher after primary dislocation at a
higher age (above 23) [40]. Buscaryet et al. showed in 570 patients after surgical stabilization
that lower degrees of OA remain without progress more often than higher degrees; 19.9%
of the patients who had no preoperative signs of OA developed postoperative OA [15].
The lengths of follow-up and the number of preoperative dislocations were found as risk
factors. The time to surgery, the degree of instability (luxation or subluxation), the level
of sportive activity, and especially the type of surgery were found to have no significant
correlation with the development of OA. Therefore, there was no difference found between
the Latarjet-procedure and soft-tissue techniques. When comparing the three groups with
equal follow-up, no significant differences could be found concerning the rate of OA.

After arthroscopic stabilization, there was a lower rate of OA but a lower time of
follow-up [15]. Other authors found similar rates of OA both in open and arthroscopic
procedures [7]. Boileau et al. reported an increase in glenohumeral OA incidence from 4%
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preoperatively to 17% postoperatively after arthroscopic stabilization [41]. Meantime, a
couple of literature reports deal with the long-term appearance of OA after arthroscopic
Bankart repair. Castagna et al. found mild (29%) to moderate (10%) arthrosis after a
minimum of 10 years after arthroscopic Bankart repair, but degenerative changes of the
glenohumeral joint had no significant effect on the clinical outcomes [42]. Kavaja et al.
examined the radiologic and clinical occurrence of glenohumeral OA 13 years after arthro-
scopic Bankart repair [43]. OA was diagnosed radiologically in 68 percent but rarely caused
subjective symptoms. Franceschi et al. found OA in 21.8% of the patients with no preopera-
tive degenerative changes eight years after arthroscopic Bankart repair [44]. Finally, the
latest arthroscopic Bankart repair cohort published by Plath et al. reports 69% of OA over a
hundred patients with a mean follow-up of 13 years [45].

These studies show that postoperative OA in different degrees occurs, both in open
and arthroscopic procedures. As risk factors in developing postoperative OA, bony lesions
(Bankart and Hill-Sachs lesions), lengths of follow-up, concomitant lesions of the rotator
cuff, intra- and postoperative complications, positioning of the coracoid to lateral, higher
age at primary dislocation or surgery, and a long time to surgery are mentioned. In addition,
loose or proud metal pieces (screws, staples) (Figure 3) could cause a progressive OA
quickly [46]. Yeh and Kharrazi report a rare but dramatic complication following shoulder
arthroscopy: post arthroscopic glenohumeral chondrolysis [47]. The articular cartilage
undergoes rapid degenerative changes shortly after arthroscopic surgery. Although the
etiology of post arthroscopic glenohumeral chondrolysis is not yet fully understood, the
pathophysiology is likely multifactorial.

After arthroscopic stabilization using screws positioned at the glenoidal rim, Tauber
et al. found only one case in 10 cases of material impingement that made the removal
necessary after two years [48]. Experimental studies show that a loss of the anteroinferior
labrum reduces the contact area by 7-15% and increases the contact pressure by 8-20%,
concerning the anteroinferior part of the glenoid even at 53%. A bony loss of 30% of
the glenoid diameter increases the contact pressure at the anteroinferior part even at
300-400% [49]. Whether such a loss or step-off formation is relevant for instability and
development of arthrosis seems to be dependent on a centered or decentered humeral head.

5.3. Capsulorrhaphy Arthropathy as an Own Entity?

Matsen et al. defined the term capsulorrhaphy arthropathy for patients who develop
OA due to too strongly strained anterior capsules [50]. The strong harnessing of the
anterior soft tissues, e.g., a Putti-Platt, or a too strongly strained Bankart operation, leads to
compression and intensified shearing stresses on the joint surface that increase if the patient
goes into external rotation. It is postulated that this mechanism develops in all operations
where the external rotation is excessively limited [51].

Biomechanical and anatomical studies today offer evidence that a non-anatomical
strain of the anterior capsule leads to an increase in posterior joint pressure, posteroinferior
subluxation of the humeral head, and thus pain and the development of arthrosis [52]. In a
cadaveric comparison of a front capsule strain with an anteroinferior capsule shift, it could
be shown that during the strain of the front capsule the stability decreases and the external
rotation and elevation are limited. That larger shear joint forces are necessary to reach the
maximum elevation. In contrast, the anteroinferior capsule shift improves stability without
limiting the external rotation or elevation [53] (Figure 4).

Gerber and Werner experimentally showed the effect of selective capsulorrhaphy on
the translation and the passive range of motion [54,55].

On the one hand, these studies document that capsulorrhaphy arthropathy is biome-
chanically justified and permits, on the other hand, developing more anatomical stabiliza-
tion operations. In retrospective studies, a decreased external rotation was connected with
an increased rate of OA; whether this was the cause or the effect could not be clarified [15].
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Figure 3. Details of proud screws after glenoid fracture surgery removed arthroscopically.
First row: radiologic studies showing instability surgery performed and proud implants.
Second row: Images of a humeral cartilage defect and debridement necessary to expose implants.

Third row: Arthroscopic screws removal.
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Figure 4. 43 year-old patient treated with hemiprosthesis after capsulorrhaphy arthropathy subse-
quent to open instability repair. First row: preoperative radiographs. Second row: intraoperative
pictures of hemiprosthesis implant and postoperative radiographs. Third row: Physical examination
and shoulder function at final follow-up.

6. Treatment Options and Results
6.1. Nonoperative Treatment

Non-operative treatment of shoulder dislocation arthropathy should be the first step of
management. Classic studies have shown similar OA proportions between non-operative
and operative treatment at any point of follow up [35]. There is no evidence of significant
benefit in using non-steroidal anti-inflammatory drugs (oral or topic) to treat shoulder pain.
Improvements could be found with oral prednisolone, but side effects should be taken
into special consideration when using these medications. Intraarticular corticosteroids or
hyaluronic acid are among the most popular nonoperative treatments for glenohumeral
OA. While both have demonstrated sustained pain relief, difficulty in accurately adminis-
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tering them in the glenohumeral joint without ultrasound assistance has been pointed out.
There are no efficacy studies regarding physical therapy as an isolated treatment. Several
multimodal therapy plans have proven sustained improvements in pain and function [56].

6.2. Removal of Foreign Material

Metal anchors that contact the joint surface will lead to a progressive OA in the shortest
time. Pain or crepitation after shoulder stabilization should, therefore, be clarified. The
positions of possible metal anchors can be retraced in a thin slice CT. Without the slightest
doubt, a revision arthroscopy and the removal of the anchors are necessary. The knowledge
of the kind of brought-in anchors is vital to providing the right removal instrument. To
approach the anchor in its centerline, percutaneous instrumenting can be helpful. Metal
portions that are not visible in the joint at first sight could be covered by only a thin layer
of soft tissue and should, therefore, be removed.

Implants for shoulder stabilization have evolved to suture anchors manufactured of
various materials, including metal, poly-L-lactic acid, PEEK (polyether ether ketone), and
all sutures. “Anchor arthropathy” could be defined as an own entity after stabilization
surgery. Early-onset of pain and stiffness, usually before 10 months after index surgery,
could be found. Waltz et al. found advanced imaging, such as MRI unreliable to confirm
proud implants or prominent suture knots. Therefore, early arthroscopy to assess painful
and stiff shoulders after instability repair should have a low threshold [57].

6.3. Arthroscopic Debridement and Arthrolysis

In the case of an early stage of OA arthroscopic, debridement with loose cartilage
portions removal and partial synovectomy can improve functionality and relieve pain. The
cause of arthritis, e.g., the eccentric load of the glenoid as its “engine”, is not resolved by this.
An arthroscopic debridement can only help if a sufficient passive range of motion with the
possibility of relieving after treatment is present. Removing the osteophytes, usually within
the front lower range of the anatomical neck, is technically challenging. Millet’s CAM
procedure was developed as a joint-preserving arthroscopic treatment approach for young,
active patients with advanced shoulder OA [58]. Besides chondroplasty, synovectomy,
loose body removal, and subacromial decompression, the CAM procedure also involves
extensive capsular release to restore motion, humeral osteoplasty, and osteophyte excision
to recontour the humeral head, restore abduction, and potentially decompress impingement
on the axillary nerve; axillary nerve neurolysis when scarring is seen and biceps tenodesis
when there is significant tenosynovitis, SLAP tear or a pulley lesion [59]. Arner et al.
reported significant improvements in 38 patients after 10 years of follow-up of the CAM
procedure. Humeral head flattening and severe joint incongruity were risk factors for CAM
failure, although survivorship was 63% at a minimum 10-year follow-up [60]. A recent
investigation from the same group found similar results after arthroplasty, whether a prior
CAM procedure was performed before the prosthesis [61].

6.4. Arthroplasty

The problem with dislocation arthropathy is that these patients are younger than those
with idiopathic OA and usually have substantial internal rotation contracture and posterior
glenoid defects [62].

As with each OA, the preoperative clinical examination with determination of the
rotation is essential. A limited external rotation is a prognostically negative criterion for the
post-op result. The preoperative analysis of the glenoid constellation is often insufficient in
the axial projection and is better investigated in the CT. The MRI is used to evaluate fatty
atrophy and integrity of the subscapular muscle and the other portions of the rotator cuff.

During the approach, the mobilization with an anterior extension of the subscapular
muscle is critical of particular importance. This can be achieved by completely separating
the subscapular tendon and approximately 1 cm medial refixation. A medialization of
around 1 cm corresponds to an external rotation gain of approximately 20°. In case of
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stronger contractions, a bifocal capsulotomy according to Habermeyer is preferred [63].
The incision begins at the rotator interval. After ligature of the anterior circumflex arteries
and protection of the latissimus dorsi and teres major insertion, the subscapular muscle is
wholly detached down to the metaphysis [64]. The medial mobilization behind the anterior
margin of the coracobrachialis muscle is not recommended to preserve blood circulation
and innervation and avoid secondary damage to the subscapular muscle.

The replacement on the humeral side depends on the size of the defect. In younger
patients, a cup, stemless or short stem/stem prostheses are possible (Figure 5). In the
cup prosthesis, the bony defect should not exceed 30%. Recent studies report comparable
short-term results between a combination of humeral surface replacement with cemented
glenoid component and conventional total shoulder arthroplasty [65].

Dorsal rolled out glenoids require excellent preoperative planning to define the glenoid
form and version. After the good exposition, the axis and the glenoid center should be
marked with, e.g., a K-wire to plan the correct inclination and version. The value of
navigation still must be proven. In most cases, with sufficient bone substance, the higher
edge of the glenoid is removed to create a correct version. In larger, usually posterior
defects, a reconstruction by a bone graft (“contained defect”) or accumulation of an iliac
crest graft (“non contained defect”) is necessary (Figure 6). Bone transplantation for re-
establishment of the glenoid defects or correcting the version is already mentioned in
small numbers by Neer [66] after introducing the unlinked prostheses. The simultaneous
implantation of a cemented glenoid is problematic from a biological point of view. Here two-
step procedures should be preferred. The fixation of anterior bone grafts is substantially
more straightforward and unproblematic than that of posterior defects. The posterior bone
grafts can be placed only sometimes from the anterior. If a dorsal defect without hold to
the medial exists, the graft must be inserted from the posterior. The graft is fixed with two
screws that should not affect the implantation of the glenoid (keel or pegs). If a strong
posterior inclination of the glenoid is present and no sufficient correction of the version
is possible, stability can be increased by adapting the version of the components against
each other. If this is not possible, it is better to surrender the glenoidal component. In case
of a simultaneous existing out-of-center rotator cuff lesion, the implantation of Reverse
Shoulder Arthroplasty (RSA) is possible.

Results after Arthroplasty

Green and Norri [62] retrospectively evaluated 17 of 19 patients with shoulder prosthe-
sis (15 TSA and two HSA) due to dislocation arthropathy (four Bristow, four Putti Platt, four
Magnuson Stack, two Bankart, and four soft tissue operations) after 62 months; 94% had
significant pain relief. Except for one, all patients received a better function. Subjectively,
16 patients judged the result as much better or better and one as worse. Three patients had
to be revised.

Sperling et al. examined 31 patients (21 TSA, 10 HSA) retrospectively for at least
two years and an average of 7 years postoperatively [67]. Pain, external rotation, and
active abduction improved significantly without differences between HSA and TSA. The
survival rate after two years was 97%, after five years 86%, and after ten years, only 61%.
Nevertheless, 3/10 HSA and 8/21 TSA had to be revised.

Hill and Norris examined the results after bony glenoid reconstruction at five anterior
and 12 posterior defects, five patients with arthrosis, three with capsulorrhaphy arthropathy,
two with recurrent dislocations, and one after revision. All had a certain anterior or
posterior instability preoperatively [68]. In 15 patients, a bone from the resected humeral
head was used. The indication for transplantation of a bone graft existed, if the bone
substance was not sufficient to correct the version (version >15°), to ensure the fixation
of the glenoidal component (withdraw the keel when planning), or if via a version of the
components no adjustment could be made. After correction, an average retroversion of
4° with an average correction angle of 33° could be seen. Three patients with graft failure
(nonunion, dissolution, or graft dislocation) and five failures with glenoid revisions because
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of rotator cuff rupture, persisting instability, wrong component placement, or loosening
of the transplant, showing unsatisfactory functional results. In 14 of 17 cases, the version
and substance of the glenoid could be repaired. The patients without implant or transplant
failure showed an apparent reduction in pain and good gain of function (AAE on average
107° (30-165°), i.e., satisfying functional results in nine of 17 patients. The study of Neer
showed a lower failure rate (0 of 19) [66].

Figure 5. 22-year-old patient with dislocation arthropathy after instability surgery treated with
stemless prosthesis. First row: radiographs showing OA after shoulder instability surgery.
Second row: intraoperative pictures of hemiprosthesis. Third row: Physical examination and shoul-
der function at final follow-up.
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Figure 6. 61-year-old male with bilateral dislocation arthropathy. (A): right shoulder dislocation
arthropathy after instability surgery. (B): left shoulder dislocation arthropathy after instability surgery.
(C): treatment with bilateral two surgeries Reverse Shoulder Arthroplasty using full wedge. (D): right
side 12 months follow up and left side 6 months follow up clinical results.
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Primary glenoidal bone graft transplantation has a ten times higher risk of glenoidal
failure than patients with primary implantation without bone transplantation. If the
transplant heals sufficiently, there is no tendency for early loosening. The transplantation is
suitable to lower the post-operational instability rate [68].

Matsoukis et al. examined two collectives in a multicentric study, one with and one
without previous stabilization operation [69]. Twenty-eight patients without preceding
operations had been seen at least for two years. One group sustained the first dislocation
under and the other one over the age of 40 years. Below 40 years, the processes were longer,
and there were numerous recurrences, but only one rotator cuff tear was found; 64% had
an excellent or good result, similar to concentric osteoarthritis. The processes were short in
the second group with patients older than 40 years. With seven rotator cuff tears, only 36%
of them had an excellent or good result. Because of the rotator cuff tears, hemiprostheses
had been implanted in most cases. The difference is probably due to the higher rate of
rotator cuff tears.

In contrast to fatty degeneration of the rotator cuff, especially of the subscapularis
muscle, the preceding operation and the preoperative external rotation did not influence
the result. Altogether, prosthetics could achieve good results due to dislocation arthropathy
after conservative and operational treatment. Significantly better results were shown after
TSA than HSA. Adverse prognostic factors were a higher age at the initial dislocation
and a rotator cuff tear. The previous surgery, e.g., bone block or soft part operation, was
without significant influence (10 complications in 55 prostheses, three cases of glenoid loos-
ening in connection with rotator cuff ruptures, four anterior instabilities, six revisions) [70].
Lehmann et al. report a significantly increased weighted average constant score following
shoulder arthroplasty for OA caused by shoulder instability [63]. The authors found no
significant difference between total shoulder replacements and hemiarthroplasty. Never-
theless, a relatively high rate of complications (40%) was revealed, with 20% requiring an
operative revision.

Due to inconsistent results, surgeons are moving towards the implantation of RSA after
dislocation arthropathy (Figure 6). There is a trend of positive results with these implants,
yet follow-up is still relatively short. RSA has been used in recent years for patients
with OA and rotator cuff deficiency after shoulder stabilization. Raiss et al. describe the
results of 13 patients with a median follow-up of 3.5 years and a median age of 70 years
that had at least one rotator cuff tendon tear in combination with an OA treated before
for recurrent anterior shoulder instability. Constant score, shoulder flexion, and internal
rotation significantly improved after RSA and were comparable with those of other studies
reporting on the outcome of reverse shoulder arthroplasty for other conditions [71].

For Clavert et al., RSA is justified due to the higher rate of complications and revisions
of non-constrained anatomic shoulder arthroplasties reported. In his cohort of 25 patients
with a mean follow-up of 6.6 years, clinical results were comparable to other studies
describing results of RSA, even in cases where bone grafting was mandatory [72]. Besides
satisfactory clinical and radiological results have been published, and follow-up is still
relatively short for this indication.

7. Conclusions

Dislocation arthropathy can be the consequence of an instability episode of the shoul-
der. The risk of developing OA after primary traumatic dislocation compared to the normal
situation is increased up to 10-20-fold. The age at the initial dislocation, bony lesions at the
glenoid, and the head or a rotator cuff tear increase the risk. The classification according to
Samilson and Prieto is used. CT and MR tomographic diagnostics increase the genesis state-
ment, the classification, and the therapeutic options. Rates of OA after stabilization range
between 12 and 62%, whereby a safe designation of the operational procedures cannot be
made. The Latarjet procedure seems to have a lower degree of OA than other treatments,
even conservative treatments. Metal anchors and screws with joint contact lead to a rapidly
progressive OA and must be removed, arthroscopically. In low-grade OA, arthroscopic
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debridement is helpful. Arthroscopic arthrolysis with capsulotomy can improve elevation
and external rotation in cases of internal rotation contracture. If massive OA is present,
prosthesis becomes inevitable. However, patients with instability arthropathy are mostly
younger and suffer from a considerable internal rotation deficit and glenoid defects. The
defect size determines the humeral replacement. Using Cup-prostheses, it should not
exceed 30%. Results of total shoulder prosthesis are superior to those of hemiarthroplasty.
Three-dimensional planning tools are becoming useful for correct implant selection. Results
of RSA are promising; however, a longer follow-up is required. Significant glenoid defects
need to be treated with bone grafting to provide stability. Nevertheless, bone grafting
increases the risk of implant failure. The type of primary treatment and external rotation
did not affect the prognosis of the prosthesis after glenohumeral stabilization, whereas fatty
degeneration of the rotator cuff did.
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N o o

Abstract: Tranexamic acid (TXA) is an antifibrinolytic agent that has been shown to decrease blood
loss and transfusion rates after knee and hip arthroplasty, however with only limited evidence to
support its use in shoulder arthroplasty. Therefore, we performed a systematic review and meta-
analysis to evaluate the clinical usefulness of tranexamic acid for shoulder arthroplasty. A thorough
literature search was conducted across four electronic databases (PubMed, Cochrane Library, Web of
Science, Scopus) from inception through to 1 December 2021. The mean difference (MD), odds ratio
(OR) or relative risk (RR) and 95% confidence interval (CI) were used to estimate pooled results from
studies. Total of 10 studies comprising of 993 patients met the inclusion criteria and were included in
the analysis. Blood volume loss in the TXA and non-TXA group was 0.66 + 0.52 vs. 0.834 £+ 0.592 L
(MD= —0.15; 95%CI: —0.23 to —0.07; p < 0.001). Change of hemoglobin levels were 2.2 + 1.0 for TXA
group compared to 2.7 = 1.1 for non-TXA group (MD= —0.51; 95%CI: —0.57 to —0.44; p < 0.001) and
hematocrit change was 6.1 & 2.7% vs. 7.9 & 3.1%, respectively; (MD= —1.43; 95%CI: —2.27 to —0.59;
p <0.001). Tranexamic acid use for shoulder arthroplasty reduces blood volume loss during and after
surgery and reduces drain output and hematocrit change.

Keywords: tranexamic acid; TXA; shoulder; arthroscopy; bleeding; systematic review; meta-analysis

1. Introduction

Tranexamic acid (TXA) is an antifibrinolytic that inhibits fibrin’s plasmin-mediated
degradation and is used to stabilize clots and reduce active bleeding. In orthopaedic surgery,
tranexamic acid is most notably involved in the elective orthopaedic procedures necessitat-
ing transfusion [1,2]. The use of tranexamic acid has become widely accepted in total knee
and hip arthroplasty to prevent extensive blood loss and lower transfusion rates, but it can
be also beneficial for patients who undergo total shoulder arthroplasty [3]. A significant
benefit of TXA in several types of orthopaedic surgery may also be a reduction in the need
for blood product transfusions, reduced hospital costs, laboratory costs and shorter hospital
stays [3]. When considering the benefits of TXA, it is also essential to consider the risk for
increased thromboembolic events and provide post-operative thromboprophylaxis [4].

Shoulder-scapular-joint alloplasty procedures have become increasingly popular in
recent years. Modern implants provide various surgical options, depending on the indica-
tions and anatomical conditions. Although the number of possible complications is still
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high, the results of revision surgery are improving [5]. Shoulder alloplasty can be divided
into the partial and total shoulder [5]. Total shoulder arthroplasty is divided into anatomic
total shoulder arthroplasty (ATSA) and reverse total shoulder arthroplasty (RTSA) [6].
One method used to improve the procedure’s effectiveness and reduce possible bleeding
complications and the need for blood transfusions is the perioperative use of tranexamic
acid [7]. Importantly, perioperative use of TXA does not appear to significantly increase
the risk of incident embolic and thrombotic events [8], including patients with a history
of similar incidents [9]. Additionally, perioperative use of tranexamic acid at a dose of
20 mg/kg body weight shortens the recovery time of patients and contributes to shorter
hospitalizations [10].

We already know that TXA reduces blood loss in shoulder arthroplasty, but the benefits
and risks of using tranexamic acid are still unclear. Meta-analysis of data from different
studies may facilitate clinical decision-making regarding the use of TXA, including support
for accurate assessment of some rare complications and their clinical significance.

Therefore, we performed a systematic review and meta-analysis to evaluate the clinical
usefulness of tranexamic acid of the shoulder arthroplasty.

2. Materials and Methods
2.1. Search Strategy

The study was designed as a systematic review and meta-analysis and was per-
formed in accordance with the Preferred Reporting Items for Systematic Reviews and
Meta-Analysis (PRISMA) statement [11].

In this systematic review and meta-analysis, we searched PubMed, Cochrane Li-
brary, Web of Science, Scopus from the databases’ inception to 1 December 2021 for orig-
inal, peer-reviewed primary research articles, including observational or interventional
studies, that describe the clinical usefulness of tranexamic acid for shoulder arthroplasty.
We searched the following terms: “tranexamic acid” OR “TXA” AND “shoulder”. Addi-
tionally, the reference lists of retrieved articles were also reviewed to identify additional
eligible studies. To avoid double data counting, when there were multiple publications
from the same trial sample, the one with the largest sample size was included.

2.2. Inclusion Criteria

Studies that were included in this meta-analysis had to fulfil the following PICOS
criteria: (1) Participants, patients with 18 years old or older requiring shoulder arthro-
plasty; (2) Intervention, tranexamic acid treatment; (3) Comparison, non-TXA treatment;
(4) Outcomes, operative data and adverse events occurrence; (5) Study design, randomized
controlled trials and retrospective trials comparing TXA and non-TXA care for their effects
in patients with shoulder arthroplasty. Studies were excluded if they were reviews, ani-
mal studies, case reports, letters, conference or poster abstracts, or articles not containing
original data.

2.3. Data Extraction

Data extraction was performed by two reviewers (J.P. and M.A.-].). From the studies
that met the inclusion eligibility criteria, the following data were extracted into a predefined
Microsoft Excel spreadsheet (Microsoft Corp., Redmond, WA, USA): (a) study characteristic
(i.e., first author, year of publication, country, study design, inclusion and exclusion criteria,
primary outcomes, findings; intervention and control group); (b) participant characteristics
(i.e., number of participants, age, sex); (c) main study outcomes (i.e., blood volume loss,
operative time, adverse events, hospital length of stay). Potential disagreements were
resolved by discussion with a third reviewer (L.S.).

2.4. Quality Assessment

Two reviewers (J.P. and M.A.-].) evaluated the quality of each study. Potential dis-
agreements were discussed and resolved in a consensus meeting with the third reviewer
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(L.S.). The RoB 2 tool (revised tool for risk of bias in randomized trials) was used to as-
sess the quality of randomized studies [12], and the ROBINS-I tool (tool to determine the
risk of bias in non-randomized studies of interventions) was used to assess the quality of
non-randomized trials [13]. The risk of bias assessments was visualized using the Robvis
application [14].

2.5. Statistical Analysis

The meta-analysis was conducted using the Review Manager, version 5.4EN (RevMan;
The Cochrane Collaboration, Oxford, UK). The significance level was set at 0.05 for all
analyses. When the continuous outcomes were reported in a study as median, range,
and interquartile range, we estimated means and standard deviations using the formula
described by Hozo et al. [15]. The mean difference (MD), odds ratio (OR) or relative risk
(RR) and 95% confidence interval (CI) were used to estimate pooled results from studies.
The Q and I? statistic were used to investigate heterogeneity among the studies. A fixed
model effect was used when I2 < 50%, and a random model effect was used in other cases.

3. Results
3.1. Eligible Studies and Study Characteristics

The database search identified 240 citations (Figure 1). After excluding duplicates,
reviews, editorials, letters, case reports and meta-analysis, a total of ten studies [10,16-24]
met the inclusion and exclusion criteria and were included in the analysis, comprising
993 patients.

—
§
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£ Databases {n = 240) Duplicate records removed
3 (n=53)
=
!
—
Records screened Records excluded based on titles
- | and abstracts screening
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Reports sought for retrieval »| Reports not retrieved
- (n=21) "l n=0)
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: !
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(n=21) "| Reports excluded (n = 11):
Unusable results (n = 6)
Non-comparative (n = 3)
Review (n=2)
-
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g
3 Studies included in review
S (n=10)
=

Figure 1. Forest plot of blood volume loss among TXA and non-TXA groups. The centre of each square
represents the weighted mean differences for individual trials, and the corresponding horizontal line
stands for a 95% confidence interval. The diamonds represent pooled results.

The mean age of participants in TXA and non-TXA groups was 59.6 + 21.5 and
60.3 £ 21.3 years, respectively. The men constituted 51.5% vs 49.4%, respectively, for TXA
and non-TXA groups. Baseline characteristics for all included studies are shown in Table 1
and Table S1. Studies were published from 2015 to 2021. Seven studies were designed as
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randomized controlled trials [17-21,23,24]. The results of the assessment of risk of bias
among included studies are provided in Figures S1-54.

Table 1. Study characteristics.

TXA Group Non-TXA Group
Study
Study Country . Sex,
Design No Age ’ TXA Dose No Age Sex, Male
Male
Abildgaard . 71.6 £ 49 51
ctal. 2016 USA Retrospective 77 102 (63.6%) lg 94 729 £9.4 (54.3%)
Cunningham . 11 6
otal. 2021 Switzerland ~ RCT 31 72+8 (35.5%) 2g 29 73+9 (20.7%)
Cvetanovich 67.7 + 23 28
etal. 2018 USA RCT 52 10.9 (44.2%) g 56 652492 (50.0%)
Friedman . 46 33
otal. 2016 USA Retrospective 106 NS (43.4%) 20 mg/kg 88 NS (37.5%)
Garcia et al. 4 3
2021 Portugal RCT 23 767 £7.1 (17.4%) lg 22 75.7 £5.7 (13.6%)
Gillespie et al. 25 27
2015 USA RCT 61 67.59 (40.9%) 2g 57 66.45 (47.4%)
Hurley et al. 48 48
2020 Ireland RCT 50 251+ 6.5 (96.0%) lg 50 23834 (96.0%)
Kim et al. Republic . 3 6
2017 of Korea Retrospective 24 732+44 (12.5%) 05g 24 742+ 44 (25.0%)
Pauzenberger . 20 18
otal 2017 Austria RCT 27 703 £9.3 (74.1%) lg 27 713+£79 (66.7%)
Vara et al. 20 22
2017 USA RCT 53 67 +9 (37.7%) 20 mg/kg 49 66 +9 (44.9%)
Legend: NS = not specified; RCT = randomized controlled trial; TXA = tranexamic acid.
3.2. Meta-Analysis
Blood volume loss in the TXA and non-TXA group varied and amounted to 0.66 & 0.52
vs. 0.834 + 0.592 L (MD = —0.15; 95%CI: —0.23 to —0.07; 12 = 84%; p <0.001; Figure 2).
TXA Non-TXA Mean Difference Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, 95% ClI IV, Random, 95% CI
Abildgaard 2016 0.758 0.312 77 0.943 0319 94 15.7% -0.19[-0.29, -0.10] ——
Cunningham 2021 0.55 0.34 31 074 0.29 29 11.0% -0.19[-0.35, -0.03] —_—
Cvetanovich 2018 1.1 0.367 52 1.274 046 56 11.2% -0.17[-0.33,-0.02] —_—
Carcia 2021 0.458 0.435 23 0.672 0.383 22 7.0% -0.21[-0.45, 0.03]
Gillespie 2015 0.159 0.12 56 0.228 0.147 55 18.8% -0.07[-0.12, -0.02] -
Hurley 2020 0.061 0.022 50 0.069 0.027 50 20.3% -0.01[-0.02, 0.00] L
Pauzenberger 2017  0.871 0.478 27 1.248 0.55 27 5.8% -0.38[-0.65, -0.10]
Vara 2017 1.224 0.412 53 1.473 0.475 49 10.2% -0.25[-0.42, -0.08] —_—
Total (95% CI) 369 382 100.0% -0.15[-0.23, -0.07] <
Heterogeneity: Tau® = 0.01; Chi® = 44.62, df = 7 (P < 0.00001); I* = 84% k 1 o‘r T 5 015 1=
Test for overall effect: Z = 3.69 (P = 0.0002) B e XA Control

Figure 2. Forest plot of blood volume loss among TXA and non-TXA groups. The centre of each square
represents the weighted mean differences for individual trials, and the corresponding horizontal line
stands for a 95% confidence interval. The diamonds represent pooled results. Legend: CI = confidence
interval; SD = standard deviation.

Drain output was reported in six studies. Polled analysis of drain output was
110.5 4 100.4 mL for TXA group, and 222.9 + 187.2 mL for non-TXA group (MD = —92.51;
95%CI: —141.09 to —43.93; 12 = 92%; p < 0.001).
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Change of hemoglobin levels form preoperatively to postoperatively periods were
reported in six trials and were 2.2 + 1.0 for TXA group compared to 2.7 & 1.1 for non-TXA
group (MD = —0.51; 95%CI: —0.57 to —0.44; 12 = 0%; p <0.001).

Hematocrit change was reported in five studies and was statistically smaller in TXA
group (6.1 & 2.7%), compared to non-TXA group (7.9 & 3.1%); MD= —1.43; 95%CI: —2.27
to —0.59; I = 95%; p < 0.001).

Operation time was reported in six trials and was 89.5 & 33.0 min for TXA group
compared to 88.5 £ 32.2 min for non-TXA group (MD = —2.25; 95%CI: —4.54 to 0.05;
12 = 0%; p = 0.06; Figure 3). Length of hospital stay in TXA and non-TXA (control) groups
was 2.1 £ 1.7 vs. 2.2 & 1.6 days, respectively (MD = —0.15; 95%CI: —0.32 to 0.01; I? = 0%;
p=0.07).

TXA Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Fixed, 95% CI 1V, Fixed, 95% CI
2.11.1 Operation time, min
Cunningham 2021 81 16 31 89 24 29 4.9% -8.00[-18.39, 2.39] ¢
Cvetanovich 2018 101.1 21.4 52 102.7 216 56 8.0% -1.60[-9.71, 6.51]
Friedman 2016 109.22 24.928 106 106.49 24.16 82 10.6%  2.73[-4.33,9.79]
Garcia 2021 113.7 27.7 23 107.9 352 22 1.5% 5.80[-12.76, 24.36] * i
Hurley 2020 42.5 7.2 50 452 8 50 59.2% -2.70[-5.68, 0.28] —
Kim 2017 62.9 11.9 24 66.1 8.2 24 15.8% -3.20(-8.98, 2.58]
Subtotal (95% CI) 286 263 100.0% -2.25 [-4.54, 0.05] |
Heterogeneity: Chi® = 4.02, df = 5 (P = 0.55); I* = 0%
Test for overall effect: Z = 1.92 (P = 0.06)
2.11.2 Length of hospital stay, days
Cunningham 2021 5.1 1.8 31 4.8 1 29 5.1%  0.30[-0.43, 1.03] T
Cvetanovich 2018 1.8 1 52 1.8 1.2 56 15.8%  0.00[-0.42, 0.42] T
Friedman 2016 1.18 0.549 106 1.4 0.753 87 75.9% -0.22[-0.41, -0.03]
Carcia 2021 3 1 23 3 2 22 3.2%  0.00[-0.93, 0.93]
Subtotal (95% CI) 212 194 100.0% -0.15 [-0.32, 0.01]
Heterogeneity: Chi® = 2.58, df = 3 (P = 0.46); I? = 0%
Test for overall effect: Z = 1.80 (P = 0.07)
-10 -5 0 S 10
Control TXA

Figure 3. Forest plot of (2.11.1) operation time; (2.11.2) length of hospital stay among TXA and
non-TXA groups. The centre of each square represents the weighted mean differences for individual
trials, and the corresponding horizontal line stands for a 95% confidence interval. The diamonds
represent pooled results.

Polled analysis of three studies showed that 3.0% of patients in the TXA group and
3.5% in the non-TXA group required transfusion (RR = 0.56; 95%CI: 0.20 to 1.59; p = 0.28).
Revision was no required in TXA compared to 0.9% of cases in non-TXA group (RR = 0.33;
95%CI: 0.01 to 7.99; p = 0.50). Hematoma was observed in 20.4% in the TXA group and
53.8% in non-TXA group (RR = 0.39; 95%CI: 0.27 to 0.57; p < 0.001). Thromboembolic
complications were not noted in any of the groups.

4. Discussion

TXA is currently a commonly used perioperative antifibrinolytic agent. The antifibri-
nolytic is used in surgery but also in various other bleeding manifestations in congenital
coagulopathies, such as fibrinogen deficiency [25]. With the increase in the number of TSAs
performed, and the constant expansion of the indications qualifying for the procedure,
there is a need to reduce postoperative complications and improve the procedure’s results.

In this study, we evaluate results from three retrospective studies [10,16,22] and
seven RCTs that compared outcomes in the TXA group and non-TXA group [17-21,23,24].
The main findings of this meta-analysis relate to nine factors, which we have sorted out
for clarity: blood volume loss, hematocrit change, length of hospitalization, operation
time, hematoma, drain output, need for revision and thromboembolic complications. In a
retrospective study including an analysis of 155 complications after TSA, Anthony et al.
highlights that the most common complication is bleeding-requiring transfusion [26].
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Our study identified a notably increased blood volume loss in the non-TXA group of
0.834 £ 0.592 L compared to 0.66 + 0.52 L in the TXA group, which is also reflected in the
change in hematocrit values, whose change for the described groups was 7.9 4 3.1% for
the non-TXA group compared to TXA group 6.1 £ 2.7%, respectively. TXA successfully
prevents perioperative blood loss. This decreases postoperative pain and reduces complica-
tions, postoperative mortality, and the length of hospitalization. At the same time, TXA has
side effects limited to nausea and diarrhoea, making it a well-tolerated drug [27]. These
benefits also carry a reduction in costs associated with postoperative care. As reported by
Kandil et al. in 2016, the hospitalization time for patients after TSA who required a blood
transfusion is 1.8 days longer which is $11,794 more, compared to patients who did not
receive a transfusion [28]. In our meta-analysis results, the hospitalization time of patients
in the TXA group is 2.1 & 1.7 vs. 2.2 & 1.6 in the non-TXA group. This emphasizes the need
for further in-depth analyses of the available studies due to the discrepancy with the reports
mentioned above of Kandil et al., especially considering the difference we also showed in
the duration of the operation itself. These times differed slightly (TXA 89.5 & 33.0 min vs
non-TXA 89.1 £ 32.2 min) but in the study by Friedman et al. performed on a group of
194 patients, the time in the recovery room in the TXA group was shorter on average by as
much as 24 min [10].

Wang et al. in a 2021 study showed that patients with moderate to severe preoperative
anemia were at increased risk of cardiac and pulmonary complications, postoperative
blood transfusion, prolonged length of stay, reoperation, and death [29]. In our assess-
ment, these results are transferable to the postoperative situation because it has been
proven that TSA without antifibrinolytics is associated with high blood loss. According
to studies, the volume of blood lost in the first postoperative day ranges from 159 to
1473 mL [10,16-21,23,24].

The reduction in postoperative pain is also associated with a significant difference
in the incidence of postoperative hematoma. In our meta-analysis, the occurrence rate
in the TXA group was 20.4%, while hematoma formation in non-TXA patients occurred
53.8%. Hematomas which result from continuous blood loss cause painful swelling, which
contributes to the use of opioid medications and may even result in the need for surgical
drainage, which directly delays hospital discharge time [17,21]. Moreover, persistent
postoperative drainage may increase the risk of tissue contamination and deep infection,
which prolongs the time and cumulates the costs of treatment [30,31].

Among the studies we analyzed that used drain output, only Cvetanovich et al. re-
ported no statistically significant difference in drainage volume [18]. The other studies
show a reduced volume in the TXA group (109.9 & 104.3 mL) versus the non-TXA group
(254.4 4= 200.5 mL). This difference shows the need for additional large randomized con-
trolled trials. Additionally, in the two studies we analyzed, the TSA requiring revision
surgery percentage was 0.9% in the non-TXA group, whereas patients after TXA application
did not require revision. This may be related to the reported lower complications resulting
from less blood loss in patients who received an antifibrinolytic agent.

Our meta-analysis also highlighted the finding of Cvetanovich et al. [18]. As indicated
in the study, thromboembolic complications were not noted in any of the groups. This aspect
is particularly relevant given that deep vein thrombosis and pulmonary embolism are
considered the leading complications of orthopedic surgery [31,32]. This is consistent with
other meta-analyses and RCTs that evaluated the safety of TXA in total joint arthroplasty.
No increase in the risk of thromboembolic complications was demonstrated.

It is worth pointing out that in five analyzed studies, TXA was administered intra-
venously, only Gillespie et al. used in the treatment group 100 mL of normal saline infused
with 2 g of TXA poured into the surgical wound and left in place for 5 min. To the best of
our knowledge, there have not been many studies comparing these two methods of TXA
application. Budge et al. in 2019 conducted a retrospective review on a group of only three
patients comparing whether Intravenous and topical TXA are equivalent in improving
postoperative hemoglobin in TSA [33]. However, Li et al., in a meta-analysis, evaluated the
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efficiency and safety of combined use of intravenous and topical versus single intravenous
TXA [34]. The meta-analysis concerns total primary knee and hip arthroplasty. The study
team shows a statistically significant reduction in total blood loss with the combined appli-
cation with no increase in the risk of thromboembolic complications [35]. The findings from
our statistics and the described studies demonstrate the need to compare TXA application
methods further.

In performed statistical analysis, we reported significant benefits for TXA in all de-
scribed aspects. However, significant heterogeneity between the compared studies was
demonstrated in terms of total blood loss or drain output. This phenomenon cannot be
sufficiently explained by possible differences in the anaesthetic protocol used, the throm-
boembolic prophylaxis plan or the way TXA was applied. In the opinion of our research
team, these differences may be due to individual variability of patients, inclusion or exclu-
sion criteria, differences in surgical protocols and different methods of measuring outcomes.

This study has limitations related to the relatively small number of studies included
and to its retrospective nature. However, the data collected indicate statistically and
clinically significant findings regarding the manner and safety of TXA application. Because
of the limited high-quality evidence currently available, there is a need for further in-depth
analysis of the available studies in terms of the most beneficial way of TXA application.

5. Conclusions

Tranexamic acid use for shoulder arthroplasty reduces blood volume loss during and
after surgery and reduces drain output and hematocrit change.
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Abstract: Background: The goal of this study was to compare the effectiveness of a rotator cuff-
sparing postero-inferior (PI) approach with subdeltoidal access to the traditional subscapularis-
takedown deltopectoral approach, in terms of implant sizing and positioning in anatomical total
shoulder arthroplasty (aTSA). Methods: This study involved 18 human cadaveric shoulders with
intact rotator cuffs and no evidence of head deforming osteoarthritis. An Eclipse stemless aTSA
(Arthrex, Naples, FL, USA) was implanted in nine randomly selected specimens using a standard
subscapularis-tenotomy deltopectoral approach, and in the other nine specimens using the cuff-
sparing PI approach. Pre- and postoperative antero-posterior (AP) and axillary fluoroscopic radio-
graphs were analyzed by two independent, blinded raters for the following parameters: (1) anatomic
and prosthetic neck-shaft angle (NSA); (2) the shift between the anatomic and prosthetic center of rota-
tion (COR); (3) anatomical size matching of the prosthetic humeral head; (4) the calculated Anatomic
Reconstruction Score (ARS); (5) glenoid positioning; as well as (6) glenoid inclination and version.
Results: While the COR was slightly but significantly positioned (p = 0.031) to be more medial in
the PI approach group (3.7 & 3.4%, range: —2.3% to 8.7%) than in the deltopectoral approach group
(—0.2 £ 3.6%, range: —6.9% to 4.1%), on average, none of the remaining measured radiographic
parameters significantly differed between both groups (PI approach group vs. deltopectoral group:
NSA 130° vs. 127°, p = 0.57; COR supero-inferior, 2.6% vs. 1.0%, p = 0.35; COR antero-posterior, 0.9%
vs. 1.7%, p = 0.57; head size supero-inferior, 97.3% vs. 98.5%, p = 0.15; head size antero-posterior,
101.1% vs. 100.6%, p = 0.54; ARS, 8.4 vs. 9.3, p = 0.13; glenoid positioning supero-inferior, 49.1% vs.
51.1%, p = 0.33; glenoid positioning antero-posterior, 49.3% vs. 50.4%, p = 0.23; glenoid inclination,
86° vs. 88°, p = 0.27; and glenoid retroversion, 91° vs. 89°, p = 0.27). Conclusions: A PI approach
allows for sufficient exposure and orientation to perform rotator-cuff sparing aTSA with acceptable

implant sizing and positioning in cadaveric specimens.

Keywords: anatomical total shoulder arthroplasty; posteroinferior approach; rotator cuff-sparing;
anatomical study

1. Introduction

One of the main failure modes after anatomical total shoulder arthroplasty (aTSA) is
rotator cuff insufficiency [1]. While reverse total shoulder arthroplasty (rTSA) can function
without an intact rotator cuff, aTSA depends on rotator cuff integrity and its ability to center
the humeral head on the glenoid, due to the low constraint of the anatomical design itself.
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Traditionally, aTSA is performed via an anterior deltopectoral approach that offers
good exposure of the humeral head and sufficient exposure of the glenoid via takedown
of the subscapularis (SSC). Different types of SSC management are being employed in
an effort to simultaneously improve healing and to maintain surgical feasibility at the
same time, albeit, without any clear evidence of superiority of one over the other [2-5].
Regardless of the refixation type, a takedown of the SSC poses a threat to future rotator cuff
integrity, and at the same time, warrants postoperative immobilization with the associated
discomfort for the patient and risk for stiffness.

Due to these concerns, different types of less cuff-jeopardizing approaches for per-
forming aTSA have been proposed, including an anterior deltopectoral approach with
only partial take-down of the inferior subscapularis [6], a superior approach through the
deltoid and the rotator interval [7], and an anterior deltopectoral approach through the
rotator interval [8]. While the clinical outcome for the complete rotator-cuff sparing interval
approaches were comparable to the results obtained with traditional approaches, there was
concern regarding non-anatomical neck osteotomies, head sizing, and neck-shaft angle, as
well as increased superior decentering and an inability to resect inferior osteophytes in the
calcar area, due to limited exposure [7-10].

Amirthanayagam et al., examined the anatomical feasibility and achievable exposure
of the humeral head and glenoid of different anterior and posterior rotator-cuff sparing
approaches [11]. They propagated the postero-inferior subdeltoid approach according to
Brodsky [12] for implanting an aTSA, because it provides the greatest access while mini-
mizing the damage to the rotator cuff [11]. It seems that anterior cuff-sparing approaches
are a trade-off between limited exposure and damage of the crucial anterosuperior aspect
of the rotator cuff.

While no clinical reports of aTSA via a posteroinferior subdeltoid approach have been
published, Gagey et al., described a posterolateral transdeltoid approach with osteotomy
of the external rotators, which allows for a wide exposure that is suitable for primary
or revision of total shoulder arthroplasty [13]. Greiwe et al., reported 6-month results
for aTSA implanted using a transdeltoid posterior approach with rotator cuff-sparing
internervous access to the joint between the infraspinatus and the teres minor, lateral
T-shaped capsulotomy, as well as an in-situ osteotomy of the humeral head. The authors
conclude that this approach is a safe and effective method for performing aTSA [14]. In
an anatomical study of the same approach, on average, 89% of the glenoid and 95% of
the humeral cut surface could be visualized, and the stem could be reliably implanted
in neutral angulation. However, the authors also stress the point that it is a challenging
technique that should not be attempted in clinical practice without proper training [15].

In this anatomical study, we explored the possibility of a rotator cuff-sparing im-
plantation of an anatomical total shoulder arthroplasty (aTSA) via the postero-inferior
(PI) approach with subdeltoidal access and the posterior dislocation of the humeral head
through an internervous split between the infraspinatus and the teres minor, for improved
exposure and the precise osteotomy of the humeral head. The goal of this study was to
compare the effectiveness of this PI approach to the traditional subscapularis takedown
deltopectoral approach, in terms of sizing and positioning, when implanting an aTSA.

2. Materials and Methods

Prior to the beginning of this study, institutional ethical committee approval was
obtained (EA1/026/21). 20 fresh frozen right-sided cadaveric shoulders (Science Care Inc.,
Phoenix, AZ, USA) were obtained. Only specimens with intact rotator cuffs and no evidence
of head deforming osteoarthritis were employed for this study, leaving 18 shoulders from
13 female and 5 male donors, with a mean age at the time of death of 72 years (range:
56-93 years), for further evaluation. The cadavers were randomly divided into 2 groups of
9 specimen each. An Eclipse stemless anatomical shoulder arthroplasty (Arthrex, Naples,
FL, USA) was implanted in the first group, using a standard deltopectoral approach,
and in the second group, using a PI approach. True anteroposterior (AP) and axillary
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fluoroscopic radiographs were obtained from each specimen, pre- and postoperatively.
On the postoperative images, care was taken to gather perfectly orthogonal images of the
arthroplasty without any overlap between the metallic trunion and the bony surface of
the osteotomy.

2.1. Surgical Technique

All surgeries were performed by the first author (PM), who was assisted by the senior
author (DA).

2.1.1. Deltopectoral Approach

In the first group, a standard deltopectoral approach with subscapularis tenotomy was
performed. After dislocation of the humeral head, resection was obtained at the level of the
anatomic neck. The trunion size was then determined using a template, and the length of
the cage screw was measured using a special cage screw sizer. Then, a complete exposure of
the glenoid articular surface was obtained by releasing the labrum and the capsule. The size
of the glenoid (small, medium, or large) was assessed by choosing the glenoid guide that
best matched the glenoid surface area. The guide pin was then inserted through the guide
into the glenoid vault until it reached the medial cortical bone. After removal of the guide,
the inserted pin was cut at the level of the glenoid surface, leaving the rest of the pin in the
glenoid vault to allow for later radiological evaluation of the appropriate pin positioning, as
well as the pin version and inclination. No glenoid implantation was performed; however,
prior to cutting the pin, a reamer was inserted in order to evaluate the theoretical level of
difficulty to ream the glenoid without actually reaming the bony surface. The definitive
trunion was then implanted onto the resection plane, and the definitive cage screw was
inserted followed by the appropriate size humeral head. The sizing and positioning of
the implant was performed in a manner representative of the current standard of care in
clinical practice.

2.1.2. Posterior Approach

A subdeltoid approach, previously described by Brodsky et al. [12], was used in all
cases. A 10-12 cm vertical skin incision was made on the posterior aspect of the shoulder,
beginning at the posterior border of the acromion around 2 cm medial of the lateral aspect
and extending inferiorly slightly lateral to the posterior axillary fold. After identifying and
mobilizing the inferior border of the spinal part of the deltoid, the deltoid was retracted
superiorly and laterally facilitated by the abduction of the arm. No splitting of the deltoid
muscle was performed. Next, the internervous interval between the infraspinatus and the
teres minor was visually identified, and its distance to the axillary nerve was measured
and documented (Figure 1). A fat line between the infraspinatus and teres minor could
be identified in two-thirds of the specimen to aid in identifying the internervous interval.
A split between the teres minor and infraspinatus was performed with a subsequent
lateral “T-shaped” capsular incision in the first three consecutive cases, and a medial
“T-shaped” capsular incision in the subsequent six cases, as the latter offered a better
visualization and exposure of the humerus and the glenoid. The humeral head was then
dislocated posteroinferiorly through the created interval via flexion, horizontal adduction,
and internal rotation (Figure 2). The humeral cut was performed at the level of the anatomic
neck, while carefully protecting the rotator cuff with retractors. The trunion size was then
determined using a template, and the length of the cage screw was measured using a cage
screw sizer. Next, the glenoid was exposed, the labrum excised, and the capsule released
around the glenoid (Figure 3). The size of the glenoid was then measured, and the guide
pin was inserted and cut at the level of the glenoid surface, as previously described for
the deltopectoral approach, along with the simulated glenoid reaming without actually
removing bone.
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Figure 1. Identification of the internervous interval between the infraspinatus and the teres minor
(a) and measurement of its distance to axillary nerve (b) in a postero-inferior approach.

Figure 2. Humeral head exposure via the postero-inferior approach after posteroinferior dislocation
through the internervous interval and below the deltoid muscle.
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Figure 3. Glenoid exposure and simulated reaming through the postero-inferior approach.

While performing the procedure, the surgeon had to grade the difficulty (poor, ac-
ceptable, or excellent) to achieve a certain surgical step, including identification of the
internervous interval between infraspinatus and teres minor, exposure of the humeral head,
humeral head resection, and exposure of the glenoid, as well as glenoid reaming. At the
end of the surgery, the surgeon’s satisfaction score (0-100%) regarding the overall surgery
process was noted for each case prior to taking the postoperative radiographs and revealing
the quality of the implant sizing and placement.

2.2. Radiographic Analysis

Radiographic analysis was performed by two independent reviewers (LC and MM)
who were not involved in the surgeries performed, and who were blinded to which case
had performed, utilizing a deltopectoral or a PI approach. All measurements were per-
formed with the image analysis software Visage 7.1 (Visage Imaging, Berlin, Germany).
The preoperative and postoperative neck-shaft angle (NSA) was determined on pre- and
postoperative AP radiographs, as previously described by Flurin et al. [16] (Figure 4). For
the determination of the native center of rotation (COR) on the postoperative AP radio-
graphs, a best-fit circle was placed based on three preserved bony landmarks, as previously
described [17,18]: (1) the lateral cortex of the greater tuberosity; (2) the medial calcar at the
inflection point; and (3) the medial footprint of the rotator cuff on the greater tuberosity.
A second implant-matched circle was then placed to fit the curvature of the prosthetic
humeral head. The COR from each circle was then identified, and a coordinate system was
generated from the native COR, with the y-axis aligned parallel to the intramedullary axis
of the shaft, and the x-axis as perpendicular to the shaft. The deviation between the pre-
and postoperative COR was then determined in the x- and y-axis [18]. In the x-coordinate
plane, a shift of postoperative COR was medially considered as positive, and a shift laterally
negative, while in the y-coordinate plane, a superior shift was considered as positive, and
an inferior shift, negative. The measured distance between the native and the postoperative
COR in the medio-lateral and the supero-inferior directions were then each divided by
the diameter of the native best-fit circle, and were reported as a percentage (Figure 5a). In
addition, the shift between the pre- and postoperative COR in anteroposterior direction was
determined on axillary radiographs in a similar fashion. A best-fit circle was fitted on the
two edges of the humeral resection plane, with its COR corresponding to the middle of the
resection plane. A second implant matched circle was then placed to fit the curvature of the
prosthetic humeral head. The COR was then identified from each circle, and a coordinate
system was generated from the anatomic COR, with the y-axis aligned parallel to the
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intramedullary axis of the shaft, and the x-axis perpendicular to this line, to measure the
distance between both COR in the anteroposterior direction. In the x-coordinate plane, a
shift of postoperative COR anterior was considered positive, and a shift posterior, negative.
The measured distance between the native and postoperative COR in an anteroposterior
direction was then divided by the diameter of the native best-fit circle, and was given as a
percentage (Figure 5b).

Figure 4. (a) Determination of the pre-operative neck-shaft angle between the line perpendicular
to the anatomic neck axis (green line) and the intramedullary axis. (b) Determination of the post-
operative neck-shaft angle between the line perpendicular to the backsurface of the trunion (red line)
and the intramedullary axis.

Furthermore, the supero-inferior and antero-posterior size matching between the
humeral resection plane and prosthetic humeral head diameter were determined and
expressed as percentages by dividing the prosthetic head diameter by the length of the
humeral resection plane in the AP and axillary radiographs, respectively (Figure 5c,d).

Each radiographic parameter obtained for the humeral component was rated based
on the scoring system described in Table 1. The single scores were then summed to yield
the anatomic reconstruction score (ARS) for each case, to objectively quantify and to assess
the quality of the anatomical humeral head reconstruction.
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Figure 5. A best-fit anatomic circle (green circle) with its center of rotation (COR) (green x), and a
best-fit implant circle (red circle) with its COR (red x) are placed on the AP (a) and axillary (b) views
to determine the differences in the positioning of the COR. The length of the resection plane (green
line) and the prosthetic humeral head (red line) were compared on the AP radiographs (c) and the
axillary radiographs (d).

The pin positioning for the glenoid preparation was assessed in the supero-inferior
and the antero-posterior directions by dividing the distance between the pin and inferior
glenoid rim by the length of the glenoid, as well as the distance between the pin and the
posterior glenoid rim and the width of the glenoid on the AP and the axillary radiographs,
respectively (Figure 6a,b). These values were then displayed as percentages. In addition,
the inclination and the version of the theoretical glenoid implantation were measured by
determining the angle between the native glenoid surface and the glenoid guide pin on the
AP and axillary radiographs, respectively (Figure 7a,b).

Table 1. Parameters used to calculate the Anatomic Reconstruction Score (ARS).

Neck-Shaft Angle Pre and Post Difference
Rating of 0 points >10°

Rating of 1 points >5° and <10°
Rating of 2 points <5°

COR medio-lateral Pre and post difference
Rating of 0 points >10%

Rating of 1 points >5% and <10%
Rating of 2 points <5%

81



J. Clin. Med. 2022, 11, 3324

Table 1. Cont.

Neck-Shaft Angle Pre and Post Difference
COR supero-inferior Pre and post difference
Rating of 0 points >10%
Rating of 1 points >5% and <10%
Rating of 2 points <5%
COR antero-posterior Pre- and postoperative difference
Rating of 0 points >10%
Rating of 1 points >5% and <10%
Rating of 2 points <5%
Head size supero-inferior
Rating of 0 points <95% or >105%
Rating of 1 points >95% and <105%
Head size antero-posterior
Rating of 0 points <95% or >105%
Rating of 1 points >95% and <105%

COR, center of rotation.

Figure 6. Pin placement was determined (a) by dividing the distance of the pin to the inferior glenoid
rim (yellow line) by the supero-inferior extent of the glenoid (blue line) on the AP radiographs, and
(b) the distance of the pin to the posterior glenoid rim (yellow line) by the antero-posterior extent of
the glenoid (blue line) on the axillary radiographs.

2.3. Statistical Analysis

Intraclass correlation coefficients (ICC) with a 95% confidence interval (CI) were
calculated for all measurements. As recommended by Landis and Koch, an ICC < 0.20
resembles slight agreement, 0.21 to 0.40, fair agreement, 0.41 to 0.60, moderate agreement,
0.61 to 0.80, substantial agreement, and >0.81, almost perfect agreement [19]. After a
reliability assessment, the values of both raters were averaged for further analysis. The
Kolmogorov-Smirnov test was used to test for normal distribution. The two-sample t-test
(for parametric distribution) or the Mann-Whitney U test (for nonparametric distribution)
were used to compare continuous variables between groups. For statistical analyses, IBM
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SPSS Statistics 25.0 software (IBM, Armonk, NY, USA) was employed. A p-value < 0.05 was
considered significant.

Figure 7. Measurements of theoretical glenoid component inclination (a) and version (b) by deter-
mining the angle between the native glenoid surface and the glenoid guide pin. A guide pin placed
with more inclination or retroversion leads to a larger recorded angle.

3. Results

The average head and trunion size in the deltopectoral group was 42, with a range
from 39 to 47; and the mean size in the PI group was 41, with a range from 39 to 43. In the
deltopectoral group, six small, two medium, and one large screw were implanted, while in
the PI group, three small, four medium, and two large screws were used. In both groups,
five small, three medium, and one large glenoid component were trialed.

While performing the PI approach, the identification of the internervous plane was
poor in four cases, acceptable in three cases, and excellent in two cases. The average distance
of the internervous plane to the axillary nerve was 33 mm, with a minimum distance of
25 mm and a maximum distance of 45 mm. The posteroinferior dislocation of the humeral
head through the internervous interval and inferior to the posterior deltoid was possible in
all cases. The exposure of the humeral head was excellent in five cases, acceptable in three
cases, and poor in one case. The possibility of resection of the humeral head was excellent
in three cases, acceptable in three cases, and poor in three cases. In all cases, with a medial
T-shaped incision of the capsule instead of a lateral T-shaped incision, an acceptable or
excellent exposure and resection opportunity were identified. The exposure of the glenoid
and simulated reaming was excellent in four cases, acceptable in three cases, and poor in
two cases. The surgeon satisfaction rating with the procedure when performing the PI
approach displayed a learning curve with a positive impact of the switch from a lateral
T-shaped to a medial T-shaped incision of the capsule between cases 3 and 4 (Figure 8).

The intraclass correlation coefficients for the radiographic measurements of the two in-
dependent observers was almost perfect for six parameters, substantial for two parameters,
moderate for two parameters, and fair for two parameters (Table 2).

While the COR was positioned significantly (p = 0.031) more medial in the PI ap-
proach group (3.7 £ 3.4%, range: —2.3% to 8.7%) than in the deltopectoral approach
group (—0.2 & 3.6%, range: —6.9% to 4.1%) on average, none of the remaining measured
radiographic parameters were significantly different between both groups (Table 3).
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Figure 8. Change in surgeon’s satisfaction from the first case to the ninth case when performing total
shoulder arthroplasty via a posteroinferior approach. Between cases 3 and 4, a switch from a lateral
T-shaped to a medial T-shaped incision of the capsule was made.

Table 2. Intra-class correlation coefficients (ICC) of the radiographic measurement parameters.

Measurement Parameter I1CC
Neck-Shaft Angle native (°) 0.289
Neck-Shaft Angle post-operative (°) 0.961
COR medio-lateral (%) 0.823

COR supero-inferior (%) 0.484

COR antero-posterior (%) 0.303

Head size supero-inferior (%) 0.765
Head size antero-posterior (%) 0.898
Glenoid positioning supero-inferior (%) 0.868
Glenoid positioning antero-posterior (%) 0.506
Glenoid Inclination (°) 0.938
Glenoid Retroversion (°) 0.980

Table 3. Comparison of the postoperative radiographic parameters between the anatomical arthro-
plasties performed via a deltopectoral approach and a postero-inferior approach.

Measurement Parameter Deltopectoral (1 = 9) Postero-Inferior (1 = 9) p-Value
Neck-Shaft Angle post-operative (°) (rang13217 2:1|: :(1) 134) (rang’aol;t(fl ) 0.566
COR medio-lateral (%) (ran;eof 6i 9?1‘2 41) (rangizzg.g’fo 87) 0.034
COR supero-inferior (%) (ranglego_:;g .tlo 40) (ran%gf (;t 62tg 5.4) 0.354
COR antero-posterior (%) (rangle]—j(;.ll Vtso 44) (rangoe.g—j?i; .tlo 3.8) 0.566
Head size supero-inferior (%) (rang9e8 956i5 ?(.)999.6) (rangge79.zjltti.6101.8) 0-145
Head size antero-posterior (%) (ranglgg.;zitjll 03.9) (ran;e(z);SlAitjlz 05.6) 0.536
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Table 3. Cont.

Measurement Parameter Deltopectoral (1 = 9) Postero-Inferior (1 = 9) p-Value
Anatomic Reconstruction Score (razgei7 :(')11 0) (raigei :(')21 0) 0.129
Glenoid positioning supero-inferior (%) (rangSeli 4i 3595 6.1) (ran:egio.j; ?(')657.7) 0.331
Glenoid positioning antero-posterior (%) (ranggff8§ :(')452. n (range9.f4§ 35151. 6) 0.233
Theoretical glenoid inclination (°) (rangges E;; fclo 95) (rang8e67:§ fo 94) 0.270
Theoretical glenoid retroversion (°) (rangSeQS:E fo 93) (rang9e18f2t t?) 103) 0.269

4. Discussion

The investigated PI approach involves a subdeltoidal access and an internervous split
between the infraspinatus and the teres minor, as described by Brodsky et al. in 1987 [12].
Furthermore, it includes a medial T-shaped incision of the capsule with iuxtaglenoidal
posterior to inferior capsular release to allow for the posteroinferior dislocation of the
humeral head, and thus extended exposure for precise humeral head osteotomy. The
study results show that the implantation of an anatomical total shoulder arthroplasty
with acceptable implant sizing and positioning can be performed via a PI approach in a
cadaveric shoulder.

While no statistically significant difference was observed regarding the neck-shaft
angle, the variation and range seemed to be a little wider in the PI approach group, with
a tendency towards more valgus positioning of the head in some cases. This can be
explained by the fact that after postero-inferior dislocation of the humeral head through
the internervous interval, the calcar tends to be covered by the teres minor, which needs to
be pushed inferiorly, while the superior insertion of the rotator cuff is more easily exposed
(Figure 2).

The COR was slightly but statistically significantly more medial in cases with the PI
approach than with the deltopectoral approach, indicating a risk of lateral overstuffing due
to insufficient resection of the humeral head. While this could be explained by a lack of
exposure, it may also be caused by the presence of the bare area on the posterior side of
the humerus, which makes identification of the anatomical neck more difficult. Since the
neck-shaft angle is above 90°, a lack of resection of the anatomical neck tendentially also
leads to a superior translation of the COR, which however, was only slightly observable
in this study, and did not yield statistically significant differences. The anteroposterior
positioning of the COR showed no difference between the groups.

No differences in terms of sizing of the prosthetic head were observed, with slight
supero-inferior undersizing but good antero-posterior matching in both groups, as the
resection plane is usually oval shaped with a smaller antero-posterior than supero-inferior
diameter [20]. The larger variation in the PI approach group is likely explained by the
learning curve.

While the Anatomic Reconstruction Score was not statistically different in both groups,
there was a trend towards slightly lower scores in the PI group, mostly explained by
the larger variation of the neck-shaft angle and the lack of sufficient resection of the
humeral head.

Due to the anterior tilt of the scapula, the described approach offers a postero-inferior
direct view of the glenoid, which can be changed to an e-face view when the humeral
head is retracted anteriorly. This may lead to a tendency of postero-inferior placement and
an increased retroversion of the glenoid guide pin in cases with poor exposure. Greiwe
et al. point at different advantages of the posterior approach, including easier access to the
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retroverted glenoids, as well as facilitated posterior soft tissue balancing [14]. However,
it remains unclear as to whether posterior approaches may also weaken the posterior
soft tissues, including the posterior capsule and rotator cuff, and therefore, this may
possibly aggravate the posterior humeral subluxation in patients with posterior eccentric
glenoid wear.

Posterior approaches have already been used in the clinical setting to implant shoulder
arthroplasties. Gagey et al., were able to implant 53 hemiarthroplasties through a postero-
lateral approach with subperiosteal detachment of the posterior part of the deltoid muscle
and osteotomy of the external rotator muscles [13]. Although this approach provides a
wide range of exposure of the glenoid and humeral head, deltoid release and detachment
of the external rotators by means of an osteotomy are the main limitations, as they warrant
postoperative immobilization of the arm and pose the risk for deltoid atrophy [13] and the
insufficiency of external rotators. In contrast, the PI approach used in this study spares the
deltoid and external rotators, and therefore, it allows for immediate postoperative mobiliza-
tion. Greiwe et al., performed a total shoulder arthroplasty in 31 patients using a posterior
rotator cuff-sparing approach, which uses a split of the middle and posterior heads of
the deltoid muscle, a lateral based T-shaped capsular incision, and an in-situ humeral
osteotomy [14]. Short-term follow up was available for 26 patients, with a significant
improvement in clinical scores.

The authors also conducted an anatomic feasibility study to evaluate their approach,
and this showed good access to glenoid and humerus, despite the mentioned technical
difficulties [15]. While the deltoid split does not seem to affect deltoid integrity [14], the
in-situ osteotomy of the humeral head, which is performed without dislocation of the head
and via the internervous split, poses a surgical challenge, due to limited exposure and
few bony landmarks for reference. As the identification of the anatomic neck for a precise
humeral osteotomy may be difficult, there is a risk for an improper humeral cut, which can
lead to malpositioning of the prosthetic humeral head, and potentially cause asymmetric
loading of the glenoid, resulting in glenoid erosion and loosening [21-23]. According to the
present anatomical study, a medial T-shaped incision of the capsule, with iuxtaglenoidal
posterior to inferior capsular release, instead of a lateral T-shaped incision, may facilitate
posteroinferior dislocation of the humeral head through the internervous interval, and
thus allow for a precise identification of the anatomic neck, and easier humeral head
osteotomy. However, great attention must be given not to stretch and harm the axillary
nerve with the retractors placed inferiorly between the dislocated humeral head and the
teres minor. Finally, it must be mentioned that even though the step of posterior dislocation
of the humeral head can quite easily be obtained in cadaveric specimens, it might not be
achievable in patients with severe joint stiffness due to advanced osteoarthritis.

A limitation of this study is the fact that the implantation of arthroplasties in cadaveric
shoulders is typically easier, due to the reduced tension of the soft tissues. This might
have facilitated the exposure and the implantation, especially in the PI approach group,
as even in the cadaveric setting, only limited exposure could be obtained in some cases.
Furthermore, not whole-body, but rather mere shoulder specimens were used for this study,
making the placement easier to handle than what could be expected in clinical practice.
While most measurement parameters have proven to be reliable, with acceptable ICCs, two
parameters (pre-operative neck-shaft angle and the antero-posterior COR) showed only
fair ICCs, thus limiting their interpretabilities. Finally, no conclusions regarding the risk of
damage to the axillary nerve when performing the PI approach can be drawn from this
study. Despite the apparently sufficient distance to the interval between the teres minor
and the infraspinatus, no information on the changes in position and tension on the nerve
during the posterior dislocation of the humeral head, humeral and glenoid exposure, as
well as motion of the arm were collected.
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5. Conclusions

The investigated postero-inferior approach with subdeltoidal access and posterior dis-
location of the humeral head through an internervous split between the infraspinatus and
the teres minor with a medial T-shaped incision of the capsule allows for sufficient exposure
and orientation to perform rotator-cuff sparing anatomical total shoulder arthroplasty with
acceptable implant sizing and positioning in cadaveric specimens. This approach tends to
medialize the COR that needs to be taken into account when performing aTSA. Further
research should focus on the radiological and clinical outcomes of the PI approach in
daily practice.
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Abstract: The COVID-19 pandemic caused major disruptions to the healthcare system, but its
impact on the transition to same-day discharge shoulder arthroplasty remains unexplored. This
study assessed the effect of COVID-19 on length of stay (LOS), same-day discharge rates, and other
markers of resource use after elective total shoulder arthroplasty. A total of 508 consecutive patients
undergoing elective primary total shoulder arthroplasty between 2019 and 2021 were identified
and divided into 2 cohorts: “pre-COVID” (March 2019-March 2020; n = 263) and “post-COVID”
(May 2020-March 2021; n = 245). No elective shoulder arthroplasties were performed at our practice
between 18 March and 11 May 2020. Outcome measures included LOS, same-day discharge, discharge
location, and 90-day emergency department (ED) visits, readmissions and reoperations. There were
no significant differences in baseline preoperative patient characteristics. Shoulder arthroplasty
performed post-COVID was associated with a shorter LOS (12 vs. 16 h, p = 0.017) and a higher rate
of same-day discharge (87.3 vs. 79.1%, p = 0.013). The rate of discharge to skilled nursing facilities
was similarly low between the groups (1.9 vs. 2.0%, p = 0.915). There was a significant reduction in
the rate of 90-day ED visits post-COVID (7.4 vs. 13.3%, p = 0.029), while there were no differences
in 90-day reoperation (2.0 vs. 1.5%, p = 0.745) or readmission rates (1.2 vs. 1.9%, p = 0.724). The
COVID-19 pandemic seems to have accelerated the shift towards shorter stays and more same-day
discharge shoulder arthroplasties, while reducing unexpected acute health needs (e.g., ED visits)
without adversely affecting readmission and reoperation rates.

Keywords: shoulder arthroplasty; COVID; coronavirus; length of stay; same-day discharge; pandemic

1. Introduction

The coronavirus (COVID-19) pandemic caused drastic disruptions to the provision of
elective orthopedic surgery services in the United States [1]. This crisis also presented an
opportunity for value optimization by promoting collaboration and creative thinking. One
well-documented disruptive change has been the swift adoption of telehealth services [2,3].
The COVID outbreak may have also catalyzed the shift towards more resource-efficient
outpatient joint arthroplasty, but this remains speculation [4].

Elective shoulder arthroplasty is an increasingly popular and highly standardized
procedure that has been classically performed as inpatient [5-7]. It is unclear whether
COVID has changed any of this. Patients may now be more inclined to go home shortly
after surgery to minimize risk of contagion [8], and to rely more on technology (e.g.,
email, telehealth) to address postoperative concerns that would traditionally warrant
a visit to the emergency department (ED). Hospitals may also be incentivized to more
expeditiously discharge elective surgery patients to ensure continued bed capacity for
potential COVID surges.

This study sought to determine the impact of the COVID-19 pandemic on length
of stay (LOS) and same-day discharge rates after elective total shoulder arthroplasty.
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Additionally, we examined discharge disposition patterns, ED visits, readmissions and
reoperations. The hypothesis was that LOS decreased post-COVID, despite no change in
patient characteristics.

2. Methods
2.1. Study Design

A retrospective study was conducted of a consecutive series of shoulder arthroplasties
performed at a single private practice institution. Institutional review board approval was
obtained for this study. Our registry was queried to identify all patients who underwent
elective primary total shoulder arthroplasty (anatomic (ATSA) or reverse (RTSA)) between
March 2019 and March 2021 by a single fellowship-trained shoulder surgeon. The inclusion
criteria were: (1) an ATSA or RTSA and (2) minimum follow-up of 90 days. To achieve
a homogenous sample of patients at low surgical risk, an a priori decision was made
to exclude patients whose indication for surgery was traumatic, and those undergoing
revision surgery.

Following the 18 March 2020 recommendation by the Centers for Medicare and
Medicaid Services to postpone non-essential surgeries in response to the COVID-19 virus,
no elective shoulder arthroplasties were performed at our practice until 11 May 2020. As
such, the study sample was divided into two cohorts: the “pre-COVID” group for surgeries
performed before 18 March 2020, and the “post-COVID” group for cases performed on
or after 11 May 2020. Notably, the treating surgeon had nearly 10 years of experience
at the beginning of the study period. During the study period there was no change in
postoperative protocols or in the design of the implants used by the primary surgeon.

2.2. Outcomes Measures and Explanatory Variables

The main outcomes of interest included LOS (measured in hours after surgery) and
same-day discharge. Discharge disposition (home versus skilled nursing facility (SNF))
was also recorded. Electronic medical records linked to the local hospital were reviewed to
collect data on ED visits, readmissions, and reoperations within 90 days of surgery.

Several patient characteristics that might affect the influence of the COVID-19 pan-
demic on resource allocation after shoulder arthroplasty were recorded. Specifically, data
were collected on age, sex, body mass index (BMI), and the presence of co-morbidities in-
cluding diabetes, chronic obstructive pulmonary disease (COPD), and tobacco use. Surgical
location (hospital versus ambulatory surgery center) data were also collected.

2.3. Statistical Analysis

To compare both baseline patient characteristics and postoperative outcomes between
the pre- and post-COVID cohorts, Pearson chi-square tests were used for categorical
variables and independent samples T-tests were used for continuous variables. Continuous
variables were presented in terms of the mean and standard deviation (SD), and categorical
variables were reported with frequencies and percentages. Statistical tests were 2-sided
with p < 0.05 denoting statistical significance.

3. Results

A total of 508 patients met the study criteria. The study population consisted of
241 (47%) women and 267 men, with a mean (SD) age of 71 (8) years and BMI of 30 (6).
Overall, 63% of patients underwent RTSA, while the remaining 37% had ATSA. There were
no significant differences in any of the baseline patient characteristics between the pre- and
post-COVID groups (Table 1). There was no difference in the rate of procedures performed
in the hospital versus surgery center setting between the two groups (Table 1).

Shoulder arthroplasty performed in the post-COVID cohort was associated with a
shorter LOS (12 vs. 16 h, p = 0.017) and higher rate of same-day discharge to home (87.3 vs.
79.1%; Figure 1, Table 2). Figure 2 is a more granular representation of the decline in the
proportion of surgeries with overnight stays.
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Table 1. Characteristics of the study population.

Parameter All Patients p
Pre-COVID Post-COVID

Total + 508 (100) 263 (51.8) 245 (48.2)

Age * (year) 70.5 + 8.2 70.7 +£79 70.3 + 8.6 0.603

Sex t

Female 241 (47.4) 119 (45.2) 122 (49.8)

Male 267 (52.6) 144 (54.8) 123 (50.2) 0.305
BMI * 302+ 64 305+ 6.3 299 £ 65 0.329
Diabetes t 83 (16.3) 50 (19.0) 33 (13.5) 0.091
Chronic obstructive pulmonary disease t 38 (7.5) 23 (8.7) 15 (6.1) 0.262
Tobacco use t 23 (4.5) 8 (3.0) 15 (6.1) 0.095
Total shoulder arthroplasty type t

Anatomic 190 (37.4) 95 (36.1) 95 (38.8) 0.537

Reverse 318 (62.6) 168 (63.9) 150 (61.2) ’
Surgical location t

Hospital 409 (80.5) 213 (81.0) 196 (80.0) 0.779

Ambulatory surgery center 99 (19.5) 50 (19.0) 49 (20.0) .

BMI = body mass index. * The values are given as the mean and the standard deviation. + The values are given as the number of patients,

with the percentage in parentheses.

= Pre-COVID = Post-COVID

ts (%)

Patien
=

90-Day Reoperation

Overnight Stay * Discharge to SNF 90-Day ED Visit * 90-Day Readmission

Figure 1. Outcomes after total shoulder arthroplasty in the pre- and post-COVID groups. Asterisks denote statistical

significance (p < 0.05).

The rate of discharge to SNFs was similar between the groups (1.9 vs. 2.0%, p = 0.915).
There was a significant reduction in the rate of 90-day ED visits in the post-COVID cohort
(7.4 vs. 13.3%, p = 0.029), while there was no difference with regard to 90-day reoperation

(2.0 vs. 1.5%, p = 0.745) and readmission rates (1.2 vs. 1.9%, p = 0.724; Table 2).
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Table 2. Outcomes after total shoulder arthroplasty.

Parameter All Patients Period p
Pre-COVID Post-COVID
Same-day discharge 422 (83.1) 208 (79.1) 214 (87.3) 0.013
Length of stay * (hours) 14 (3 to 192) 16 (3 to 120) 12 (3 to 192) 0.017
Discharge to skilled nursing facility + 10 (2.0) 5(1.9) 5(2.0) 0.915
ED visit within 90 days of surgery 53 (10.5) 35(13.3) 18 (7.4) 0.029
Postoperative pain 7 (1.4) 4(1.5) 3(1.2) -
Wound issue 10 (2.0) 7(2.7) 3(1.2) -
Medical issue 28 (5.5) 21 (8.0) 7 (2.9) -
Musculoskeletal trauma and injury 8 (1.6) 3(1.1) 5(2.0) -
Reoperation within 90 days of surgery t 9 (1.8) 4 (1.5) 5(2.0) 0.745
Readmission within 90 days of surgery t 8 (1.6) 5(1.9) 3(1.2) 0.724

Overnight Stay (%)

ED = emergency department. * The values are given as the mean, with the range in parentheses. t The values are given as the number of
patients, with the percentage in parentheses.
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Figure 2. Rate of shoulder arthroplasties requiring overnight hospital stays over time.

4. Discussion

The COVID-19 outbreak upended traditional health system practices amid an environ-
ment that demanded an accelerated pace of innovation. Health systems were faced with
difficult decisions as to how to safely resume margin-producing elective orthopedic surgery
in the midst of the pandemic. Many have suggested transitioning more joint arthroplasty
procedures to the outpatient setting [4,9,10], but whether this actually has taken place is
unclear. This study showed that shoulder arthroplasty following the resumption of elective
surgery during the COVID-19 pandemic was associated with a shorter LOS and higher
rate of same-day discharge.

The finding that baseline preoperative patient characteristics remained unchanged
compared to before the outbreak suggests that the observed changes in discharge patterns
may indeed be a direct consequence of COVID. There is recent evidence that sociodemo-
graphic and psychological factors may have more influence than patient infirmity and
technical issues in the variation in LOS and discharge disposition after shoulder arthro-
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plasty [11]. Although this requires formal investigation, it is possible that patients may
be more motivated to go home after surgery during the pandemic to minimize risk of
contagion [8]. Indeed, it has been our experience during the pandemic that patients are
more invested in making arrangements for going home the same day of surgery. Health
systems may also be pushing for early elective surgery discharges to limit exposure and
reallocate resources to sicker patients [9].

The observation that 90-day readmissions, reoperations, and ED visits did not increase
following the resumption of elective surgery during the pandemic is reassuring. This is
consistent with the growing realization that shorter postoperative stays after shoulder
arthroplasty are safe. Shorter LOS and/or same-day discharge following shoulder arthro-
plasty do not seem to increase the risk of postoperative mortality and morbidity [12,13].
The important addition of the current study to this literature is the fact that both cohorts
represented the majority of the shoulder arthroplasty population in the surgeon’s practice.
The near 90% utilization of same day discharge in the post-COVID cohort indicates that
there was limited potential for patient selection bias. In other words, outpatient shoulder
arthroplasty is safe in not only selected patients, but in the majority of cases based on the
findings of the current study.

Interestingly, we found that the rate of ED visits decreased significantly from 13.3%
(pre-pandemic) to 7.4%. It may be that patients are now more likely to use and rely on
technology (e.g., emails with image exchange, telehealth) to address postoperative concerns
that would traditionally warrant a visit to the ED. The observed reduction in ED visits
may indicate that some of them are preventable with the use of technology and improved
postoperative care coordination. This subject deserves further study. Although another
explanation could be that patients were more fearful of postoperative ED visits, this is not
supported by the lack of change in the 90-day complication or re-operation rate.

The principal strengths of our study include its relatively large sample size and the
fact that all procedures were performed by the same experienced surgeon, thus reducing
surgeon variation in perioperative protocols. Nonetheless, our analysis was subject to
several shortcomings that might be addressed in future research. First, the retrospective
nature of this study does not allow causal inference. Therefore, we can only determine
associations between COVID and the outcomes of interest. Second, because this study
was performed at a private practice with a high pre-COVID rate of same day discharge
shoulder arthroplasty, the results may lack generalizability. However, one might expect
an even greater increase in the rate of outpatient shoulder arthroplasty among practices
with traditionally higher rates of inpatient procedures. Future studies should evaluate and
compare shoulder arthroplasty discharge patterns pre- and post-COVID across different
practices and regions. Third, while we collected data on multiple markers of postoperative
resource use (e.g., LOS, discharge disposition, ED visits, readmissions, reoperations), we
did not assess patient experience and functional outcomes to better define the value equa-
tion. Fourth, there was a trend towards a potentially clinically relevant (+5.5% difference)
higher rate of diabetes in the pre-COVID cohort compared to the post-COVID cohort which,
while not yet significant, may affect results in larger samples. Finally, our study was limited
in follow-up duration (90 days) due to the recency of the pandemic.

5. Conclusions

This study provides evidence that the COVID-19 pandemic may have accelerated the
shift towards shorter stays and more same-day discharge shoulder arthroplasties, while
reducing unexpected acute health needs (e.g., ED visits) without adversely affecting read-
mission and reoperation rates. These findings may be generalizable to other discretionary
orthopedic procedures. Additional research should evaluate and compare the patient
experience and functional outcomes following elective shoulder arthroplasty before and
during the pandemic.
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Abstract: The history of humeral component design has evolved from prostheses with relatively long
stems and limited anatomic head options to a contemporary platform with short stems and stemless
implants with shared instrumentation and the ability to provide optimal shoulder reconstruction for
both anatomic and reverse configurations. Contemporary humeral components aim to preserve the
bone, but they are potentially subject to malalignment. Modern components are expected to favorably
load the humerus and minimize adverse bone reactions. Although there will likely continue to be
further refinements in humeral component design, the next frontiers in primary shoulder arthroplasty
will revolve around designing an optimal plan, including adequate soft tissue tension and providing
computer-assisted tools for the accurate execution of the preoperative plan in the operating room.

Keywords: shoulder; arthroplasty; anatomic arthroplasty; reverse arthroplasty

The design of the humeral component in shoulder arthroplasty has evolved tremen-
dously over the last two decades. When discussing the general principles of shoulder
replacement, glenoid reconstruction is reviewed frequently. Interestingly, the humeral side
of the joint is discussed less often. The purpose of this review article is to provide an update
on the principles driving contemporary humeral component design.

1. Brief Historical Perspective

The history of humeral component design has evolved over a few important mile-
stones that have had a major impact on where we are today.

1.1. From Monoblock and Cemented to Modular Cementless

Neer is considered by some to be the father of modern shoulder surgery in North
America [1]. The original Neer prosthesis was a smooth monoblock hemiarthroplasty
with a narrow stem and three sizes. Because the stem was narrow and designed for
a cemented application, it could be “floated” in the canal in whichever location was
best to position the prosthetic humeral head anatomically [2]. Although early on the
original Neer prosthesis was implanted without cement, in the absence of surface treatment,
cementless implantation led to a high rate of radiographic loosening [3]. The development
of technology to treat the stem with ingrowth-friendly surfaces led to the successful survival
of cementless humeral components [4]. At the same time, modular anatomic humeral
heads were introduced to allow a humeral head size selection independent of the stem
size selection [5]. Currently, most surgeons agree on trying to avoid the use of cement for
humeral component fixation at the time of primary arthroplasty; If component revision
becomes necessary, cement removal could substantially increase the difficulties associated
with the revision procedure.

1.2. A More Sophisticated Understanding of Humeral Geometry

Traditional cementless ingrowth stems with standard modular heads were noted as
not allowing for the anatomic restoration of the proximal humerus geometry in many
shoulders: the fit of the stem in the humeral canal dictated where the head would “land”.
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This prompted studies on the variability of proximal humerus morphology [6] and on
the design of implants with various features to adjust the position of the prosthetic head
relative to the stem in terms of inclination, eccentricity, and offset [7].

1.3. Reverse Arthroplasty

Grammont revolutionized the field of shoulder arthroplasty with the development of
the reverse prosthesis concept: a more constrained implant of reverse geometry that would
increase the moment arm of the deltoid to compensate for the rotator cuff insufficiency [8].
Despite becoming an incredibly successful implant in terms of the restoration of active
elevation and the long-term survivorship, [9] the limitations of the traditional Grammont-
style prosthesis included poor restoration of the internal and external rotation as well
as excessive impingement of the humeral polyethylene with the medial scapular pillar,
leading to polyethylene wear, bone loss (notching), and eventually loosening [10]. Frankle
modified the reverse principles to optimize the impingement-free range of motion and the
tension of the axial rotator cuff with the design of a reverse prosthesis with a less truncated
sphere and a more vertical polyethylene (135-degree opening angle) [11,12]. Contemporary
designs follow the modifications of reverse introduced by Frankle.

1.4. Shorter Stems, Resurfacing, and Stemless

The length of most of the traditional stems was arbitrarily set to occupy the upper
third to half of the humerus. Standard-length stems have demonstrated outstanding
performance and survivorship [13]. However, avoiding relatively long stems is attractive
for several reasons, including easier revision, easier implantation of an ipsilateral total
elbow arthroplasty, and maybe easier management of periprosthetic fractures. Resurfacing
arthroplasty represented a first attempt to avoid stem use, [14] but resurfacing components
have fallen out of favor since incomplete head removal made glenoid access more difficult,
and the prosthetic head sizes with various degrees of offset and eccentricity could not be
used. As such, the design has evolved into the use of short-stem and stemless prostheses.
The length of most of the short stems has been chosen arbitrarily, with few exceptions.
For anatomic arthroplasty, stemmed and stemless prostheses seem to provide equivalent
results, provided satisfactory implantation is achieved at the time of surgery [15,16].

1.5. Malalignment and Adverse Bone Reactions

One benefit of longer stems is that a tight stem fit into the endosteal canal facilitates
adequate alignment. Ultrashort stems introduce two potential problems: poor alignment
and adverse bone reactions.

Stems that do not engage the cylindrical portion of the endosteal canal can easily
be misaligned. Excessive valgus or varus will lead to a poor humeral head position in
anatomic arthroplasty. Similarly, poor alignment can lead to a reverse polyethylene that is
excessively horizontal with an increased risk of notching, or to a more vertical polyethylene
that may facilitate dislocation. Certain short stems have been designed with just enough
length to avoid malalignment [17]. Stemless prostheses are also at risk for malalignment
(Figure 1). As such, care must be taken to optimize the humeral head cut to minimize the
chances of malalignment with ultrashort stem and stemless prostheses.

Certain ultrashort stems need larger diameters to achieve primary stability in the
absence of diaphyseal contact. This concept has been captured with the fill-fit ratio
popularized by Walch et al. [18]. Severe stress shielding with resorption of the greater
tuberosity, and in extreme cases in areas of complete cortical defect, has been reported
with the implantation of larger sizes of certain stems, and malalignment may accentuate
these adverse bone reactions through point contact of the stem on the cortical bone, further
shielding the proximal bone from stress (Figure 2). Thus, it is important to design implants
that do not shield the metaphysis from stress.
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(A) (B)

Figure 1. Ultrashort stems (A) and stemless prostheses (B) are at increased risk for malalignment.

Figure 2. Certain ultrashort stems are associated with substantial stress shielding.

1.6. Preoperative Planning Software and Surgical Execution

The development and widespread use of preoperative planning software has revolu-
tionized the field of shoulder arthroplasty. I trained at a time when plain radiographs were
the only imaging study obtained before shoulder arthroplasty. Today, the vast majority of
shoulder arthroplasty surgeons rely on computer tomography to understand each shoulder
to be replaced and to plan the surgery accordingly. Furthermore, preoperative planning
software has advanced the field to a whole other level: three-dimensional renderings,
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automated measurements, and virtual implant overlays allow for accurate planning of the
implant positioning to optimize orientation, seating, contact, motion free of impingement,
and other variables [19-21]. Such software can then be used for artificial intelligence pre-
dictive algorithms, manufacturing patient-specific guides, and using computer-assisted
surgery with navigation or robotics.

In the field of reverse shoulder arthroplasty, preoperative planning software reveals
that using a larger glenoid with a larger lateral offset and an inferior overhang is the most
successful strategy to optimize the range of motion free of impingement, especially when
combined with a more vertical (typically 135 degree) polyethylene opening angle [22].

1.7. Same-Day Surgery and Ambulatory Surgery Centers

In the United States, there is a growing interest in same-day discharge after shoulder
arthroplasty, as well as in performing these procedures in ambulatory surgery centers.
This is driven by two main forces: the potential for certain financial gain and the need
to decrease hospitalizations, especially considering the current COVID-19 pandemic [23].
Ambulatory surgery centers have less capacity to process large inventories and instrument
trays. As such, there is the need for streamlined instrumentation and shared instruments
between stem and stemless designs. Patient-matched implants and preoperative planning
software may further help decrease inventory.

1.8. Proximal Humerus Bone Density

Understanding the bone mineral density of the proximal humerus is paramount to
optimizing the primary stability of modern humeral components. In the osteoarthritic
shoulder, the strongest bone is at the periphery and is closer to the superior aspect of
the humeral head. As such, fixation is theoretically optimized by achieving a prosthetic
fit to the periphery of the metaphysis and with a slightly higher humeral head cut [24].
However, one downside of performing a higher humeral head cut is the more difficult
access to the glenoid.

1.9. Implications for Humeral Component Design

The brief historical review summarized above provides the grounds for design features
that are perceived as desirable when considering contemporary humeral component design
(Table 1).

Table 1. Desirable features for contemporary humeral component design.

e  Platform: same component for anatomic and reverse arthroplasty

Multiple anatomic head options for accurate restoration of humeral geometry

Reverse configuration must accommodate large glenospheres with lateral offset and inferior
overhang

Proximal coating and proximal loading

Peripheral metaphyseal fixation

Short-stem and stemless offerings

Streamlined instrumentation shared for stem and stemless

Accurate execution of implant placement

Preoperative planning software
Cutting guides

Patient-specific guides
Navigation

Robotics
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2. Implant Configurations: What Are Our Targets on the Humeral Side Currently?
2.1. Anatomic Shoulder Arthroplasty

When performing an anatomic shoulder arthroplasty, the main goal on the humeral
side is to restore the overall geometry of the proximal humerus. Considering the variability
of the human shoulder (in terms of size, retroversion, and other parameters), as well as the
need to adapt to the final position of the humeral stem or stemless nucleus, it is necessary
to design systems with multiple head sizes and thicknesses as well as with a mechanism
to offset the humeral head with respect to the final position of the humeral stem /nucleus
(Figure 3). In most shoulders, the restoration of the premorbid anatomy provides the best
outcome. However, in certain shoulders, the humeral head version, diameter, thickness,
and/or eccentricity may need to be adapted to the condition of the soft tissues. For example,
in a shoulder with substantial posterior subluxation and chronic stretching of the posterior
rotator cuff and capsule, it may be necessary to implant a humeral head that is thicker than
the premorbid native head to properly tension the soft tissue envelope posteriorly.
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Figure 3. Options for replacement of the humeral head with one system for anatomic shoulder arthroplasty.

2.2. Reverse Shoulder Arthroplasty

Understanding the nuances associated with the design and implantation of the
humeral component in reverse shoulder arthroplasty is not possible without consider-
ing the glenoid side [22]. Currently, most would agree that reverse shoulder arthroplasty
requires a fine balance between (1) maximizing impingement-free range of motion and (2)
optimizing soft tissue tension and muscle function around the shoulder.

Avoiding any impingement between the medial aspect of the polyethylene and
the body of the scapula and scapular pillar essentially requires displacing the proximal
humerus laterally and posteroinferiorly. This is best achieved by implanting a larger gleno-
sphere with a posteroinferior overhang in reference to the glenoid vault combined with
a larger lateral offset of the glenoid component. Larger lateral offsets may be achieved
with thicker glenospheres, structural bone grating between the native glenoid and the
baseplate (bio-RSA), or thicker (augmented) baseplates (Figure 4). The benefit of bio-RSA
and augmented baseplates over thicker glenospheres is that both bone graft and metal
augments provide adequate correction of angular deformities (inclination and retroversion)
without reaming excessively, which can lead to impingement as well.
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(B) ©

Figure 4. (A), Impingement-free range of motion is optimized with implantation of larger glenospheres with a lateral offset
and an inferior overhang. Glenoid lateralization may be achieved with thicker glenospheres (B), the use of a bone graft
under the baseplate (BIO-RSA), or the use of augmented baseplates (C).

Provided the surgeon commits to implantation of large glenospheres with an inferior
overhang and a lateral offset using any of the three methods above, the humeral component
must allow for a minimal thickness above the cut surface in order to avoid excessive soft
tissue tension secondary to lateralization, distalization, or both. A relatively easy way to
design humeral components that allow for anatomic and reverse compatibility is to design
humeral bearings that rest on the cut surface of the humerus, so-called onlay systems. The
downside of onlay systems for those surgeons who maximize impingement-free motion on
the glenoid side is that the soft tissue tension may be excessive. This can be compensated
for by lowering the humeral cut, which may be acceptable in the cuff-deficient shoulder
but not in the cuff-intact osteoarthritic shoulder, where a lower cut would damage the
rotator cuff. As such, if the surgeon chooses to maximize impingement-free range of motion
through glenoid implantation, the thinnest humeral bearing construct should place the
pivot point at or below the humeral cut. When the pivot point (the deepest portion of the
polyethylene) is below the humeral cut, implants are classified as inlays.

However, the onlay vs. inlay controversy should probably be abandoned for two reasons.
Firstly, there is a high level of variability regarding how much lateralization and distal-
ization are provided by the many implants in the market [25]. Classifying them as onlays
or inlays is an oversimplification. What matters is where the humerus “lands” for a spe-
cific glenoid reconstruction, depending on the humeral implant selected and where it is
implanted. This will affect the length and the moment arm of the deltoid and rotator
cuffs [26]. Secondly, surgeons may implant inlay components in an onlay fashion or the
other way around. For example, the original prosthesis designed by Dr. Frankle was an
inlay design; however, its proximal portion was relatively large and could not be fully
inset in the humeral metaphysis of many patients, thus resulting in an onlay application of
an inlay design (Figure 5). By the same token, if thicker polyethylene bearings or a metal
spacer are added to an inlay prosthesis to guarantee adequate stability, the pivot point
is at an onlay level despite the implant being designed as an inlay. Consequently, even
though implants that allow placement of the pivot point at or below the cut surface of
the humerus are necessary to optimize soft tissue tension across the whole spectrum of
shoulder replacements, in many shoulders, these inlay components will behave as onlay
ones because thicker polyethylenes may be needed to avoid dislocation, especially in the
cuff-deficient shoulder. The ideal degree of humeral lateralization probably varies from
individual to individual depending on the underlying diagnosis and other characteristics.
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Figure 5. This implant was designed as an inlay, but its large size resulted in an onlay application
most of the time.

3. From Design to Implantation: Pearls and Pitfalls Learned with Use of a Contemporary
Humeral Component

Hopefully, a review of the history of implant component design and an understanding
of what are considered contemporary targets today will help drive the surgical techniques
for implantation of contemporary humeral components (Figure 6).

3.1. Anatomic Arthroplasty
3.1.1. Preoperative Planning

Our preference is to plan the humeral head osteotomy at 2-3 mm proximal to the
transition between the rotator cuff attachment and the humeral head. Some surgeons
prefer performing the osteotomy at fixed angles, typically 135 degrees of inclination and 30
degrees of retroversion. Others prefer to make the cut at the exact location of the anatomic
humeral neck. In such a case, it is possible that the stem will end up oriented inside the
canal in varus or valgus, and the implications of malalignment in anatomic arthroplasty
are less substantial, provided the humeral head is reconstructed anatomically.
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Figure 6. Contemporary platform of a short-stem humeral component designed for proximal fixation
and loading.

3.1.2. Humeral Osteotomy

Many surgeons are used to performing the humeral head osteotomy with so-called
freehand techniques. However, for those implants with a fixed neck—shaft angle, it may be
advantageous to use an extramedullary or an intramedullary guide. Our preference is to
use an intramedullary guide, and the selection of the entry point of the guide is paramount
to avoid a varus or valgus cut. A C—guide may then be used to select the ideal cut height
(Figure 7).

3.1.3. Sizing

The preparation of the metaphysis for modern components that rely on peripheral
fixation typically aims to place the component “bowl” so that it will leave 2—4 mm of
cancellous bone between the component and the cortical rim of the metaphysis (Figure 8).
A wider distance may be advantageous in patients with a stronger bone that does not
require maximizing peripheral fixation. The guide pin for the reaming of the metaphysis
may be centered using a trial humeral head or sizing discs.
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Figure 7. Use of an extramedullary cutting guide may facilitate predictable osteotomy of the humerus
in a specific degree of inclination.

A ® ©

Figure 8. Primary component stability may be optimized by the implant fit at the periphery of the proximal humerus,
within 2-4 mm of the cortical rim. (A), Sizing disk; (B), Trial; (C), Humeral component.

3.1.4. Humeral Preparation and Implantation

Since short and stemless humeral components do not provide selfaligning features,
surgeons must be extremely careful at the time of compactor preparation and component
implantation to replicate the desired alignment based on the preoperative planning and the
osteotomy performed. The most common pitfall is to place the component in an excessive
varus. As such, an effort must be made to use the compactor/inserter handle when pushing
into the varus.
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3.1.5. Humeral Head Selection

The resected humeral head provides a great reference for the selection of the correct
diameter and also for the thickness. The geometry of the humeral head can be perfectly
replicated by selecting the right combination of diameter, thickness, and eccentricity. In
shoulders with a severe preoperative soft tissue imbalance, changes in the humeral head
thickness or in diameter may be needed. As mentioned previously, arthritic shoulders with
a severe posterior subluxation may require the use of a thicker humeral head to properly
tension the posterior capsule and cuff. In shoulders with avascular necrosis, it may be wise
to downsize the humeral head since there is a higher risk of stiffness. Intraoperative testing
may be used to confirm an adequate soft tissue balance in anatomic shoulder arthroplasty
(Table 2).

Table 2. Intraoperative assessment of the soft tissue balance in anatomic shoulder arthroplasty.

e  Passive posterior translation of the humeral head in reference to the glenoid component of
approximately 50% with spontaneous relocation (arm at 30 degrees of external rotation)

e  Subscapularis can be repaired without excessive tension

° Satisfactory passive elevation, external rotation, and internal rotation

e The humeral head “spins” on the glenoid component surface in rotation without excessive
translation

3.2. Reverse Arthroplasty

As mentioned before, humeral and glenoid planning are intimately related in reverse
arthroplasty. The configuration and placement of the glenoid component have a major
impact on the range of motion free of impingement. Humeral planning is then completed
to select the correct size and alignment of the humeral component. My preference is to
select a polyethylene opening angle of 135 degrees. The combined configuration of the
glenoid and humeral components will lead to specific arcs of motion free of impingement.
It will also lead to a specific position of the humerus in space in reference to the scapula,
which will impact soft tissue tension. Currently, there is no consensus regarding the ideal
position of the humerus in reference to the scapula in reverse arthroplasty, but most aim to
replicate the anatomic position of the greater tuberosity from lateral to medial.

An accurate humeral cut and a correct implantation of the humeral component at the
time of surgery are important to replicate the polyethylene opening angle desired for a
given shoulder. The same considerations described for anatomic shoulder arthroplasty
regarding humeral osteotomy and sizing, as well as humeral preparation and implantation,
apply to most platform stems. However, reverse arthroplasty is more constrained than
anatomic arthroplasty, and achieving primary stability of the humeral component is maybe
more important. As such, we have a low threshold to implant the so-called “plus sizes”,
which are slightly oversized in reference to the standard sizes to provide a tighter fit.

Regarding the bearing selection, the thinnest polyethylene will result in a pivot point
at the level of the humeral cut. Thicker bearings with or without the addition of a metal tray
will move the pivot point proximal and medial with reference to the geometric center of the
proximal humerus, and as such will increase humeral lateralization and distalization. The
ideal bearing thickness is typically selected based on intraoperative trialing, and currently
there are no good objective parameters to guide the bearing selection. Bearings with
improved wear performance, such as vitamin E polyethylene, are definitively attractive.

4. Future Directions

The evolution of humeral component design has been quite remarkable. Contem-
porary implants provide the opportunity for bone preservation, platform convertibility,
the anatomic reconstruction of the proximal humerus when anatomic arthroplasty is per-
formed, and optimal arcs of motion free of impingement with adequate soft tissue tension
when reverse arthroplasty is performed. However, the jury is still out regarding the poten-
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tial for component malalignment and bone adaptation to these newer components over
time. The preoperative planning software is very refined, but the execution of the plan is
still evolving. Various navigation and robotic systems are being developed and will likely
translate into a more accurate execution of the preoperative plans.
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Abstract: (1) Background: Postoperative recovery of external rotation after reverse shoulder arthro-
plasty (RSA) has been reported despite nonfunctional external rotator muscles. Thus, this study
aimed to clinically determine the ideal prosthetic design allowing external rotation recovery in such
a cohort. (2) Methods: A monocentric comparative study was retrospectively performed on patients
who had primary RSA between June 2013 and February 2018 with a significant preoperative fatty
infiltration of the infraspinatus and teres minor. Two groups were formed with patients with a lateral
humerus/lateral glenoid 145° onlay RSA—the onlay group (OG), and a medial humerus/lateral
glenoid 155° inlay RSA—the inlay group (IG). Patients were matched 1:1 by age, gender, indication,
preoperative range of motion (ROM), and Constant score. The ROM and Constant scores were
assessed preoperatively and at a minimum follow-up of two years. (3) Results: Forty-seven patients
have been included (23 in OG and 24 in IG). Postoperative external rotation increased significantly in
the OG only (p = 0.049), and its postoperative value was significantly greater than that of the IG by
11.1° (p = 0.028). (4) Conclusion: The use of a lateralized humeral stem with a low neck-shaft angle
resulted in significantly improved external rotation compared to a medialized humeral 155° stem,
even in cases of severe fatty infiltration of the infraspinatus and teres minor. Humeral lateralization
and a low neck-shaft angle should be favored when planning an RSA in a patient without a functional
posterior rotator cuff.

Keywords: prosthesis; design; range of motion; degeneration; PROMs; results; complication

1. Introduction

The treatment of rotator cuff tears was revolutionized with the introduction of RSA,
which provides significant improvements in functional and clinical outcomes for many
different shoulder pathologies [1]. Studies reporting on long-term outcomes of Grammont-
style designs have reported consistent limited restoration of external rotation [2]. This
could be explained by the slackening of the remaining rotator cuff or various impinge-
ments, since the original Grammont-type RSA design has a medialized center of rotation
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compared to the native glenohumeral joint [3]. Several biomechanical [4,5] and clinical
studies [6] have observed an increase in lateralization which led to improved rotational
movements. Thus, the implant design was evolved so that the center of rotation was
lateralized compared to the Grammont-type RSA, though remaining medialized compared
to the native shoulder joint [2].

Lateralization can be achieved on the glenoid side, the humeral side, or both. It can be
promoted by using an additional metal or bone stock on the glenoid side [4], or by using a
neck-shaft angle of 135° or 145° as well as a curved or onlay stem on the humeral side [7].
Comparative clinical studies between lateralized and medialized humeral components
have been previously reported [8]. However, there are no published studies in the literature
that have specifically analyzed the clinical results of primary RSA using a medialized or
lateralized humeral component in patients with a nonfunctional posterior rotator cuff.

The purpose of this study was thus to compare ROM and clinical outcomes between
different RSA humeral designs in patients with preoperative grade 3 to 4 fatty infiltration
of the posterior rotator cuff. The hypothesis was that lateralized RSA using an onlay 145°
stem would be associated with an improved external rotation compared to medialized RSA
using an inlay 155° stem.

2. Materials and Methods
2.1. Patient Selection

Between June 2013 and February 2018, 651 RSAs (primary RSA, revision of RSA, and
conversion from anatomical shoulder prothesis to RSA) performed by the senior author
(P.C.) were considered potentially eligible for inclusion in this retrospective, comparative
study using a prospectively collected database. Inclusion criteria consisted of (1) patients
who underwent implantation of a primary RSA for rotator cuff arthropathy due to massive
rotator cuff tear type E (supraspinatus, infraspinatus, and teres minor) [9], (2) a preoperative
grade 3 or 4 fatty infiltration of infraspinatus and teres minor based on the Goutallier
classification [10] characterized using non-contrast computer tomography (CT) scans,
(3) positive external rotation LAG sign of more than 40° [11], and (4) a minimum follow-up
of two years. The exclusion criteria were: incomplete documentation, revision cases, other
indication for surgery, and a shorter follow-up.

The included patients were categorized into two groups based on the type of pros-
theses they received: lateralized RSA (Onlay Group, OG): onlay 145° curved, short stem
(lateralized humerus and glenoid); or medialized RSA (Inlay Group, IG): inlay 155° straight
standard stem (medialized humerus/lateralized glenoid. Patients were matched in the
largest possible ratio (1:1) by age, gender, indication, preoperative range of motion, and
Constant score [12].

The study protocol was approved by the hospital ethics committee (CERC-VS-2018-
06-1), and all patients gave informed written consent.

2.2. Surgical Technique and Implant Design

Patients were operated on under the combination of general anesthesia and intersca-
lene block, and exclusively by a standard deltopectoral approach. An onlay curved short
stem with a neck shaft angle of 145° was used in the OG (Ascend Flex, Wright Medical,
Memphis, TN, USA), and an inlay straight standard stem with a neck shaft angle of 155°
was implanted in the IG (Aequalis II; Wright Medical, Memphis, TN, USA). The stems
were impacted with a retroversion of 20°. A bony cylindrical autograft of 7 mm thick was
harvested from the native humeral head and systematically used on the glenoid side. The
glenoid implant was composed of a 25 mm long peg to safely fix the graft beneath the
baseplate, two compression screws, and two locking screws. An angle of 10° of inferior tilt
was targeted. A glenosphere with a 36 mm diameter was used [13,14]. Table 1 summarizes
the differences in lateralization between the two RSA designs that were implanted in
our study.
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Table 1. Lateralization (Expressed in MM) of Different Components Used in Our Study.

Gleno-Humeral Humeral Glenoid Glenoid Humeral
Manufacturer Implant Construct Offset Offset Global Offset Contribution Contribution
Wright ASC‘;:SOFIEX LGLH 142 17.3 315 42% 58%
Wright Ae‘}gg},’s I LGMH 8 14.6 226 57% 43%

LG—lateralized glenoid, MH—medialized humerus, LH—lateralized humerus, °—degrees

2.3. Postoperative Rehabilitation Protocol

Postoperatively, the arm was placed in a sling for four weeks. Our physiotherapy
protocol after RSA was based on three goals. The goal during the first four weeks was to
recover the passive anterior forward flexion and external rotation according to a previously
validated protocol [3]. After four weeks, the goal was to recover ROM, based on the deltoid
reactivation and strengthening in “zero position” according to Saha [15]. The third goal
was to recover functional shoulder movements for the daily activities, using neuromuscular
techniques to pass from active elevation to functional movements. Strengthening was
not recommended.

2.4. Study Variables

The main outcomes of interest were the improvements in active external rotation, and
in clinical scores in relation to the prosthetic designs. The following patient characteristics
were assessed: age, sex, length of follow-up, and ROM.

2.5. Clinical Evaluation

All patients were clinically evaluated preoperatively and at the final follow-up. A
goniometer was used to assess anterior forward flexion and external rotation for the active
ROM assessment. The external rotation was measured with the arm by the side of the
body, whereas the internal rotation was measured by the highest vertebral spinous process
reached by the patient’s extended thumb. Internal rotation was scored by the following
discrete assignment: 0° = 0, buttocks =1, sacrum =2,L5=3,1L4=4,13=5,12=6,L1=7,
Th12 =8, Th1l =9, Th10 = 10, Th9 = 11, Th8 = 12, Th7 = 13, Th6 = 14. The assessment
included the Constant score [12].

2.6. Statistical Analysis

The Shapiro-Wilk test was used to check the normality of distributions. Descriptive
statistics were presented in terms of means, standard deviations (SD), medians, and ranges.
The significance of pre- vs. postoperative differences within each group was determined
using the Wilcoxon signed-rank test for non-normally distributed data and using the paired
Student t-test for normally distributed data. The significance of differences between groups
was determined using the Mann-Whitney U test (Wilcoxon rank-sum test) for non-normally
distributed quantitative data, the Student unpaired t-test for normally distributed data,
and the Fisher exact test for categorical data. Statistical analyses were performed using
R version 3.6.2 (R Foundation for Statistical Computing, Vienna, Austria). p values < 0.05
were considered statistically significant.

3. Results

Forty-seven patients participated in a matched analysis (23 in OG and 24 in IG).
Cohorts were comparable in terms of age, gender, surgical indication, preoperative ROM,
and Constant score (Table 2).
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Table 2. Comparison Analysis of Pre- and Postoperative Data between Onlay and Inlay Groups.

Onlay Group (OG, n = 23 Patients) Inlay Group (IG, 1 = 24 Patients) p-Value
N (%) N (%)
Mean + SD Median (Range) Mean + SD Median (Range)
Male sex 9 (39.1%) 9 (37.5%) 1.000
Age at index operation (yrs) 746 £7.6 77.0 (59.0-87.0) 750+ 54 75.0 (65.0-87.0) 0.848
Follow-up (months) 273 +29 28.0 (24.0-31.0) 52.0 +14.6 48.5 (24.0-89.0) <0.001
Anterior forward flexion
preoperative 92.4 +40.3 90.0 (15.0-160.0) 87.9 +43.9 80.0 (10.0-165.0) 0.416
postoperative 128.9 +26.8 140.0 (70.0-160.0) 140.4 £ 33.1 150.0 (35.0-180.0) 0.032
improvement 36.5 + 41.8 30.0 (;125%‘;' 52.5 + 41.1 65.0 (172%)5.(')?_ 0.112
p-value * <0.001 <0.001
Internal rotation (°)
preoperative 42 +33 4.0 (1.0-12.5) 51+43 4.0 (1.0-13.0) 0.728
postoperative 4.7 +28 4.0 (1.0-8.0) 354+27 4.0 (1.0-13.0) 0.109
improvement 04£37 0.0 (—4.5-7.0) —-1.6+£51 0.0 (—11.0-6.0) 0.341
p-value * 0.726 0.247
External rotation (°)
preoperative 4.6 +89 0.0 (0.0-30.0) 0.8+41 0.0 (—10.0-10.0) 0.133
postoperative 12.0 £ 15.8 0.0 (0.0-45.0) 19+38 0.0 (0.0-10.0) 0.028
improvement 74+16.2 0.0 (—30.0-40.0) 1.0+5.1 0.0 (—10.0-10.0) 0.191
p-value * 0.049 0416
Constant score
preoperative 334 +15.5 28.0 (13.0-69.0) 333 £ 14.6 325 (5.0-65.0) 0.790
postoperative 67.5+14.3 71.0 (35.0-93.0) 67.7 + 14.1 72.0 (31.0-87.0) 0.898
improvement 34.1+204 34.0 (—20.0-80.0) 344 +19.2 34.5 (3.0-76.0) 0.882
p-value * <0.001 <0.001

* Between pre- and post-operative measurements. Underlined p-values indicate those below 0.05. °—degrees.

The postoperative results are summarized in Table 2. Patients in the IG had a sig-
nificantly greater follow-up compared to the OG (52.0 £ 14.6 vs. 27.3 £ 2.9 months;
p < 0.001). Anterior forward flexion improved significantly in both groups but was signifi-
cantly greater postoperatively in the IG compared to the OG (140.4 & 33.1 vs. 128.9 4 26.8;
p = 0.032). External rotation improved significantly only in the OG (preop: 4.6° 4 8.9°
vs. postop: 12.0° £ 15.8°; p = 0.049) and was also significantly greater postoperatively
in the OG compared to the IG (12.0 = 15.8 vs. 1.9 & 3.8; p = 0.028). In the OG, external
rotation improved in 9 cases (10° to 40°), remained comparable in 11 cases, and worsened
in 3 cases (5° to 30°). In the IG, external rotation improved in 5 cases (5° to 10°), remained
comparable in 17 cases, and worsened in 2 cases (10°). Postoperative internal rotation did
not increase in any members of the two groups and was not significantly different between
the groups. The Constant score improved significantly in both groups.

4. Discussion

The results of this study confirmed our hypothesis; prosthetic designs play a significant
role in postoperative active ROM, despite nonfunctional rotator cuffs. Even if functional
scores were similar between the two groups, IG had better postoperative anterior forward
flexion, and OG a better postoperative active external rotation, even if the infraspinatus
and teres minor presented severe fatty infiltration.

We observed a statistically significant increase in external rotation by 7.4° in the OG
with lateralized humerus compared to IG with medialized humerus. This result might be
related to (1) an increased humeral lateralization, either due to the use of an onlay design or
due to the use of a more varus neck-shaft angle stem (145° vs. 155°) [14,16], (2) a tenodesis
effect and a retensioning of the remnant posterior cuff (Figure 1), (3) a better recruitment of
the posterior deltoid (Figure 1), and (4) less scapular notching [17].
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Native

LGMH LGLH

Figure 1. Factors influencing postoperative external rotation. (A) Native shoulder. The center of rotation is in the humeral
head, and the level of deltoid arm does not allow deltoid recruitment. (B) A combination of lateral glenoid /medial humerus
RSA. As in native shoulders, the bony lateralization of the center of rotation decreases recruitment of the deltoid for rotation.
Additionally, due to the medialized center of rotation compared to the native shoulder, the rotator cuff is slackened and thus
less efficient in rotatory motion. (C) A combination of lateral glenoid/lateral humerus RSA. Additional lateralization on the
humeral side allows important deltoid recruitment and a tenodesis effect and a retensioning of the remnant posterior cuff.

Increased lateralization on the humeral side might have important biomechanical
consequences and affect clinical outcomes. This is theorized to increase the tension of the
rotator cuff muscles, so that their rotational capacities improve [14,18,19]. Lidermann et al.
have shown that the greatest lengthening of the infraspinatus is achieved when a combina-
tion of bone increased offset RSA with a 145° onlay stem is used [14]. Several biomechanical
studies showed improvement of rotator cuff (especially infraspinatus and teres minor)
and posterior deltoid moment arms in lateralized humeral designs [20,21]. The increase in
lateralization could potentially improve the length—tension relationship of the posterior
remnant of the rotator cuff and thus increase its efficiency. However, the increase of external
rotation, we found, may be mainly due to a so-called “tenodesis effect” of the remnant
posterior cuff, which could prevent some loss of active external rotation.

Humeral lateralization improves deltoid muscle efficiency. The increase of external
rotation could perhaps be explained through the “wrapping effect” of the posterior deltoid
when a prosthetic design of lateralized humerus is used [22]. By lateralizing the center
of rotation, a major part of the posterior deltoid fibers is preserved for rotational motion,
which allows for a possible increase in active external rotation [20,23,24]. The moment arm
for the posterior part of the deltoid is approximately 20% of that for the infraspinatus and
teres minor [20,23]. Collin et al. showed that patients with an absence of posterosuperior
rotator cuff (type E rotator cuff tear) still have an external rotation of 20° at 90° of abduction,
potentially generated by the posterior deltoid [9].

A low neck-shaft angle, limiting inferior friction-type impingement, and consequently,
scapular notching, could also explain the difference in external rotation between the two
groups of the present study [17,25-27]. Only one clinical study, performed by Merolla et al.,
compared the same groups as ours using an OG and IG RSA design with a minimum
follow-up of 2 years [28]. Both implants showed similar postoperative ROM between the
low (OG) and high (IG) neck-shaft angles, although the former was associated with signifi-
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cantly greater delta scores of external rotation and lower rates of scapular notching [28].
Lateralization seems to play a significant role in scapular notching [29].

Simovitch et al. reported on the minimal clinically important difference (MCID) for
different shoulder outcome metrics and ROM after shoulder arthroplasty. They noted that
the MCID in terms of active forward anterior forward flexion is 12° + 4° and for active
external rotation is 3° + 2° [30]. With that knowledge in mind, we can explain why we
were not able to find any statistical difference between the clinical outcomes of the OG and
the IG. We noticed a significant improvement of movement in one plane in each group. In
OG, it was external rotation, whereas in IG, it was abduction, which in the end negated
each other; consequently, we could not find a substantial difference between the clinical
outcomes of the two analyzed groups.

All previously mentioned findings are crucial when planning RSA in a patient with
a loss of active external rotation. Effectively, it has traditionally been implied for this
condition that a latissimus dorsi transfer +/— teres major tendon transfer(s) be under-
taken [31,32]. Our study demonstrated that an adequate prosthetic design could be suffi-
cient to restore active external rotation, confirming other reports [33]. Consequently, due to
the additional difficulty, increased operative time, associated loss of internal rotation [34],
and increased neurological complication rate [35], primary transfers do no longer seem
justified, as a simple change in prosthetic design could achieve similar results.

Strengths and Limitations

This study compared two groups of patients that were operated on by the same sur-
geon, using the same surgical technique, with the same glenoid configuration. Furthermore,
the control group was matched according to age, gender, indication, preoperative ROM,
and Constant score. This is the first report to specifically analyze the effect of the lateralized
humeral stem in primary lateralized glenoid RSA in patients with preoperative third- or
fourth-grade fatty infiltration of the infraspinatus and teres minor. We acknowledge, how-
ever, several limitations. First, the retrospective design of this study; however, observation
and recollection biases were reduced by prospective collection of the data. Second, this is
not a randomized study, which might create a sample bias. Third, we did not perform an
a priori sample size calculation. Due to a limited number of patients, we did not divide
patients within the OG between those who had a satisfying postoperative external rotation
and those who did not, preventing analysis of the main predictive factor for this outcome.
Lastly, patients in the IG had a significantly longer follow-up compared to those in the OG.
As external rotation improves with time [36], the difference in range of motion could have
been even more important with a similar follow-up.

5. Conclusions

The use of lateralized RSA with a low neck-shaft angle humeral stem results in
significantly improved external rotation compared to medialized RSA with a 155° humeral
stem, even in cases of severe fatty infiltration of the infraspinatus and the teres minor.
Humeral lateralization and a low neck-shaft angle should be favored when planning
an RSA in patients without a functional posterior rotator cuff. On the other hand, the
medialized humerus with a 155° inlay stem contributed to a greater anterior forward
flexion than the other configuration. However, the change in ROM amongst groups did
not affect the postoperative clinical outcome.
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Abstract: Previous attempts to measure lateralization, distalization or inclination after reverse total
shoulder arthroplasty (rTSA) and to correlate them with clinical outcomes have been made in the
past years. However, this is considered to be too demanding and challenging for daily clinical
practice. Additionally, the reported findings were obtained from heterogeneous rTSA cohorts
using 145° and 155° designs and are limited in external validity. The purpose of this study was
to investigate the prognostic preoperative and postoperative radiographic factors affecting clinical
outcomes in patients following rTSA using a 135° prosthesis design. In a multi-center design, patients
undergoing primary rTSA using a 135° design were included. Radiographic analysis included center
of rotation (COR), acromiohumeral distance (AHD), lateral humeral offset (LHO), distalization
shoulder angle (DSA), lateralization shoulder angle (LSA), critical shoulder angle (CSA), and glenoid
and baseplate inclination. Radiographic measurements were correlated to clinical and functional
outcomes, including the American Shoulder and Elbow Surgeons (ASES), Simple Shoulder Test
(STT), Single Assessment Numeric Evaluation (SANE), and Visual Analogue Scale (VAS) score, active
forward elevation (AFE), external rotation (AER), and abduction (AABD), at a minimum 2-year
follow-up. There was a significant correlation between both DSA (r = 0.299; p = 0.020) and LSA
(r = —0.276; p = 0.033) and the degree of AFE at final follow-up. However, no correlation between
DSA (r =0.133; p = 0.317) and LSA (r = —0.096; p = 0.471) and AER was observed. Postoperative AHD
demonstrated a significant correlation with final AFE (r = 0.398; p = 0.002) and SST (r = 0.293; p = 0.025).
Further, postoperative LHO showed a significant correlation with ASES (r = —0.281; p = 0.030) and
LSA showed a significant correlation with ASES (r = —0.327; p = 0.011), SANE (r = —0.308, p = 0.012),
SST (r = —0.410; p = 0.001), and VAS (r = 0.272; p = 0.034) at terminal follow-up. All other correlations
were found to be non-significant (p > 0.05, respectively). Negligible correlations between pre- and
postoperative radiographic measurements and clinical outcomes following primary rTSA using a 135°
prosthesis design were demonstrated; however, these observations are of limited predictive value for
outcomes following rTSA. Subsequently, there remains a debate regarding the ideal placement of the
components during rTSA to most sufficiently restore active ROM while minimizing complications
such as component loosening and scapular notching. Additionally, as the data from this study show,
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there is still a considerable lack of data in assessing radiographic prosthesis positioning in correlation
to clinical outcomes. As such, the importance of radiographic measurements and their correlation
with clinical and functional outcomes following rTSA may be limited.

Keywords: reverse total shoulder arthroplasty; DSA; LSA; lateralization; distalization; radiographic
analysis

1. Introduction

In the past years, the prevalence and clinical use of reverse total shoulder arthroplasty
(rTSA) in the USA has dramatically increased by 40.8%, with 30,850 procedures being
performed in 2013 compared to 21,916 in 2011 [1]. First designed by Paul Grammont
in 1985 for the treatment of arthritic shoulders with severe cuff insufficiency [2,3], the
rationale of rTSA was to medialize the center of rotation, and to distalize the humerus
relative to the acromion, resulting in increased deltoid muscle tension in an attempt to
facilitate active forward elevation (AFE) [4]. The initial design with a humeral inclination
of 155° showed promising long-term functional outcomes, however it failed to restore
active external rotation (AER) and led to significant scapular notching, which has been
reported to occur in 74% to 88% of cases [2,3,5-8].

Thus, recent studies have focused on significant design modifications to improve active
range of motion (ROM) by increasing lateralization on the glenoid side, implementing a
more anatomic humeral inclination of 135°, and decreasing distalization of the humeral
shaft [5,6,9-12]. As a result, Boileau et al. demonstrated that lateralization of the glenoid
improved postoperative AER, and subsequently decreased the risk of scapular notching [5].
However, the increased use of rTSAs still elicits high rates of postoperative complications,
occurring in 39% to 59% of cases [13,14]. However, of interest, Mahendraraj et al. recently
showed that the distalization shoulder angle (DSA) and lateralization shoulder angle
(LSA) may be reproducible measures, but seem to have only marginal correlation with
postoperative clinical outcomes. As such, further investigations into the prognostic utility
of minimally cumbersome rTSA measurement methodologies are warranted [15].

As intraoperative implant positioning has been shown to influence complication rates,
attempts have been made to correlate pre- and postoperative radiographic measurements
to clinical and functional outcomes [16,17]. However, these measurements and their corre-
lation to outcomes in patients following rTSA are controversial among shoulder surgeons,
while current evidence on the importance of these measurements is still lacking. Previous
attempts to measure distalization of the humerus as well as medjialization of the center
of rotation have been considered to be too demanding for daily clinical practice [18,19],
which has led Boutsiadis et al. to introduce more reproducible measurements and to
evaluate their impact on postoperative clinical outcomes [20]. The authors showed that
a lateralization shoulder angle (LSA) of 75° to 95° was correlated wirh increased AER,
whereas a distalization shoulder angle (DSA) of 40° to 65° was correlated with increased
AFE. However, the reported findings were obtained from a heterogeneous rTSA cohort
using 145° and 155° designs and were limited in external validity and due to small sample
sizes. Further, Jeon et al. found insufficient AFE in patients with increased postoperative
lateral humeral offset (LHO) [21]. However, this was only observed when rTSAs were
performed using medialized implants, to increase the force on the anterior deltoid (in
patients with severe cuff tear arthropathy). As such, data on patients undergoing rTSA
using a 135° prosthesis design remain limited.

The purpose of this study was to determine prognostic radiographic factors affecting
clinical and functional outcomes in patients undergoing primary rTSA using a design with
a humeral inclination of 135°. The authors hypothesized that there would be no significant
correlation between radiographic measurements and clinical and functional outcomes
following primary rTSA.
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2. Methods
2.1. Study Design

A retrospective multi-center review was conducted on rTSA cases performed by
5 independent surgeons from 5 separate institutions between June 2013 and January 2018.
Institutional review board permission was obtained prior to initiation of the study (IRB
17-202-2). Patients who underwent primary rTSA using an implant with a 135° humeral
inclination for the treatment of cuff tear arthropathy or primary glenohumeral arthritis
with a minimum follow-up of 2 years were included in the study. Patients were excluded if
they underwent rTSA using a 155° prothesis design, were revision cases, had concomitant
fractures of the humeral head or glenoid requiring surgery, or had neurovascular injuries.

2.2. Outcome Measures

American Shoulder and Elbow Surgeons (ASES), Simple Shoulder Test (SST), Single
Assessment Numeric Evaluation (SANE) and Visual Analogue Scale (VAS) scores were
collected preoperatively and at final follow-up [22,23]. Furthermore, range of motion,
consisting of active forward elevation (AFE), active abduction (AABD) and active external
rotation (AER), were recorded preoperatively and at final follow-up.

2.3. Surgical Procedure

All surgical procedures were performed utilizing a uniform implant design (Univers
Reverse; Arthrex Inc., Naples, FL, USA). A deltopectoral approach was used in all cases.
Subscapularis repair was based on surgeon preference. On the glenoid side, this system
provides a 36, 39, or 42 mm glenosphere with neutral, 4 mm lateralized, or 2.5 mm
inferior eccentric options. Inclination angle, glenosphere size and offset were based on
intraoperative deltoid tension, implant stability, and notching according to surgeon’s
preference. On the humeral side, the prosthesis has a modular cup which allows the
surgeon to implant the component with either 135° or 155° of inclination. All humeral
components were implanted by press-fitting. No patients required bone grafting.

2.4. Radiographic Evaluation

All patients had standard preoperative and postoperative radiographs (true anteri-
orposterior, y view and axillary view). Radiographic assessment was performed by two
independent viewers blinded to patient outcomes. Radiographic measurements were
performed on standard anteroposterior (AP) view performed at the most recent preopera-
tive and last postoperative visit. Preoperative measurements included center of rotation
(COR), critical shoulder angle (CSA) acromiohumeral distance (AHD), lateral humeral
offset (LHO), and glenoid inclination (GI). Postoperative measurements included AHD,
LHO, baseplate inclination (BI), distalization shoulder angle (DSA), and lateralization
shoulder angle (LSA) [20,21,24-26].

AHD was measured by calculating the perpendicular distance between the most
lateral portion of the undersurface of the acromion and a line parallel to the superior border
of the greater tuberosity [21] (Figure 1). LHO was measured by determining the distance
from the AHD line to the most lateral projection of the greater tuberosity [21] (Figure 2).
LSA was measured by drawing a line from the superior glenoid tubercle to the most lateral
border of the acromion and a second line from the most lateral border of the acromion
to the most lateral border of the greater tuberosity. The angle between these two lines
formed the LSA [20] (Figure 3a). DSA was measured by drawing a line between the most
lateral border of the acromion and the superior glenoid tubercle and drawing a second
line to connect the superior glenoid tubercle with the most superior border of the greater
tuberosity. The angle between these two lines formed the DSA [20] (Figure 3b). Glenoid and
baseplate were determined as the angle between the floor of the supraspinatus fossa and
the glenoid fossa [25] (Figure 4). COR was measured by determining the best fit circle flush
to the articular surface, identifying the center of the circle in the humeral head, and then
measuring the distance of the perpendicular line between the center of the humeral head
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and the midpoint of the line connecting the superior and inferior glenoid tubercles [24]
(Figure 5b). CSA was measured by a line from the superior pole to the inferior pole of the
glenoid and a line from the inferior pole to the lateral edge of the acromion [26] (Figure 5a).
In addition, scapular notching was graded according to the Nerot-Sirveaux classification
and severity of preoperative cuff tear arthropathy was evaluated according to the Hamada
classification [27,28].

Figure 1. (a) Preoperative acromiohumeral distance (AHD; green line); (b) postoperative acromiohumeral distance (AHD;
green line).

Figure 2. (a) Preoperative lateral humeral offset (LHO; green line); (b) postoperative lateral humeral offset (LHO; green line).
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a

Figure 3. (a) Lateralization shoulder angle (LSA); (b) distalization shoulder angle (DSA).

Figure 4. (a) Glenoid inclination (green angle); (b) baseplate inclination (green line).

2.5. Statistical Analysis

Descriptive statistics including mean and standard deviation for continuous variables
and frequency and proportion for categorical variables were calculated to characterize
the study groups. The relationships between clinical outcome measures and radiographic
measurements were examined graphically with scatterplots and with Pearson correlation
coefficients (rho). The effect of DSA and LSA on postoperative forward elevation was ex-
amined using a mixed effects linear model to account for patients nesting within surgeon’s
practices. An interclass correlation coefficient (ICC) was calculated to determine repro-
ducibility of the radiographic measurements. A p-value < 0.05 was considered statistically
significant. All analyses were performed with Stata statistical software (StataCorp. 2017.
Stata Statistical Software: Release 15. College Station, TX: StataCorp LLC).
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Figure 5. (a) Critical shoulder angle (CSA; green angle); (b) center of rotation (COL green line).

3. Results
3.1. Subjects

Ninety-four rTSAs meeting the study criteria were performed during the study period.
Of those, 61 were available at final follow-up (Figure 6). The mean age of patients was
69.2 £ 8.2 years (range: 53-88) with a mean follow-up of 3.1 £ 0.7 years (range: 2.0-4.2)
years. Most patients were female (55.7%). Patient demographics are demonstrated in

Table 1.

rotator cuff tears

Patients with progressive osteoarthritis and irreparable

Patients meeting study
criteria

n=61

Figure 6. Flowchart displaying inclusion criteria.
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Table 1. Patient demographics (N = 61).

n %
Sex
Male 27 443
Female 34 55.7
Mean age + SD (years) 69.2 £82
Mean follow-up =+ SD (years) 31+£07
Dominant Arm Involved 32 52.0
Right Shoulders 33 54.0
BMI 299 +7.0

3.2. Clinical Outcome

Overall, there was significant improvement in all clinical outcome measures from
pre- to postoperative. SST improved from 2.5 & 1.8pre to 8.0 = 2.6p0st, SANE improved
from 28.9 4= 22.7pre to 80.7 4= 20.1post, VAS improved from 6.0 £ 2.2 pre to 1.4 & 2.3p0st,
ASES improved from 37 £ 14.5p to 78.1 £ 21.6pest- At final follow-up, there was no
significant difference in SST, SANE, VAS, and ASES when comparing patient populations
of the different institutions.

In addition, there was significant improvement in ROM from pre-to postoperative.
AFE improved from 92 4= 36°pre to 131 4= 27°p0st, AABD improved from 69 4= 35 to
109 + 38°post, AER improved from 29 = 18°ye t0 42 & 1905t at final follow-up (p < 0.01,
respectively). When comparing ROM of patients at the different institutions, no significant
difference was found for AFE, AABD, or AER.

3.3. Inter-Rater Reliability of Radiographic Analysis

Inter-rater reliability was calculated for COR, Pre-CSA, Pre-AHD, Post-AHD, DSA, Pre-
LHO, Post-LHO, LSA, glenoid inclination, baseplate inclination, Hamada and Notching
grades. Reliability was found to be good for most of the radiographic measurements.
However, Pre-AHD (ICC = 0.37; CI: 0.18-0.55) showed only poor reliability. Moderate to
good ICC was found for COR (ICC = 0.68; CI: 0.51-0.8), DSA (ICC = 0.66; CI: 0.32-0.82) and
glenoid inclination (ICC = 0.66; CI: 0.47-0.79). Mean values of radiographic measurements
with corresponding inter-rater reliability are demonstrated in Table 2.

Table 2. Inter-rater reliability for all radiographic measurements and mean values for radiographic
analysis.

Mean + SD ICC ICC 95% CI Reliability
COR 20.9 + 3.9 mm 0.68 [0.51,0.8] Moderate-Good
Pre CSA 35.2 £ 4.5 deg 0.9 [0.9, 0.94] Good
Pre AHD 5.1+ 32mm 0.37 [0.18, 0.55] Poor
Post AHD 26.3 £ 9.5 mm 0.88 [0.82, 0.93] Good
DSA 38.6 £ 9.6 deg 0.66 [0.32,0.82] Moderate-Good
Pre LHO 9.9 + 5.7 mm 0.86 [0.79, 0.91] Good
Post LHO 9.5+ 6 mm 0.84 [0.75, 0.89] Good
LSA 89.2 +11.9 deg 0.84 [0.73,0.9] Good
Glenoid inclination 81.2 + 6.8 deg 0.66 [0.47,0.79] Moderate-Good
Baseplate inclination 83.2 £ 6.4 deg 0.79 [0.69, 0.86] Good

Abbreviation: COR = center of rotation; Pre CSA = preoperative critical shoulder angle; Pre AHD = preoperative
acromiohumeral distance; Post AHD = postoperative acromiohumeral distance; DSA = distalization shoulder an-
gle; Pre LHO = preoperative lateral humeral offset; Post LHO = postoperative lateral humeral; LSA = lateralization
shoulder angle.
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3.4. Correlation between Preoperative Radiographic Measurements and Clinical Outcomes

Pre-AHD was found to have a significant correlation with final AER (p = 0.016;
r = 0.314). Additionally, Pre-LHO showed a significant correlation with final ASES (p = 0.032;
r=—0.277). COR, CSA, and glenoid inclination had no significant influence on clinical
outcomes at terminal follow-up (p > 0.05, respectively) (Appendix A Table AT).

3.5. Correlation between Lateralization and Clinical Outcomes

Post-LHO was found to significantly correlate with final ASES (p = 0.03; r = —0.281).
Further, there was a significant correlation of LSA with final SST (p = 0.001; » = —0.41),
final pain score (p = 0.034; r = 0.272), final SANE (p = 0.018, r = —0.308), and final ASES
(p =0.011; r = —0.327). Further, there was a significant correlation between LSA and final
AFE (p = 0.033; r = —0.276). Correlations of LSA with final AER (p = 0.471; r = —0.096) and
AABD (p = 0.824; r = 0.030) were found to be non-significant (Appendix A Table AT).

3.6. Correlation between Distalization and Clinical Outcomes

Post-AHD had a significant correlation with final SST (p = 0.025; r = 0.293). On the
contrary, DSA showed no significant correlation to any clinical outcome measures. Post-
AHD demonstrated a significant correlation to final AER (p = 0.002; » = 0.398). In addition,
DSA significantly influenced final AFE (p = 0.02; r = 0.299). No significant correlations were
found between DSA and final AER (p = 0.317; r = 0.133) and AABD (p = 0.283; r = 0.145).

3.7. Prediction of Active ROM

The highest degree in AFE was observed in patients presenting with a postoperative
DSA between 40° and 60°. Patients with an AFE < 100° (n = 5) were further shown to have
a DSA smaller than 40° (Figure 7). When looking at the LSA, patients with an AFE < 100°
(n = 4) had an LSA greater than 95°. The highest degree in AFE was observed in patients
having an LSA between 75° to 95° (Figure 8). However, there was no statistically significant
correlation between distalization (p = 0.317) and lateralization (p = 0.471) to AER at final
follow-up.

Postoperative Active Forward Elevation
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®DSA: less than 40 degrees ~ ————-

Figure 7. Scatterplot showing the linear correlation between DSA and LSA for final AFE. Good
final AFE could be seen for DSA between 40 and 60° and LSA between 80 and 100°; Abbreviations:
DSA = distalization shoulder angle; LSA = lateralization shoulder angle; AFE = active forward
elevation.
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Figure 8. Scatterplot showing the linear correlation between LSA and DSA for final AFE. Good
final AFE could be seen for DSA between 40 and 60° and LSA between 80 and 100°. Abbreviations:
DSA = distalization shoulder angle; LSA = lateralization shoulder angle; AFE = active forward
elevation.

4. Discussion

The most important finding of this study was that there was only a negligible correla-
tion between radiographic measurements and clinical and functional outcomes following
primary rTSA using a design with a humeral inclination of 135°. Even though statistically
significant correlations between postoperative outcomes scores and radiographic mea-
surements were found, these observations are of limited predictive value for outcomes
following rTSA. The data gathered from this multi-center study indicate that the impor-
tance of radiographic measurements and their correlation with outcomes following rTSA
may be limited.

In the postoperative setting, lateralization in rTSA can be expressed by different
radiographic variables, including LHO, LSA, and COR. In their retrospective study, Jeon
et al. demonstrated that an increased postoperative LHO was found to be a significant
risk factor for poor restoration of postoperative AFE, when using an implant designed to
be medialized [21]. In contrast, the data from this study showed that in a cohort using a
lateralized implant, no significant relationship between preoperative and postoperative
LHO and AFE could be demonstrated. However, in this study, post-LHO was found to
significantly influence final ASES score, which may be of limited predictive value, as this
finding did not allow for drawing a definite conclusion.

Increasing the lateralization of the COR in rTSA using a medialized implant design
has been shown to result in greater active ROM [9]. As only few studies have focused on
measuring COR in lateralized implants [18,29], the authors from this study could not find
a significant relationship between COR, clinical outcomes, and final active ROM when
using a lateralized rTSA design. Similar to a previous study by Boutsiadis et al. [20], who
reported that patients achieved the highest degree in postoperative AFE and AABD with a
DSA between 40° and 65° and the highest degree in AER when having a LSA of 75° to 95°,
the findings of this study demonstrated a significant correlation between LSA and AFE as
well as DSA and AFE. Additionally, the highest degree in AER was noted in patients having
LSA values between 75° and 95°; however, a direct correlation of LSA and DSA with final
AER and AABD could not be confirmed [20]. This may be explained by existing differences
in implant designs being used, as all included patients uniformly underwent rTSA using a
lateralized design with a humeral inclination of 135°. In contrast, Boutsiadis et al. included
patients with two different implant designs (145° and 155° humeral inclination) [20].

Additionally, a positive correlation between LSA and DSA could be shown, which is
consistent with the current literature [20]. In a lateralized rTSA design, a lower LSA, which
corresponds to a more medialized implant, is associated with a larger DSA, indicating a
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greater distance between the acromion and humerus. To this, the findings from this study
suggest that a LSA greater than 100° correlates with a DSA of less than 40°, thus reducing
final AFE. Considering the current literature, lateralization of rTSA has been shown to
increase postoperative AFE and AER by restoring the anatomic COR, while optimizing
recruitment of the muscle fibers [6,30,31]. However, LSA was noted to be between 75°
and 95° for optimal implant lateralization, with excessive lateralization resulting in less
active ROM.

Increasing distalization, in order to improve tension on the deltoid muscle, has been
shown to play an important role in rTSA [4]. In a computer-based model using different
humeral offset and stem designs, Liédermann et al. demonstrated a strong positive linear
relationship between AHD and AFE and AABD [6]. Furthermore, the authors showed
that AHD decreased by 6 mm when switching from a 155° inlay design to a 135° onlay
design. Even though it was shown that a higher AHD, expressed as arm lengthening,
was related to a higher degree in AFE [6], the exact amount of arm lengthening remains
inconclusive [6,18,32,33].

First introduced by Moor et al. [26], the CSA has been reported to be a reproducible
radiographic index. As a larger CSA has been found to be associated with degenerative
rotator cuff tears, there is still limited knowledge regarding its influence on rTSA [34].
Even though Roberson et al. [34] reported improved AFE in patients with a lower CSA, no
significant relationship between CSA and clinical outcomes scores or final active ROM was
found in this study.

Taking these findings into account, there remains a debate regarding the ideal place-
ment of the components during rTSA to most sufficiently restore active ROM while mini-
mizing complications such as component loosening and scapular notching. Additionally, as
this study further verified, there is still a considerable lack of data in assessing radiographic
prosthesis positioning in correlation with clinical outcomes. This may lead shoulder sur-
geons to overestimate current data and the importance of radiographic measurements and
their correlation with outcomes following rTSA.

There are several limitations to the study. First, the study cohort was not randomized.
Second, although outcomes were collected prospectively, data were reviewed retrospec-
tively, which could create selection bias. Third, all radiographic measurements are highly
dependent on patient orientation during radiographic imaging, as angles and distances
are influenced by the position of the scapula as well as rotation of the humerus. However,
this reflects daily clinical practice, as radiographic imaging, even if standardized, can show
significant variances. Fourth, the multi-center design of this study including five surgeons
from different sites leads to differences in implant positioning and intraoperative and
postoperative outcomes. However, for the purpose of this study, the authors intended to
demonstrate that even with high experience and expertise in this field, the observations
and findings from this study and its subsequent comparison to the current literature should
be interpreted with careful attention.

5. Conclusions

Negligible correlations between pre- and postoperative radiographic measurements
and clinical outcomes following primary rTSA using a 135° prosthesis design were demon-
strated. However, these observations are of limited predictive value for outcomes following
rTSA. Subsequently, there remains a debate regarding the ideal placement of the compo-
nents during rTSA to most sufficiently restore active ROM while minimizing complications
such as component loosening and scapular notching. Additionally, as the data from this
study showed, there is still a considerable lack of data in assessing radiographic prosthesis
positioning in correlation to clinical outcomes. As such, the importance of radiographic
measurements and their correlation with clinical and functional outcomes following rTSA
may be limited.
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Appendix A

Table Al. Table showing correlation between radiographic analysis and final clinical outcome scores.

ASES SANE SST VAS FE ABD ER

COR r —0.079 0.080 0.006 0.154 0.170 —0.176 —0.011
p—value 0.547 0.545 0.966 0.235 0.194 0.190 0.937

Pre CSA r —0.035 0.056 —0.056 0.051 —0.211 —0.212 —0.187
p—value 0.794 0.672 0.677 0.697 0.105 0.113 0.156
Pre AHD r 0.085 0.142 0.124 —0.059 —0.051 —0.015 0.314
p—value 0.518 0.284 0.349 0.652 0.697 0.910 0.016
Pre LHO r —0.277 —0.243 —0.251 0.177 —0.048 —0.037 0.035
p—value 0.032 0.064 0.055 0.173 0.716 0.783 0.790
Post—AHD r 0.150 0.179 0.293 —0.135 0.398 0.111 0.233
p—value 0.253 0.174 0.025 0.299 0.002 0.411 0.075

Post LHO r —0.281 —0.215 -0.197 0.193 0.086 0.045 —0.003
p—value 0.030 0.102 0.135 0.136 0.513 0.739 0.985
DSA r 0.169 0.099 0.234 —0.145 0.299 0.145 0.133
p—value 0.198 0.456 0.075 0.266 0.020 0.283 0.317

LSA r -0.327 —0.308 —0.410 0.272 —0.276 0.030 —0.096
p—value 0.011 0.012 0.001 0.034 0.033 0.824 0.471
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Table A1. Cont.

ASES SANE SST VAS FE ABD ER

Inclination Glenoind. r —0.066 —0.156 —0.095 0.132 0.072 0.176 0.104
p—value 0.614 0.238 0.473 0.310 0.583 0.191 0.435
Inclination Baseplate r —0.121 0.038 —0.102 0.123 0.122 0.106 0.050
p—value 0.356 0.776 0.442 0.347 0.353 0.433 0.710

Hamada r —0.009 0.067 —0.031 0.013 0.156 —0.141 —0.289
p—value 0.947 0.613 0.817 0.919 0.233 0.297 0.026

Notching r —0.030 —0.165 0.042 0.151 —0.246 —0.133 —0.214
p—value 0.818 0.213 0.754 0.244 0.058 0.325 0.104

Significant values (p < 0.05) are highlighted. Abbreviation: COR = center of rotation; Pre CSA = preoperative critical shoulder angle;
Pre AHD = preoperative acromiohumeral distance; Post AHD = postoperative acromiohumeral distance; DSA = distalization shoulder
angle; Pre LHO = preoperative lateral humeral offset; Post LHO = postoperative lateral humeral; LSA = lateralization shoulder angle; FE =
postoperative forward elevation; ABD = postoperative abduction; ER = postoperative external rotation; ASES = Postoperative American
Shoulder and Elbow Surgeons; SST = Postoperative Simple Shoulder Test; VAS = Postoperative Visual Analogue Scale; SANE = Postoperative
Single Assessment Numeric Evaluation.
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Abstract: Background: Glenoid wear is a common complication of anatomical total shoulder arthro-
plasty (aTSA) with a metal-backed glenoid (MBG), and the clinical and radiological results of his-
torical implants are poor. The aim of this work was to evaluate the clinical and radiological results
of 25 participants as well as the longevity after implantation of an anatomic shoulder prosthesis
with a recent, modular cementless flat metal-backed glenoid component after a mean follow-up
of 5.7 years. Methods: Clinically, the Simple Shoulder Test (SST), UCLA Activity Score (UCLA),
and Constant Murley Score (CMS) were evaluated. Radiographically, the radiolucent lines (RLs),
humeral head migration (HHM), and lateral glenohumeral offset (LGHO) were assessed. Survival
was calculated with Kaplan-Meier curves and life-table analysis. Results: The mean CMS at follow-up
was 46.2 points (range: 14-77; SD: 19.5). In terms of the SST score, the average value was 6.5 points
(range: 1-10; SD: 3.5). The UCLA activity score showed a mean value of 5.9 points (range: 1-9; SD:
2.1). There were 17 revisions after a mean follow-up of 68.2 months (range: 1.8-119.6; SD: 27.9). HHM
occurred in every patient, with a mean measurement of 6.4 mm (range: 0.5-13.4; SD: 3.9; p < 0.0001).
The mean LGHO between the initial postoperative and follow-up images was 2.6 mm (range: 0-4.0;
SD: 1.5; p < 0.0001). RLs were found in 22 patients (88%) around the glenoid and in 21 patients
(84%) around the humeral head prosthesis. Conclusion: The clinical and radiographic outcomes after
metal-backed glenoids were poor at 2.2 to 8.4 years of follow-up. We determined devastating survival
in the majority of cases (68%), with mostly inlay wear (71%) as the main reason that led to revision
surgery. The use of metalback genoids cannot be recommended based on the data of this study.

Keywords: clinical outcome; metal back glenoid; midterm results; prosthesis; radiologic outcome;
shoulder

1. Introduction

Over the past decades, the total number of implanted TSAs has increased significantly,
and this trend continues [1,2]. Despite a huge overhand of reverse total shoulder implants
(RSA), the main indication for aTSA is indicated in patients with primary osteoarthritis
(OA) with an intact rotator cuff (RTC) and no severe glenoid retroversion, biconcavity, or
bone defect and younger age [3]. In this patient group, aTSA was still the implant of choice.

Longevity and low complication rates are crucial for patients, especially younger
individuals. For aTSA survival, the glenoid component represents the weak link [4-6].
There are two types of glenoid components: cemented all-polyethylene glenoids (PEGs)
and MBGs.

The usual pick for aTSA is the cemented all-PEG. However, high rates of glenoid
component loosening and wear are reported in cemented all-PEGs [6]. The first attempts to
improve the stability of glenoid components have led to the development of metal-backed
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implants. As a rule, MBG components consist of the “metal back” itself and a polyethylene
(PE) component that articulates with the humeral head component. This creates a further
contact surface between two different materials with possible complications, e.g., disso-
ciation of the two parts or abrasion of the components. Additionally, these glenoids can
increase the width of the two components or reduce the PE content and may stress shield
the underlying bone due to primary stable fixation [7]. The results of historical metalback
glenoids in the literature are rather poor, and based on a systematic review of Papadoniko-
lakis and Matsen carried out in 2014, it was determined that MBGs are not advisable as they
have higher failure rates [6]. Following the success of reverse prostheses, the development
of modular MBG implants is currently attracting renewed interest. These implants have the
potential to be used for both anatomical and reverse shoulder endoprostheses. Revision
surgery should theoretically be less complicated as the glenoid baseplate does not require
removal [8]. The purpose is thus to lower glenoid component loosening rates and raise the
possibility of revising the implant via RSA due to the modularity of most implants. Despite
concerning reports of high complication rates of MBGs in aTSA, newer designs promise to
lower the complication rate and yield better results with the possibility of converting the
prosthesis very easily to a reverse implant if necessary [8]. In this study, we evaluated the
clinical and radiological results, as well as the survival rate of the aTSA with a modular
cementless flat MBG.

2. Materials and Methods
2.1. Study Population

All subjects gave their informed consent for inclusion before participating in the
study. The study was conducted in accordance with the Declaration of Helsinki, and the
protocol was approved by the local Ethics Committee of the state of Upper Austria (Study
number 1167/2020). The case number consisted of 25 patients (15 women) who underwent
shoulder arthroplasty in the period from 01/2009 to 07/2020. Included in the study were
all patients who received an aTSA with a flat MBG in the specified period. The indication
for implantation was an intact RTC without severe fatty infiltration (Fuchs grade < 2) as
well as radiographically determined omarthrosis, which was accompanied by severe pain
in the shoulder joint and restricted movement of the affected arm and glenoid morphology
according to Walch A1, 2 and B1 [9,10]. The exclusion criteria for performing aTSA included
a full-thickness RTC tear and/or fatty infiltration of the RTC (Fuchs grade > 2), glenoid
morphology according to Walch B2, B3, C, and D.

The minimum follow-up time from prosthesis implantation to the last reevaluation
was 24 months, with a mean follow-up time of 68.6 months (range: 25.9-100.7). All patients
were required to have pre- and postoperative radiographic images of the operated shoulder.
Exclusion criteria for participating in the study were neurologic abnormalities or inability
to fulfill the study requirements.

2.2. Data Collection and Assessment

Clinically, the postoperative Constant Murley Score (CMS), UCLA-Score, and the
Simple Shoulder Test (SST) were assessed at the final follow-up. Radiologically, every
patient had preoperative X-rays in two planes (anterior-posterior (AP) and axillary or
y-view) and MRI or CT. CT and MRI were used for the classification of the preoperative
glenoid morphology, according to Walch et al. [10], and RTC degeneration, according to
Fuchs et al. [9]. Immediately postoperatively and at final follow-up, all patients received at
least an X-ray in two planes (AP and axillary or y-view).

The postoperative X-ray images were calibrated over the known head size of the
implanted humeral head. Radiolucent lines (RLs) around the humeral and glenoid com-
ponents were assessed from the postoperative X-rays. Postoperative X-rays were also
used to evaluate the center of rotation (COR). Postoperative radiographs were needed to
measure the humeral head migration (HHM) and lateral glenohumeral offset (LGHO).
HHM was measured via the smallest distance between the COR and the dense cortical bone

130



J. Clin. Med. 2022, 11, 6107

marking the underside of the acromion. The difference between immediately postoperative
AP X-rays and AP X-rays at final follow-up was calculated. The COR was determined
as described by Alolabi et al. [11]. The debridement of the PE was measured using the
LGHO as a difference (millimeter) of LGHO from immediately postoperative AP X-rays
and LGHO from AP X-rays at final follow-up, which was determined by the distance from
the medial edge of the baseplate to the most lateral point of the greater tuberosity (Figure 1).

Figure 1. Postoperative radiographs of a left shoulder demonstrate the measurement method of the
lateral glenohumeral offset (above X-ray image) and the humeral head migration (below X-ray image).

To evaluate RLs around the glenoid, the Lazarus scoring system, originally described
for pegged glenoid components, was applied [12]. To evaluate the RLs around the humeral
component in our study, the AP radiographs were assessed, and the axillary view was
taken by dividing the implant-bone interface into three different sections.

Similarly, the radiolucent lines around the humeral component were assessed us-
ing eight distinct zones. For the humeral components, the analysis was based on the
classification by Molé et al. [13] (Figure 2).
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2.7 mm

Figure 2. Postoperative radiographs of the left shoulder. The above X-ray image shows the anatomical
circle (blue) and the implant-matched circle (orange), according to Alolabi et al. [11]. The distance
between the two centers was measured (ACOR). In the X-ray image below, an assessment of radiolu-
cent lines (RLs) for the glenoid and humeral components is shown. Glenoid RLs were quantified in
5 zones (1-5) considering their thickness, while the humeral RLs were quantified in 3 different zones
(a, b, and c). The Radiograph shows radiolucency in zone a.

2.3. Statistical Analysis

For statistical analysis, a comparison was made between the values originally collected
postoperatively and those collected at the follow-up examination. If the Shapiro-Wilk test
did not obtain a normal distribution, the Wilcoxon test for paired samples was used instead.
We also used descriptive statistics for data evaluation. The data were evaluated and
compared using Origin Pro® 9.0 (OriginLab Corp, Northampton, MA, USA) and SPSS®
26.0 software (IBM Corp, Armonk, NY, USA). OriginLab® was used to create a Kaplan—
Meier plot for the endpoints defined as revision for conversion to RSA and revision for any
reason. Furthermore, common statistical methods, such as the mean values, medians, effect
sizes, ranges, and standard deviations (SDs), were used in this study.

3. Results

None of the patients were lost to the follow-up. The average age of the patients at
the time of surgery was 64.8 years (SD: 11.0) and, on the day of the examination, 70.9 (SD:
8.7) years. Most of the subjects received the prosthesis on their left shoulder, comprising
13 patients (52%). Among them, 12 patients were right-handed. A total of 12 patients
had prostheses implanted on the non-dominant side. In all patients, an Eclipse™ humeral
prosthesis combined with a Universal Glenoid™ baseplate from Arthrex® was implanted.
The Univers 3D Metal Back is made of the Material Ti6Al4V. The Eclipse™ Humeral Head is
made of the material CoCr, and the inlay is made of PE. The company of the tools, Arthrex
Inc., is based in Naples, FL (34108-1945), USA. Details of the implants used in every patient
were documented, and acceptable combinations between the size of the baseplate and
humeral head in which the radii fit together properly were chosen for every patient. Table 1
shows patients’ demographics, implant details, preoperative glenoid morphology, RTC
degeneration, and postoperative deviation from the native center of rotation.
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Table 1. Patient demographics and implants.

Age at Pross.thesis Humeral . Wal.c h F‘.m.hs . .
Case Implanta- Gender Indication 1'de Base:plate I[{lay Head Preoperative (.Zlasslﬁca- Classification ACOR in
tion 1: Right Size Size Size CT/MRI tion of fhe of Rotator mm
I: Left Glenoid Cuff

1 74 f OA r m m 45 MRI Al SC:J,T 5131:; 12 1S: 27
2 58 f OA 1 s s 39 MRI A2 SC:2 },T ‘ﬁ 21 Is: 15
3 73 m oA r 1 1 47 MRI A2 SC:]T'T?&: 21 40
4 78 f OA 1 m m 43 MRI A2 SC:]T,T‘%[:: % 1S: 18
5 67 m OA r 1 1 47 MRI A2 SC:l 1 . 513[:: 2l IS: 15
6 59 f OA r s s 41 MRI A2 SC:lT /T ‘?3[:: 11, 1S: 08
7 70 f pOA r m m 47 MRI Al SC:lT /T {ii:: 1], 1S: 26
9 76 f oA 1 m m 13 MRI Al T 41
10 49 m OA r m m 43 MRI A2 SCzl},T :ii:: 1l IS: 08
11 45 f OA r m m 43 CT Al SC:S,T :ii 11 1S: 16
12 68 £ 0A 1 m m 3 MRI Al Scfﬁai: v 17
13 56 m OA r m m 45 CcT Al SC:J,T 5131 11 IS: 11
1 68 m 0A 1 m m 3 MRI A2 SC:J'TSI\%I’: ye 09
15 65 f OA 1 s s 41 MRI Al SCzl},T t?a:: 11 IS: 08
16 60 £ 0A r m m 4 MRI A2 SCH}'T%;: s 12
17 62 m OA 1 s s 41 MRI Al SC:]T'T?SI:: % 15: 25
18 59 f OA 1 s s 43 MRI Al SC:]T 'T‘ﬁ:: 1] 15: 15
19 56 m oA 1 m m 47 cr Al Ve 16
20 63 m oA 1 s s a1 MRI Al IV 22
2 61 f oA 1 s s 39 MRI Al VA 10
2 80 f pOA r m m 47 MRI A2 Sl 15
23 72 m oA 1 1 1 13 MRI A2 ™ 23
24 49 f OA 1 m m 43 MRI A2 SC:S,T :ii 21 IS: 15
25 76 m 0A r 1 1 3 MRI Al SC‘S'T?\?I‘: v 18

Abbreviations: SC: M. subscapularis, SS: M. supraspinatus, IS: M. infraspinatus, TM: M. teres minor,
OA: osteoarthritis, pOA: posttraumatic OA.

3.1. Clinical Outcome

The total score of CMS on the implanted arm at follow-up was, on average, 46.2 points
(range: 14-77; SD: 19.5) in 25 patients. Of those patients, the average total score on the
unaffected arm was 75.4 points (range: 22-100; SD: 18.4). On the assessment day, the
average score on the affected arm in the strength area was 3.8 points (SD: 3.7). The patients
rated the subjective pain classification using the VAS ranging from 0 to 15, with an average
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of 9.7 (SD: 3.7) out of 15 points. Only one participant (4%) achieved complete freedom
from pain. The mean score for everyday activities was 12.8 (range: 3-20; SD: 5.3). At the
follow-up examination, the mean score in the mobility range was 19.9 (range: 4-38; SD: 9.9).
The results of the SST in the surveys had a mean score of 6.5 (range: 1-10; SD: 3.5), with a
median of 8. The UCLA score was, on average, 5.9 (range: 1-9; SD: 2.1), with the median
lying at 5 points.

3.2. Radiologic Outcome

In 22 patients (88%), RLs around the glenoid component were found. In 21 (84%)
patients, the humeral component showed RLs. The overall mean Lazarus grade for the
glenoid component was 2.1 points (range: 0-4; SD: 1.1; p < 0.001; effect size: 2.0). There
were only two patients with an RL thicker than 2 mm. In detail, there were three patients
with a Lazarus grade of 0 (12%), three patients with a grade of 1 (12%), eight patients with
a grade of 2 (32%), ten patients with a grade of 3 (40%), one patient with a grade of 4 (4%)
and none with a grade of 5. The overall mean points given by the classification according
to Molé et al. [13] were 3.4 (range: 0-7; SD: 2.17; p < 0.001; effect size: 1.6). Most patients
had a score of 3, followed by a score of 0 and 6, each with the same number of frequencies.
No patient had a score of 1, and only one had a score of 7.

Upward migration of the humeral head was observed in all of the patients. The
mean difference between the HHM value of the initial postoperative radiograph and
the latest follow-up was 6.4 mm (range: 0.5-13.4; SD: 3.9; p < 0.001; effect size: 1.6). In
7 study participants, the humeral head migrated more than 10 mm. On the other hand,
only two patients had an HHM of less than 1 mm.

In 23 out of 25 cases, polyethylene wear was detected after a mean follow-up of
62.3 months. For LGHO, the mean difference between the first postoperative radiograph
and the last follow-up was 2.6 mm (range: 0—4.0; SD: 1.5; p < 0.001; effect size: 1.7). In most
patients (9), the inlay wore between 2 and 4 mm. On the other hand, only four patients had
an LGHO difference of 1 to 2 mm.

3.3. Complications and Revisions

Seventeen patients (8 women) were revised, mostly because of polyethylene wear. In
patients undergoing revision surgery for any reason, the mean age at implantation of the
anatomic prosthesis was 63.3 years (range: 45-80; SD: 10.5), and at revision, the average
age was 68.8 years (range: 51-84; SD: 9.6). Among our study group, the probability of
prosthesis survival was 32% (17 revisions) after a mean follow-up of 68.2 months (range:
1.8-119.6; SD: 27.9). In 12 cases (71%), PE wear was the most prevalent reason for revision
surgery. Three patients had RTC injuries, and one patient had glenoid loosening as the
cause of the revision. Only one patient developed a wound infection after surgery, resulting
in the need for revision. Figure 3 shows the overall implant survival curve of our study.
There, after around 75 months, the median has been reached. Afterward, the revision cases
occurred more frequently in less amount of time. Censored were all patients on their last
follow-up time who did not undergo revision surgery. In the graph, it can be seen that
the first revision occurred quite early, after 1.8 months. The last revision occurred after
119.6 months. The graph shows that the first half of the revisions took 3/4 of the total time
span. In contrast, most of the revisions were done after the midpoint of the timeline.
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Figure 3. Kaplan-Meier plot depicting survival of the aTSA with MBG from implant revision for any
reason among the study population.

Altogether, thirteen patients, seven of whom were female, were converted to RSA. Out
of the 13 revision cases, there were different reasons for conversion to an RSA. With 85%
(11 cases), the most common indication for revision was polyethylene wear. The remaining
2 cases had secondary RTC tears as reasons. In all of them, an explantation of the Eclipse™
implant and switch to Arthrex Reverse TSA was performed. The mean time to revision
for conversion to RSA was 80.7 months (range: 40.5-152.6; SD: 30.9), whereas the mean
age of the patients at revision was 71.2 years (range: 61-84; SD: 7.9). Figure 4 shows the
Kaplan-Meier survival curve from conversion to RSA. The survival rate free of revision for
conversion to RSA was 48% at 80.7 months. After approximately 85 months, half of the
patients got conversion surgery to RSA. The median of revisions came in later than in the
first Kaplan-Meier curve. The first conversion to RSA happened after 40.5 months and the
last much later at 152.6 months, as seen in the Kaplan-Meier curve (Figure 4).

The time interval between the first and last revision is described in Figure 4 as consid-
erably higher. Figure 5 shows a radiograph taken right before a revision for conversion to
RSA, highlighting both PE wear and humeral implant loosening with varus-tilting.
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Figure 4. Kaplan-Meier plot depicting survival of the aTSA with MBG from implant revision for

conversion to RSA among the study population.

I
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Figure 5. The image on the left side shows an X-ray taken shortly before a revision operation for
conversion to RSA, demonstrating inlay abrasion with a tilt of the humeral head towards the metal-
back as a direct sign of inlay abrasion and loosening of the humeral component with varus-tilt due
to osteolysis and PE wear. The image on the right side presents an intraoperative situs of the inlay

after removal.
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4. Discussion

Anatomical shoulder arthroplasty is an effective method for treating degenerative
joint diseases if the bone substance is enough and the RTC is intact [14]. Nevertheless,
compared to knee or hip replacements, TSAs have a relatively short lifespan, averaging ten
years [15]. Therefore, each component of the shoulder prosthesis should be well chosen,
aiming for the longest possible survival. Any part of the prosthesis can lead to revision
surgery if it is not harmonized with the other components or is flawed.

At a mean follow-up of 68.2 months (range: 1.8-119.6; SD: 27.9), complete revision
in our study cohort was required in 17 patients (68%), and 71% of shoulders undergoing
revision (12 of 17) had PE wear as the main reason. These results were similar to findings
from a study by Gauci et al. [16], in which a total of 26 out of 69 shoulders were revised,
including 16 out of 26 shoulders in the MBG group. After a follow-up period of 12 years,
the survival of the implants was 24% (SD: 0.10) for the metal-backed components. PE
wear with metal-on-metal contact, RTC deficiency, and instability accounted for revision
in the MBG group [16]. Gauci et al. [16] had a similar patient number, indications for
revision, and survival rates. However, their follow-up period was longer than ours, so
their findings may indicate what we have to deal with in the future, namely, a decrease
in the survival of the implants. Over time, the chances of degenerative changes in the
bone and deterioration of the inlay increase due to extended use of the shoulder joint after
implantation of the prosthesis.

Another study conducted by Boileau et al. [17], also showed with 46% a very poor
survival rate in 165 TSAs with 2 to 16 years of follow-up and a mean age of 68 years.
These patients were diagnosed with primary OA and then treated with aTSA using an
uncemented MBG component. The outcome for the survival rate free of revision was 46%
at 12 years, with the endpoint for the survival curve defined as either complete or partial
revision. Of the study population, 61 patients, or 37%, had undergone revision surgery
after a mean follow-up of 8.5 years, 49 of whom had evidence of PE inlay wear [17]. It is
worth mentioning that in our study, a similar rate of revisions was caused by PE wear. For
the survival rates in our study, the longevity of the prostheses until revision surgery was
reported. The mean follow-up was greater than ours, and our study’s indication for aTSA
with MBG was also mainly OA. The revisions of the patients in our study came in earlier.
However, this study has a higher patient coverage.

To date, with 570 metal-backed TSAs, the most extensive series show low survival
rates with MBG implants in aTSA with 95 revisions from a total of 121 accounting for
metal-backed prostheses after 15 years [18]. This shows that prostheses with MBGs lead
to increasing revision rates over time, rendering MBGs inadvisable for long-term use. A
systematic literature search was conducted by Papadonikolakis and Matsen [19] regarding
papers stating radiographic leakage, loosening, or revision of the glenoid component in
aTSAs that had been carried out in patients of all ages and with any diagnosis. They found
that when comparing 1571 MBG and 3035 full-PEG implants, the revision rate was more
than three times higher for MBG components (14%) than for full-PE components (3.8%),
according to the authors’ findings. As many as 77% of revisions of full-PE components
were due to loosening, whereas 62% of revisions of MBG components occurred due to
other causes, such as PE wear, metal wear, component dissociation or fracture, screw
fracture, and RTC tear [20]. Our age distribution correlates with similar results of specific
studies published by Gauci et al. [16] and Taunton et al. [21]. Age could also play a
considerable part in the results since older patients may have a lower functional demand
than younger patients or tend to have higher rates of RTC deficiency, which correlates with
patient age [22]. It has been argued that, in comparison to older patients, young patients
have higher functional demands and higher expectations of enhanced capacity for social
interaction, participation in sports, and exercise [23].

The mean age of our patients was 70.9 years. Similar mean patient age of 68 years was
found in the study by Taunton et al. [21]. It was also found that at an average follow-up
of 9.5 years, the five-year survival rate in this study was 79.9%, and the 10-year survival
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rate was 51.9%, leading the authors to express significant concern about the utilization of
metal-backed, uncemented glenoid components [21,24].

In our study, the objective and subjective clinical results were poor. The clinical
outcomes of our study were, in general, worse than those in similar studies on the topic of
aTSA with MBG, especially for CMS. The flat profile design of our MBG and the screws
with a small diameter that we used could contribute to the worse outcome, as not all studies
compared had a flat MBG or utilized screws with a small diameter. Altogether, with the
ADL score, which was on average 12.8 (64%), the most important domains for patients’
quality of life were not as poor as might be expected. This could be mainly due to the
advanced age of the patients and the relatively inactive life they lead. Almost all study
participants were retirees who did not require high mobility. A similar negative result was
found in a study by Clement et al. [25]. Therein, 49 shoulders with metal-backed glenoids
of 39 patients had an average CMS of 33.5 after a minimum follow-up of 132 months.
However, no patient was able to abduct their arm to 90 degrees pre- or postoperatively [25].
A study by Fucentese et al. [26] that examined the clinical and radiographic outcomes
associated with the use of an uncemented soft-metal-backed glenoid component found a
CMS of 65.9 in 22 patients after a mean follow-up of 50 months [26]. The study from Gauci
et al. [16] had a CMS of 64, similar to the one from Fucentese et al. [26], which was found
in 7 shoulders with MBG from 23 MBG prostheses, of which 16 were lost to follow-up, at
a mean follow-up of 10.3 years [16]. In 2017, Kany et al. [27] noted a mean CMS of 56.6
and a mean SST of 6.7 points in their study of 14 TSAs with MBG [27]. This implies a poor
outcome in MBG prostheses, which was also apparent in our case. Another study by Kany
et al. [28] found a mean CMS score of 60 in a total of 26 cases, 16 of whom had TSA with
MBG and a mean SST score of 8 [28]. The study by Kany et al. [28] had a similar patient
outcome but a moderately better CMS and SST score than ours.

The radiological results are in concordance with the clinical results of our study. These
radiographic results reaffirm the poor clinical scores. The radiological results correlate with
the clinical results.

In our study, there was a huge difference in RLs from the first postoperative radio-
graphic control to the follow-up. At follow-up, 22 patients (88%) had one or more RLs on
the glenoid, and 21 patients (84%) had RLs on the humeral components, whereas none
were found at the first postoperative admission. In contrast, the study by Boileau et al. [29]
showed RLs in only 5 of a total of 20 shoulders with an MBG after a mean follow-up of
38.4 months [29]. For the humeral component, Gallacher et al. [14] analyzed a total of
100 shoulders from 86 patients with a mean follow-up of 35.4 months (range 24-76 months).
The study found that 12% had incomplete RLs, and 4% had complete RLs [14]. Magosch
et al. [30] conducted a study of 48 TSA-implanted patients with MBG who were clinically
and radiologically followed up with a mean of 49 months. They found in total 4 cases of
incomplete RLs, two cases with under 1 mm of thickness, and 2 cases with RLs < 2 mm.
As in our study, they did not find glenoid component loosening in their cases. However,
we had more cases with RLs using the same prosthesis type as Magosch et al. [30]. In
summary, 8 cases from their study required revision [30,31]. Unlike other studies, ours had
a large number of RLs. The high amount of PE wear could be responsible for this. However,
none of the MBGs at the follow-up were loose despite RLs and rarefication due to PE wear.
Furthermore, in the literature, it has been reported that the prevalence of RLs in TSA ranges
from 22% to 95%, and they occur in both types of glenoids, whether they are cemented
or uncemented. However, evaluation of radiolucency from radiographs is prone to error,
with standardization of patient position being difficult due to scapulothoracic mobility
and individual anatomic differences. The lack of a standardized scoring system makes
the comparison of findings challenging [32]. RLs rates were shown to be highly variable
throughout studies, complicating comparisons of related factors.

HHM was detected on the AP radiographs in all patients within our study. Clinically,
proximal humerus migration is important because it implicates a disturbance of normal
glenohumeral kinematics from which advanced RTC disease is often a sign [33]. There
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was a mean difference between the HHM of the first postoperative radiograph and the
last follow-up of 6.4 mm (range: 0.5-13.4; SD: 3.9; effect size: 1.6). This indicates a serious
disturbance of normal glenohumeral kinematics. Montoya et al. [34] observed HHM in 8 of
53 patients after a mean follow-up of 64 months [34]. A comparison of HHM between our
study and other findings in the literature reveals that HHM is more common in our study,
but for the most part, the level of upward migration is rather moderate.

Regarding the LGHO, we see a similar pattern. Among 25 patients, 23 developed PE
wear. In some patients, the MBG also showed signs of wear to some extent. The LGHO in
our study had a mean difference between the first postoperative imaging and the follow-up
of 2.6 mm (range: 0—4.0; SD: 1.5; effect size: 1.7). All patients who underwent revision had
radiographic signs of wear of the glenoid component as well as superior HHM at follow-up.
It has been shown by biomechanical and clinical studies that MBG implants used in aTSA
have adverse effects on both the PE and the underlying glenoid bone [20]. In the future,
finite element computational analysis (in silico) will allow implant designs to be tested and
improved in advance. This could help reduce PE wear and therefore support the longevity
of shoulder prostheses with an MBG [35,36].

Long-term studies of MBG implants and their LGHO measurements on radiographs
are lacking, making comparative studies scarce. Nevertheless, this is an important issue
that can be used to dispute the beneficial effect of MBG components in aTSA, as almost all
individuals in the study population received HHM, RLs, and LGHO. Analysis of the results
for clinical scores showed a similar trend as described above for radiological outcomes.

In summary, the propagated advantage of the new modular MBG components con-
cerning prosthesis survivability cannot be confirmed in our study. The clinical results are
consistent with the radiological results, which are also unacceptably poor.

The study conducted had some limitations. The number of patients was relatively low
at 25. We did not include a control group for comparison purposes. A comparison group
would be desirable, especially in view of the unusually high complication and revision rate.
The results of the present study are also compared against old MBGs with known technical
problems and a significantly longer follow-up.

Due to the fact that angles and lengths are impacted by the location of the scapula
and the humerus rotation, all radiographic measures are strongly reliant on the patient’s
orientation during radiographic imaging. Radiographic imaging, even when standardized,
can reveal massive differences. However, no patients were lost to follow-up. In addition,
the same implant was used throughout the entire study population, with the same surgical
technique being performed by two experienced shoulder surgeons.

5. Conclusions

In conclusion, considering all previously mentioned aspects, aTSAs with MBG provide
poor clinical and radiological outcomes. Concerns from previous studies were fulfilled in
that anatomic shoulder prostheses with an MBG present rapid inlay wear and have a low
survival rate, reaching 32% in our study at 68.2 months. In the future, further long-term
follow-up studies on modern MBGs need to be carried out, with more participants and the
inclusion of a control group.
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Abstract: Background: Total shoulder arthroplasty (TSA) and hemiarthroplasty (HA) have shown
good clinical outcomes in primary avascular necrosis of the humeral head (PANHH) both in short and
long terms. The purpose of this study was to assess the complications, the clinical and radiological
outcomes of shoulder arthroplasty in young patients with PANHH. Methods: One hundred and
twenty-seven patients aged under 60 years old and suffering from PANHH were operated with
arthroplasty. Patients were assessed clinically and radiographically before surgery with a minimum
of 2 years of follow up (FU). Results: HA was performed on 108 patients (85%). Two patients were
revised for painful glenoid wear after 2 and 4 years. TSA was performed on 19 patients (15%). Five
TSA had to be revised for glenoid loosening (1 = 4) or instability (1 = 1). Revision rate was 26% with
TSA and 2% with HA. There were no significant differences between HA and TSA in terms of clinical
outcomes. Conclusions: With a mean FU of 8 years, HA and TSA improved clinical outcomes of
patients with PANHH. HA revisions for painful glenoid wear were rare (2%). The revision rate was
excessively high with TSA (26%).

Keywords: shoulder arthroplasty; glenohumeral osteoarthritis; avascular necrosis of the humeral
head; hemi arthroplasty; total shoulder arthroplasty; young patients

1. Introduction

Primary avascular necrosis of the humeral head (PANHH) is the result of the necrosis
of the bone tissue and bone marrow of the humeral head. It often affects patients in their
4th or 5th decade. While many etiologies are linked to corticosteroid therapy or alcohol
abuse, most of the time no causes are identified. Several studies have investigated the
results of shoulder arthroplasty for PANHH. Total shoulder arthroplasty (TSA) [1-5] and
hemiarthroplasty (HA) [1,6-11] have shown satisfactory clinical outcomes in short-, mid-
and long-term follow-up (FU). It has been well demonstrated that post-traumatic necrosis
resulted in inferior outcomes than PANHH [1,12,13]. Only two studies [1,4] have compared
the results of HA and TSA but gathered primary and post-traumatic AVHH [1] or the two
groups were not comparative in terms of age and age related factor [4]. Therefore, our
aim was to assess the complications, the clinical and radiological outcomes of shoulder
arthroplasty for PANHH in patients aged 60 years old or younger at the time of the
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surgery. The hypotheses were that HA and TSA would (1) both improve clinical outcomes
during the FU midterm (2) but would differ with TSA having a higher rate of complication
than HA.

2. Materials and Methods
2.1. Patients

A multicenter retrospective study among 9 centers was conducted. Inclusion criteria
were patients suffering from PANHH operated with total shoulder arthroplasty (TSA) or
hemiarthroplasty (HA), aged 60 years old or under at the time of the surgery. Exclusion
criteria were post-traumatic avascular necrosis, and less than 2 years between surgery and
last follow-up (FU) for clinical and radiological analysis.

One hundred and twenty-seven patients were operated between 1991 and 2015 with
a mean age of 46 years old (SD 10, range 19-60): 108 HA and 19 TSA. The etiologies of
PANHH were Churg and Strauss disease (1 = 2), corticotherapy for Hodgkin lymphoma
(n = 2), drepanocytosis (1 = 1) and post-radiotherapy (1 = 1). For the other 121 patients
(95%), no specific etiologies were found, and osteonecrosis was therefore classified as
idiopathic. Five patients had undergone conservative treatment prior to arthroplasty:
micro-fractures (n = 3), arthroscopic suprasupinatus repair (n = 1) and acromioplasty
n=1).

We evaluated clinical outcomes with passive and active range of motion using the
Constant score [14] and Subjective shoulder value [15] (SSV). Radiographic evaluation
consisted of true anteroposterior radiographs of the gleno-humeral joint using a standard-
ized protocol during the preoperative evaluation and the last follow-up. The osteonecrosis
severity was assessed with Ficat’s [16] classification modified by Cruess [17] (Table 1).

Table 1. Pre-operative radiographs assessed by Ficat’s classification modified by Cruess.
i ) i )
[

n= 0 4 (3.3%) 38 (31.4%) 40 (33%) 39 (3.3%)

Stage V

Radiographs were evaluated by a senior and a resident orthopedic surgeon. Pre-
operative radiographs were missing for 6 patients. Radiolucent lines (RLL) around the
humeral stem and the glenoid component (of TSA) were assessed with Mole score [18]. All
patients provided informed consent for their participation in this study, which had been
approved by the institutional review board.

2.2. Operative Technique

The operative technique was performed in a beach-chair position under general
anesthesia with an inter-scalene block. The surgical approach was almost exclusively
deltopectoral and anterosuperior in 2 cases (2%). Tenodesis and subscapularis repair were
systematic. For 2 patients (2 HA), the cuff tear was also repaired while undergoing the
arthroplasty. The type of arthroplasty was left to the operator’s choice and to the severity
of the osteoarthritis.

2.3. Hemiarthroplasty Group

Hemiarthroplasty was performed on 108 patients (85%). On pre-operative radio-
graphs, Ficat and Cruess classification stages were in 12 times stage 2, in 36 times stage 3,
in 37 times stage 4 and in 21 times stage 5. Two pre-operative radiographs were missing (1,
8%). Hemi-metal implants were implanted 67 times (62%), 6 (5%) hemi pyrocarbone, 19
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(18%) pyrocarbone interposition (PI) sphere and 16 (15%) resurfacing. Overall a stem was
used in 67% of times. Hemi-metal implants included 63 Aequalis Anatomic (Tornier SAS-
Wright Medical, Bloomington, MN, USA). Among them 6 were uncemented. Otherwise
4 uncemented Ascend flex anatomic were used (Tornier SAS-Wright Medical). Hemi-
pyrocarbone implants were uncemented Ascend Flex anatomic stems (Tornier SAS-Wright
Medical). PI spheres corresponded to Inspyre implant (Tornier SAS-Wright Medical).
Resurfacing and stemless implants consisted of 6 Aequalis Resurfacing Head (Tornier
SAS-Wright Medical), 4 Copeland (Biomet, Inc., Warsaw, IN, USA), 2 Global Cap Resurfac-
ing (DePuy Orthopaedics, Warsaw, IN, USA), 2 TESS (Total Evolutive Shoulder System)
(Biomet, Inc., Warsaw, IN, USA), 1 HemiCAP-Arthrosurface ® system (Arthrosurface, Inc.,
Franklin, MA, USA) and 1 Affinis stemless (Mathys, Bettlach, Switzerland).

2.4. Total Anatomic Arthroplasty

Total anatomic arthroplasty was performed on 19 patients (15%). On pre-operative
radiographs, Ficat and Cruess classification was in 1 time stage 3 and in 14 times stage
5. Four pre-operative radiographs were missing. On the glenoid side, 3 (16%) metal-
backed and 16 (84%) keeled full polyethylene (PE) components were used. Humeral stems
consisted of Aequalis anatomic for 17 (Tornier SAS-Wright Medical) and Ascend flex stems
(Tornier SAS-Wright Medical) for 2. The stem was cemented for 78% of the procedures.

2.5. Statistical Analysis

Data collection and statistical analysis were investigated with the free online software
EasyMedStat (www.easymedstat.com; Neuilly-Sur-Seine; France). Continuous data were
expressed as mean (standard deviation, minimum-maximum) and categorical data were
given as absolute and relative frequencies (%). To compare differences between preop-
erative and last FU data, the Student t-test for paired data or the Wilcoxon signed-rank
test were used accordingly. Survival rate without a revision surgery and its 5% pointwise
confidence intervals were estimated with the method of Kaplan Meier. The significance
level was set at p < 0.05.

3. Results
3.1. Postoperative Complications

Thirteen patients (9%) suffered from postoperative complications: 6 (6%) in the HA
group and 7 (37%) in the TSA group (OR =9.9; 95% CI = (2.9; 34.4); p < 0.001). In the HA
group, 2 painful glenoid wear complications were observed as well as 1 humeral shaft
fracture, 1 coagulase-negative Staphylococcus infection, 1 cuff tear involving supraspinatus
and subscapularis, and 1 ulnar nerve palsy which recovered in 3 months. In the TSA group,
one patient had an immediate posterior dislocation with a metal-back glenoid.

3.2. Reoperations

Three HA were reoperated without a humeral stem revision: One patient suffered
from a humerus shaft fracture after a trauma and was treated by plating. Another patient
had a massive cuff tear type A [19] after a severe trauma in a motor bike accident and
was repaired with an open approach. The last patient had an arthroscopic biopsy due to
acute pain which appeared one year after the surgery. Bacterial cultures were negatives.
During the last FU (116 months after), this last patient’s range of motion was excellent.
Nevertheless, Constant score was 61, especially because the patient was still in pain. None
of the TSA that needed to be reoperated had to undergo a revision of prosthetic components.

3.3. Revisions

Revision surgery was required for 7 patients (6%) including 2 HA (2%) and 5 TSA
(26%) (OR = 20; (95% CI = 4-116); p < 0.001). Survival rate without revision at 5 years
was 97% (89-99%) for HA and 97% (89-99%) for TSA. At 10 years, survival rate without
revision was 95% (68-99%) for HA and 57% (19-82%) for TSA (p < 0.001) (Figure 1).
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Figure 1. Survival curve of HA and TSA after PANHH.

In the HA group, 2 were revised for glenoid wear. The stage of Ficat’s classification
in pre-operative radiographs was stage 3. The first one was a resurfacing HA (Figure 2)
complicated with painful glenoid wear at 49 months and reoperated with a pyrocarbone
HA. During the final FU, 2 years after the revision surgery, the Constant score was 55 and
SSV 80%.

Figure 2. Resurfacing complicated by glenoid wear at 49 months of FU.

The second case was a metal HA where glenoid wear occurred at 25 months of
FU (Figure 3). The humeral stem was unchanged and a cemented full PE glenoid was
implanted. During the final FU, 3 years after the revision surgery, the Constant score was
57 and SSV 70%.
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GAUCHE DEBOUT

Figure 3. HA metal complicated by glenoid wear at 25 months of FU.

In the TSA group, one patient who had a posterior instability underwent a full-PE
implant but due to a glenoid loosening 5 years later, it lead to a definitive explanation
of both humeral and glenoid components with a poor functional result (CS = 15). Three
patients with glenoid loosening were reoperated using HA (Figure 4).

(b)

Figure 4. (a) TSA complication due to glenoid loosening at 9 years FU and (b) reoperated using an HA.

3.4. Clinical Outcomes

For clinical and radiological analysis, patients who had their FU within 2 years,
and those who sustained a revision of their primary arthroplasty were excluded, leaving
92 patients: 83 HA with a mean FU of 8.2 years (SD: 5.2, range: 2-26) and 9 TSA with a
mean FU of 8.8 years (SD: 5.6, range: 2-18) (p = 0.84). At the last FU, both HA and TSA
were significantly improved regarding CS, and SSV (p < 0.01) with a mean CS of 76 for HA
and 71 for TSA (p = 0.35). Details and range of motion are provided in Table 2.
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Table 2. Clinical outcomes in hemi-arthroplasty and total anatomic arthroplasty surgeries.

Forward External Internal o
Elevation (°)  Rotation (°) Rotation (/10) €5 (100) S8V (%)
Hemi-arthroplasty (1 = 83)
Preoperative 105 + 37 22 +£18 47 +25 37 £14 39 £17
3 (30-180) (—10-70) (0-10) (10-71) (5-70)
Last FU 154 4+ 23 39 £19 71+19 76 £ 11 87 £13
(90-180) (—10-85) (2-10) (50-96) (60-100)
p-Value @ <0.001 * <0.001 * <0.001 * <0.001 * <0.001 *
Total Anatomic Arthroplasty (1 =9)
Preoperative 112 +£29 14 +£19 42+29 43 +£11 33+ 14
3 (80-160) (—10-45) (0-10) (28-55) (20-50)
Last FU 142 + 33 39 £18 62+29 71 £20 73+6
(90-170) (10-60) (2-10) (43-94) (70-80)
p-Value @ 0.055 <0.01* 0.022* <0.01* <0.001 *

2 p-Value for the difference between preoperative and last FU (Wilcoxon signed-rank test * p < 0.05).

3.5. Radiological Analysis

At last FU, the mean humeral RLL score was 0.02 (range 0-1) for HA and 2.0 (range
0-6) for TSA (p = 0.002). In the HA group, there was no significant trend between glenoid
bone wear and the pre-operative stage of Ficat and Cruess classification (p > 0.05). In the
TSA group, the mean glenoid RLL score was 5.2 (range 0-18) with 2 migrated glenoid
implants, considered as loosened but no revision surgery had been done (CS =49 and 67).
After 7 to 10 years postoperatively, glenoid loosening was observed in 6 patients who had
not received revision surgery. There was no significant trend between glenoid loosening
and the pre-operative stage of Ficat and Cruess classification (p > 0.05).

3.6. Comparison between Different Hemi-Arthroplasties

There were no significant differences between HA regarding postoperative complica-
tions, revision surgery and clinical outcomes (Table 3).

Table 3. Comparison of complications, revision surgery and clinical outcomes among different hemi-arthroplasties.

Metal-Head Pyrocarbon Resurfacing Interposition Value
(n =67) (n=6) (n =16) Sphere (n =19) P
Postoperative 5 o o o
Complication (%) 6% 0% 6% 5% !
Revision surgery (%) 1% 0% 6% 0% 0.40
Metal-Head Pyrocarbon Resurfacing Interposition Value
(n =47) (n=5) (n=13) Sphere (n = 18) P
155 £ 22 148 £ 27 149 £ 27 154 +£23
s o
Forward Elevation (%) (90-180) (110-170) (100-180) (110-180) 098
35+18 53+ 15 44 +16 42 +21
. ()
External Rotation (°) (—10-70) (45-80) (20-70) (—10-85) 0.09
. 6.6 £2.0 84+£17 6.8+24 77+15
Internal Rotation (/10) (2-10) (6-10) (4-10) (4-10) 0.14
73 £ 14 75 +10 75+13 78 £ 10
Constant Score (/100) (30-91) (61-89) (54-96) (61-95) 0.79
o 82 +21 86 +9 82 +11 89 +12
S8V (%) (40-100) (80-100) (60-100) (65-100) 046

4. Discussion

The purpose of our study was to evaluate clinically and radiographically the outcomes
of shoulder arthroplasty in young patients with PANHH. Both HA and TSA improved
the clinical function of affected patients significantly after 8.2 years (mean FU). Revision
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surgeries for glenoid wear were low (2%). Complications after TSA were excessively high
with 32% exhibiting glenoid loosening and 26% receiving revision surgery.

Mansat et al. [2] reported outcomes on 19 HA with a mean FU of 7 years. Mean
Constant score (58 points) was significantly improved at last FU. Post-irradiation PANHH
yielded the worst results. At long term, with a mean FU set at 12 years, Smith et al. [6]
confirmed in 31 HA that mean motion range had still improved significantly (p < 0.001).

In our study, two hemi-metal implants (2%) had revision surgery for glenoid wear at
2.4 and 4.1 years postoperatively, with pre-operative Ficat classification at stage 3. Mansat
et al. [2] related painful glenoid wear developed in 2 of the 14 HA (14%) at 6.2 and 9.6 years
of FU. Only one patient with low Constant score (33 points) had revision surgery. At
long term, Smith et al. [6] noted 14 glenoid erosions out of 23 shoulders (61%), but only
2 patients had revision surgery for TSA (7%). The estimated survival rate for HA in their
study was 100% after 5 years and 92% after 10 and 15 years.

In our study, survival rate without revision surgery was 97% (89-99%) and 95%
(68-99%) at 5 and 10 years. No significant differences between different types of HA,
regarding postoperative complication, revision surgery or clinical outcomes were observed.
Nevertheless, anatomic cemented stems with metal head (Aequalis, Tornier SAS-Wright
Medical) were the device which had the longest follow up and excellent treatment out-
comes.

In Herschel et al. [20] study, valgus position of the prosthetic humeral and glenoid
cysts were identified as risk factors for glenoid erosion after HA. The size of the humeral
head component was not correlated with glenoid erosion in the study of Al-Hadithy
etal. [21].

TSA gave excellent results at short and middle term but it exposed patients to glenoid
implant loosening.

In our study, glenoid loosening occurred in 6 of 19 TSA (31.6%) between 7 and 10 years
FU but this cohort was small. Four TSA had been reoperated. Two glenoids components
considered as loosened did not undergo a new surgery (CS = 49 and 67).

Schoch et al. [4] followed 71 TSA after PANHH with a mean follow up of 7.7 years.
Pain and range of motion were significantly improved. Among them, 11 (15%) underwent
reoperation at a mean time of 4.4 years (range, 0.6-11 years) after index arthroplasty. Four
patients (5%) needed to be reoperated for aseptic glenoid loosening.

In a prospective study, Parch et al. [3] prospectively evaluated 13 TSA at a mean follow-
up of 30.2 months (range, 1449 months). Shoulder function assessed by the Constant
score improved from 18 (adjusted score, 24%) to 51 (adjusted score, 69%; p < 0.001). They
observed that patients younger than 65 years obtained lower adjusted Constant scores
(mean, 58%; n = 7) than patients older (mean, 82%; n = 6; rs = —0.73, p = 0.02). During follow
up, the patient with the lowest adjusted Constant scores was the one with progressive
glenoid erosion preoperatively.

Relatively few studies compared the outcomes between HA and TSA for PANHH in
the literature. Recently, a study by Ristow et al. [5] assessed 10 TSA and 19 HA and showed
no significant differences in clinical outcomes with a mean follow-up of 3.9 years (range,
1-8.5 years). Mean age at surgery was 49.2 years (range, 16-77 years). It demonstrated a
trend of better outcome scores with TSA but without statistical significance. Traumatic
cases concerned 20% of their patients which impacted the results.

Feeley et al. [1] compared 26 HA vs. 17 TSA with 4.8 years of FU. TSA was associated
with lower ASES score and decreased forward flexion compared to hemiarthroplasty
(p <0.05). There were significantly more reoperations in the TSA group (22%) among
which 4 exhibited glenoid loosening. Schoch et al. [4] compared 67 HA vs. 71 TSA with
a mean FU of 9.3 years. At the time of final follow-up, active elevation was significantly
higher in the HA group (p = 0.04).

In our study, despite a shorter follow up with HA, 2 HA had revision surgery for
glenoid wear with a mean follow up of 11.9 years. Twenty years later, the percentage of
reoperation-free patients was calculated to be 87%. Fifteen percent of TSA had revision
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surgery with a mean time of 4.4 years at index surgery. Four of eleven patients were
reoperated for aseptic glenoid loosening. Reoperation-free survival rate was calculated to
be 79% (CI, 67-92).

Our study has inherent limitations due to its retrospective and multicentric design. It
mixed different kinds of hemiarthroplasties with a heterogeneous follow-up. Moreover,
the cohort of TSA was smaller with a smaller FU than HA. Nevertheless, it analyses one of
the longest FU in the literature about shoulder arthroplasty for PANHH. There were no
statistical differences between clinical outcomes and post-operative complications with
the stage of the osteonecrosis. Glenoid wear occurred rarely after HA. TSA seemed to
be complicated by glenoid loosening more. Humeral metal-head implants gave excellent
results and are still a good option for HA.

5. Conclusions

With a mean follow-up of 8 years, HA and TSA improved significantly clinical out-
comes in patients with PANHH. Revision surgeries of HA for painful glenoid wear were
rare (2%), but the revision rate for glenoid loosening was high with TSA (26%).
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Abstract: Background: In older patients requiring a total shoulder replacement (TSR) and with an
intact rotator cuff, there is currently uncertainty on whether an anatomic TSR (aTSR) or a reverse
TSR (rTSR) is best for the patient. This comparison study of same-aged patients aims to assess
clinical and radiological outcomes of older patients (>75 years) who received either an aTSR or
an rTSR. Methods: Consecutive patients with a minimum age of 75 years who received an aTSR
(n = 44) or rTSR (n = 51) were prospectively studied. Pre- and post-operative clinical evaluations
included the ASES score, Constant score, SPADI score, DASH score, range of motion (ROM) and pain
and patient satisfaction for a follow-up of 2 years. Radiological assessment identified glenoid and
humeral component osteolysis, including notching with an rTSR. Results: We found postoperative
improvement for ROM and all clinical assessment scores for both groups. There were significantly
better patient reported outcome scores (PROMs) in the aTSR group compared with the rTSR patients
(p < 0.001). Both groups had only minor osteolysis on radiographs. No revisions were required in
either group. The main complications were scapular stress fractures for the rTSR (n = 11) patients
and acromioclavicular joint pain for both groups (aTSR = 2; rTSR = 6). Conclusions: This study of
older patients (>75 years) demonstrated that an aTSR for a patient with good rotator cuff muscles
can lead to a better clinical outcome and less early complications than an rTSR. Level of evidence:
Level II—prospective cohort study.

Keywords: anatomic total shoulder replacement; reverse total shoulder replacement; Lazarus score;
Sirveaux score; older patients; clinical scores

1. Introduction

In shoulder replacement, the type of shoulder prosthesis chosen for a particular patient
is based on the underlying pathology, in particular the status of the rotator cuff, the degree
of bony erosion, and the biological age of the patient.

Rotator cuff tendons degenerate progressively with increasing age and with secondary
wasting of the muscle belly [1,2], and rotator cuff tears are present in almost 50% of
the population in their 8th or 9th decade of life [3]. In the other 50% of older patients
with an arthritic glenohumeral joint but an intact rotator cuff requiring a total shoulder
replacement (TSR), there is at present uncertainty as to which patients would do better
with an aTSR. There is a currently an increasing tendency to recommend a reverse total
shoulder replacement (rTSR) in patients older than 70 years with an intact rotator cuff [4],
which seems to assume that the result of an aTSR vs. an rTSR in this age group is similar.

This study aims to compare the results both clinically and radiologically, and the rate
of complications, between a group of patients 75 years or over who had either an aTSR or
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an rTSR. The hypothesis is that patients with an aTSR have better clinical outcomes than
same age patients receiving an rTSR.

2. Materials and Methods
2.1. Study Protocol and Patients’ Eligibility

The nested study interrogated two existing databases from the same department.
These included consecutive patients 75 years or older with either advanced primary gleno-
humeral osteoarthritis (OA) with or without an intact rotator cuff (RC), or an irreparable
rotator cuff tear with minor osteoarthritis, who had a TSR.

Decision on prosthesis type (aTSR or rTSR) depended on the rotator cuff’s status.
Initial assessment was made clinically and radiologically with an X-ray and CT scan. If
the integrity of the rotator cuff was uncertain, these cases were further assessed with an
MRI scan to assess the rotator cuff status, including, if present, tear type (full or partial
thickness), extent of muscle atrophy, and degeneration [5,6]. If the patient had osteoarthritis
but the RC was intact and not degenerated, with no major muscle atrophy, the decision was
made for an aTSR. If the patient had osteoarthritis and the RC was torn or degenerated,
including severe fatty atrophy, the decision was made for an rTSR. If imaging demonstrated
a massive irreparable RC tear with minor arthritis, an rTSR was indicated.

Inclusion criteria for the group receiving an aTSR were glenohumeral OA and an intact
rotator cuff. The criteria for inclusion for the group receiving an rTSR were glenohumeral
arthritis with an inadequate rotator cuff for an aTSR (n = 25), or a massive irreparable
rotator cuff tear (n = 26).

Exclusion criteria were age under 75 years before the operation, post fracture/traumatic
osteoarthritis, abnormal neurology or inability to comply with the study requirements.
Exclusion criterion for performing an aTSR was a full-thickness rotator cuff tear, or inad-
equate rotator cuff function based on clinical examination and MRI findings. Therefore,
all patients with glenohumeral arthritis who had a good rotator cuff had an aTSR, despite
their age.

Eligible consecutive patients gave written consent and were prospectively enrolled
in the study over the same time period. An identical prospective study protocol was set
up for both groups. All patients had a minimum age of 75 years at the time of operation
and a minimum follow-up time of 2 years. Written consent for study participation and
publication was obtained from all patients. All studies were carried out in accordance with
the World Medical Association most recent Declaration of Helsinki.

2.2. Clinical Assessments

Preoperatively, patient-reported outcome measures (PROMs), including the Ameri-
can shoulder and elbow surgeons (ASES) score [7,8], shoulder pain and disability index
(SPADI) [9,10], disability of the arm, shoulder and hand (DASH) scores [9,11], pain (VAS
0 =no pain-10 = severe pain), were recorded, together with the Constant score (CS) [12,13],
and clinical range of motion (ROM) for all patients in the study.

Postoperatively, patients were clinically reviewed at 2-week, 6-week, 3-month, 6-month,
1-year, and 2-year time points. Pain levels and ROM were documented at 3 months, 1 year
and 2 years. Active and passive ROM, CS, and PROMs were recorded at 1-year and 2-
year follow-up. Satisfaction (scored from 0%—dissatisfied to 100%—totally satisfied) was
also recorded.

2.3. Radiological Assessments

Radiological assessments were carried out preoperatively (Walch and Favard classifi-
cation), and postoperatively at day 1, 12 weeks and yearly [14-16]. In order to assess both
the humeral and glenoid components, radiographs were taken according to a standardized
protocol in multiple planes (axillary, true lateral, standard anteroposterior (AP) and true
AP view of glenoid with the arm in 20° external and internal rotation). Radiographs were
assessed independently and separately by two orthopaedic surgeons (MJKS and MC) not
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involved in the patient surgeries. Disagreements were referred to a third independent
experienced surgeon (HC) for final decision.

The aTSR was radiologically evaluated and assessed in a standard technique for peri-
humeral component osteolysis with assessment of five zones, as previously described [17].
The glenoid component was assessed using the Lazarus classification quantifying radiolu-
cent lines (RLL) between the cement surrounding the glenoid pegs and bone interface [18].

The rTSR was radiologically assessed in a standard technique for scapular notching
according to the classification by Sirveaux et al. for the glenoid component [19,20]. The
humeral component was assessed for RLL around the implant in seven different zones as
previously described by Levigne et al. and Bell et al. [16,21,22].

2.4. Implants and Postoperative Rehabilitation

All shoulders were replaced via a standard deltopectoral approach. For the aTSR, a
stemless Affinis® short humeral ceramic head component was utilized in all cases. This was
articulated with a double-pegged, cemented, all-polyethylene glenoid component made of
standard, not cross-linked, polyethylene (Mathys AG, Bettlach, Switzerland) in 34 cases
and more recently in 11 cases with a highly cross-linked polyethylene (HXLPE)—Affinis®
Glenoid Vitamys prosthesis (Mathys AG, Bettlach, Switzerland).

For rTSR, a Grammont-style humeral prosthesis was used—Aequalis Reversed II
Shoulder System (Tornier SAS (Montbonnot Saint Martin, France) part of Stryker). For
the glenoid, a 25 mm baseplate was utilized in all cases, together with either a 36 mm or
42 mm glenosphere made of cobalt-chromium alloy. An appropriately sized humeral liner
of standard polyethylene was utilized.

Post operation, all patients wore a sling for 5 to 6 weeks. A structured physiotherapy
programme was commenced on the first postoperative day.

2.5. Statistical Methods

The data were analysed using a mixture of parametric procedures (t-tests and general
linear models, including analysis of covariance) and nonparametric procedures (Mann—
Whitney test, sign test, Fisher’s exact test and logistic regression), as appropriate. Analyses
were conducted using either Minitab statistical software version 18 (Minitab, Inc., State Col-
lege, PA, USA) or R (R Core Team) [23].

3. Results

The more than 2-year results of 44 patients with aTSR and 51 patients with rTSR were
analysed (Figure 1). The two groups were fairly similar demographically, in particular
they had similar preoperative VAS, ASES, SPADI, DASH, and CS scores. The average age
of aTSR patients was 77.33 £ 1.97 and of rTSR 82.10 + 3.93 years (Table 1). In the aTSR
group, 72% were female compared with 90% in the rTSR group. In the aTSR group, glenoid
morphology from the Walch classification was 16 A1, 11 A2, 12 Bl and 5 B2. There were
no B3 or C or D glenoids. Glenoid assessment from the Favard classification for the rTSR
showed 17 EO, 11 E1, 6 E2, 15 E3 and 2 E4.

All 44 included patients for aTSR completed the 2-year follow-up (Figure 1). In the
rTSR group, eight patients were not available at 2 years, resulting in 43 patients at this
time point.

Prospectively collected preoperative and 2-year postoperative clinical assessments,
ROM, and postsurgery satisfaction, are presented in Table 2. The preoperative and 2-year
postoperative VAS pain scores, CS, and PROMs are presented in Table 3.
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Table 1. Patient demographics and preoperative radiographic glenoid scores (Walch [14,15] and
Favard [16] classification).

n=44 n=>51
Age (years &+ SD) 77.37 £1.97 Age (years & SD) 82.10 £ 3.93
(min; max) (75; 81) (min; max) (76; 91)
BMI (% =+ SD) 29.03 +4.82 BMI (% + SD) 26.95 + 4.01
(min; max) (20.7; 40.8) (min; max) (18; 37)
Gender Gender
male 12 (27.27%) male 5 (9.80%)
female 32 (72.73%) female 46 (90.20%)
Operated arm Operated arm
right 29 right 31
left 15 left 20
Dominant arm Dominant arm
right 40 right 47
left 4 left 4
Walch classification Favard classification
Al 16 EO 17
A2 11 El 11
Bl 12 E2 6
B2 5 E3 15
B3,C,D 0 E4 2
Missing 0 Missing 0

Table 2. Clinical range of motion assessment—external rotation (ER), active elevation (AE), stabi-
lized scapular glenohumeral abduction (GH)—preoperative and at the 2-year follow-up mark and
postsurgery satisfaction. The difference for each category from preoperative to 2-year postoperative
is demonstrated with a delta (A). (Mann-Whitney and two-sample t-test: * p < 0.05; ** p < 0.01;
***p <0.001).

preOP ER [°] 17.79 + 13.49 (—5; 50) 34 10 25.95 + 22.09 (0; 80) 42 9
preOP GH [°] 52.32 4+ 19.91 (10; 90) 41 3 55.54 + 18.26 (10; 90) 46 5
preOP AE [°] 84.42 4 31.80 (15; 150) 43 1 71.67 4 32.90 (0; 130) 48 3
Y2ER [°] 61.14 & 14.10 (30; 90) ** 44 0 39.08 = 15.50 (10; 70) 19 2

Y2 GH[] 75.68 = 12.32 (50; 90) 44 0 75.20 + 10.05 (45; 90) 51 0

Y2 AE [°] 146.93 + 18.84 (100;175) ** 44 0 125.29 + 21.85 (90; 160) 51 0
Satisfaction (%) 97.5 + 7.35 (60; 100) *** 44 0 90.09 + 13.23 (50; 100) 45 6
AER (Y2—preOP) 42,50 + 19.55 (0; 90) ** 34 10 12.50 & 24.23 (—40; 50) 40 11
AGH (Y2—preOP)  23.05 + 23.37 (—30; 80) 4 3 19.89 4 17.56 (—10; 50) 46 5
AAE (Y2—preOP) 61.98 = 33.19 (0; 135) 43 1 55.42 + 30.94 (0; 140) 48 3

At 2 years, while the final scores had improved for both groups, the aTSR group had
better results. The final VAS pain scores for both groups were less than one on the pain scale,
with the aTSR group having slightly less pain. The ROM had improved (p = < 0.001) with
active elevation up to 147 degrees for aTSR and 125 degrees for rTSR. Patient satisfaction
was significantly higher for aTSR than for the rTSR group, at 97.5% versus 90.09% (p < 0.001),
respectively. The improvement from the preoperative scores was overall better in the aTSR
than the rTSR group (Table 3). The final CS in the aTSR group had improved 46 points to
75 compared with the rTSR group’s improvement of 33 points to 56. The ASES showed
comparative results (Tables 3 and 4).
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Table 3. Patient assessment with VAS pain levels, ASES, DASH, SPADI and Constant scores pre-
operative and 2 years postoperative. The difference for each category from preoperative to 2 years
postoperative is demonstrated with a delta (A). (Mann-Whitney and two-sample ¢-test: * p < 0.05;

#p < 0.01; % p < 0.001).

preOP VAS pain (0-10) 5.62 4+ 2.57 (1; 10) 42 2 5.73 +2.29 (2; 10) 51 0
preOP ASES Total 39.58 4 20.03 (3; 73.33) 42 2 35.50 4 17.38 (0; 63.33) 50 1
preOP SPADI Total 65.05 £ 20.96 (23.85; 97.69) 40 4 69.59 + 15.94 (34.60; 100) 34 17
preOP DASH Total 49.80 + 19.08 (15; 95) *** 40 4 64.16 + 15.47 (30.83; 89.17) 38 13

preOP Constant Total 28.20 4 12.93 (4; 60) 41 3 22.59 4+ 13.40 (2; 58) 39 12
Y2 VAS pain (0-10) 0.29 £+ 0.85 (0; 5) 44 0 0.56 &+ 1.08 (0; 4) 45 6
Y2 ASES Total 90.58 =+ 9.88 (63.33; 100) *** 44 0 73.50 £ 16.71 (30; 100) 39 12
Y2 SPADI Total 5.33 + 8.25 (0; 36.92) *** 44 0 26.03 + 19.83 (0; 84.62) 40 11
Y2 DASH Total 10.42 + 10.65 (0; 48.33) *** 44 0 35.01 + 22.35 (1.79; 80) 39 12
Y2 Constant Total 75.20 £ 11.41 (42; 96) *** 44 0 56.14 + 11.48 (25; 76) 37 14
AVAS pain . .
(Y2—preOP) —5.33 £2.68 (—10; —1) 42 2 —5.13 £ 2.38 (—10; —1) 45 6
AASES (Y2—preOP) 50.99 + 20.67 (7; 90.33) ** 42 2 39.17 + 17.78 (0; 71.67) 38 13
ASPADI (Y2—preOP) ~ —59.56 + 21.28 (—95.85;—18.23) ** 40 4 —44.34 +22.27 (—93.85;4.62) 30 21
ADASH (Y2—preOP) —38.80 + 18.86 (—89.33; —0.81) 40 4 —30.11 £22.16 (—79.17; 13.40) 33 18
AConstant ™ .
(Y2—preOP) 46.20 = 17.44 (7;77) 41 3 33.39 + 15.31 (4; 70) 33 18
anatomic TSR reverse TSR
. Pre-operation -
e e ROV ASES, DASH et
[n=44] SPADI, CONSTANT [n=51]
X-ray (Walch/Favard score)
Before Year 1:
1 lost
(1 out)
Year 2 data 3 withdrawn, 4 lost,
Year 2 eligible to assess ROM, ASES, DASH, Year 2 eligible to assess 1 cleat,h '
[n=44] SPADI, CONSTANT [n=43] (8 out)
X-ray (Lazarus/Sirveaux score)

Figure 1. The CONSORT flowchart of the study. Pre- and post-operative assessment of range of
motion (ROM), ASES, DASH, SPADI and Constant scores, and radiologic assessments.

3.1. Radiologic Assessment

Radiolucency on the humeral side was only minor and did not differ between the
groups. It was detected in three cases for the rTSR group and in four cases for the aTSR
group at the 2-year mark (Table 5). The glenoid component demonstrated more surrounding
radiolucency/notching signs for the rTSR (1 = 10) than the aTSR group (1 = 6) after 2 years.
There was no significant component loosening in either group, and no dislocations, hence
no revision surgery was required in either group.
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Table 4. Overview and comparison of 2-year follow-up outcomes (radiological and clinical outcomes,
patient satisfaction and complication rates). The “+” (plus sign) represents higher values in compari-
“=" (equal sign) represtents no significant differences. (External
rotation (ER), active elevation (AE), stabilized scapular glenohumeral abduction (GH)).

son with the other category, whereas

Glenoid radiolu-
cency /notching
Humeral
radiolucency
ASES
SPADI
DASH
Constant

VAS pain =

ER

GH =

AE
Satisfaction +

Complication rate 4F

+ + + o+

4L

e

Table 5. Postoperative radiologic assessment for the glenoid and humeral components for the
anatomic and reverse TSR. Radiolucency for the glenoid component of aTSR is scored according to
Lazarus [18], whereas for the rTSR, glenoid notching is scored according to Sirveaux [20].

X-ray'—Lazarus glenoid Yi Y2 X-ray—Sir\'reaux glenoid Yi Y2
radiolucency score notching score
Total eligible 44 44 Total eligible 50 43
0 39 38 0—No defect 43 33
1 5 6 1—Defect only concerns the pillar 6 8
2 2—Contact with the lower screw 1 2
3 3—Extension over the lower
screw
4 4—Extension under baseplate
5
Missing 0 0 Missing 0 0
X-ray—humeral radiolucency Yi Y2 X-ray—humeral radiolucency Yi Y2
score (zones) score (zones)
Total eligible 44 44 Total eligible 51 43
No radiolucency 41 40 No radiolucency 49 40
Radiolucency cases (all zones) 3 4 Radiolucency cases (all zones) 2 3
Zone 1 1 2 Zone 1 0 1
Zone 2 0 0 Zone 2 0 0
Zone 3 0 0 Zone 3 0 0
Zone 4 0 0 Zone 4 0 0
Zone 5 2 2 Zone 5 0 0
Zone 6 0 0
Zone 7 2 3
Missing 0 0 Missing 0 0
Drop-outs 0 0 Drop-outs 1 8

3.2. Complications

There were no readmissions in either group. Complication rates were higher for the
r'TSR (n = 18 in 14 patients) than for the aTSR group (n = 3 in 3 patients) (Table 6).
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Table 6. Postoperative complications for both types of shoulder replacements. Acromioclavicular
joint (AC]J) pain is common among aTSR and rTSR, and can be resolved by injections or arthroscopic
excision of the distal clavicle (EDC). The main complications for rTSR are stress fractures (#) of the
acromion or the scapular spine. The category “Other” reports one case with an avulsion fracture of

the triceps. Percentages (%) are based on total number of patients available at 2-year follow-up (aTSR
n =44; rTSR n =43).

2 AC] pain 6 1354+9.7
1 227 12 resolved by injection 5 11.62 114 4+9.2
1 227 24 resolved by EDC 1 2.32 24
0 = = acromial and scapular stress # 11 25.58 99+70
0 - - Instability 0 - -
1 2.27 10 Culff failure 0 = =
0 - - Infection 0 - -
0 - - Other 1 2.32 10
B 6.81 10.0 £9.3 Total patients 14 32.55 11.7 £ 8.1

One common complication seen in both groups was acromioclavicular joint (ACJ)
pain. This occurred in two shoulders with an aTSR and in six shoulders with an rTSR. Most
patients recovered well after a steroid injection, however in two cases (one case in each
group), an arthroscopic excision of distal clavicle (EDC) was necessary with a good result.

One patient with an aTSR (Table 6) developed culff failure. The MRI scan demonstrated
a massively retracted and atrophied supraspinatus tendon by the time of presentation. As
the shoulder joint was stable, AE was good (>90°) and there was no pain throughout the
2-year follow-up period, no revision surgery was undertaken.

Apart from the AC]J pain, the main other complication for the rTSR group was a stress
fracture of the acromion or the scapular spine (n = 11), which mostly occurred within the
first year, after patients began unrestricted use of the arm (Table 6). All cases resolved
nonoperatively with rest for up to 3 months in an abduction pillow. One rTSR case had an
avulsion fracture of the posterior inferior glenoid by the long head of the triceps 10 months
after surgery. There was no functional deficit and only mild pain, which resolved after
2 months with nonoperative treatment.

4. Discussion

The current study compares patients following an aTSR versus an rTSR aged 75 years
and older. The baseline demographics of the two groups were similar, including PROMs.
The overall outcomes in the 2-year follow-up period confirm our original hypothesis, as
better ROM, clinical outcome scores including patient satisfaction, and less complications
were demonstrated for the aTSR group than the rTSR group, as shown in Table 4.

These results differ to Kiet et al. who looked at outcomes of aTSR and rTSR results
after 2 years [24]. They demonstrated no differences in the complication or revision rates,
nor ASES and pain scores. The ROM in both groups was similar except for a slightly better
external rotation in the aTSR group, which was also found in our study. In addition, in our
study, the AE was also significantly better in the aTSR group (p < 0.001). It is difficult to
compare our results with Kiet’s study, as the average age of the patients is not documented,
and further, they used a stemmed anatomic humeral prosthesis which was cemented and a
metal humeral head [24].

Another study by Wright et al. compared aTSR with rTSR in patients aged 70 years
and older with an intact rotator cuff [25]. They were able to identify similar postoperative
ROM and outcome scores for both prostheses. Although they reported no significant
differences in complication rates for the two prostheses types, they did identify that rotator
cuff tears were the principal complication in the aTSR group leading to conversion to an
rTSR, which occurred within an average of 28 months postsurgery. In the current study,
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there was one early cuff failure following an aTSR within 24 months follow-up, but revision
of the prosthesis was not required.

An additional problem with an rTSR is that the medical complication rate has been
reported to be significantly higher than with an aTSR [26]. The factor of age and complica-
tions was analysed by Koh et al. [27]. They assessed patients at 30 days postoperation and
demonstrated that the older age group (>80 years) had significantly more complications
and readmissions than younger patients for any type of shoulder arthroplasty [27].

Although all patients were 75 years of age and older, the rTSR patients were slightly
older and a slightly lower ROM preoperatively, however, the PROMs and CS were very
similar. Therefore, both groups started from a similar basepoint for all indices. However,
the overall improvement in most indices and scores was greater in the aTSR group than
the rTSR group. This resulted in the rTSR group having lower final postoperative clinical
scores and a worse ROM than the aTSR group. It was not possible to analyse males’ versus
females’ results due to the relatively few male patients.

Friedman and colleagues demonstrated that older patients with an rTSR had better
outcome scores (ASES and SPADI) despite smaller improvement in abduction and for-
ward flexion than younger patients [28]. Triplet et al. were able to demonstrate good
improvements in motion (ER and AE), pain and function (ASES) in a smaller cohort of
older patients (>80 years) for both types of shoulder replacements (aTSR 7 = 18 and rTSR
n = 33). However, they did detect more postoperative complications and higher transfu-
sion rates for rTSR patients [29]. This was different to Anakwenze and colleagues, who
looked at the effect of age and outcomes in aTSR and rTSR [30]. They identified a higher
odds ratio (OR) for patients older than 75 years for readmissions and an increased 1-year
mortality in patients with an aTSR (OR 1.75 and 3.34) versus rTSR (OR 0.68 and 0.92).
Furthermore, their hazard ratios (HR) for risk of revision were significantly lower for rTSR
vs. aTSR patients in patients older than 75 years versus patients 75 years or younger, at
HR 0.45 versus 1.24, respectively [30]. In our study there were no revisions. Another study
from Wagner et al. demonstrated that no matter what sort of shoulder prosthesis is im-
planted, the risk of revision for mechanical failure, aseptic loosening or infection decreased
with age 65 years and above [31]. According to their data, only instability remained an
age-independent complication.

Stress fractures were the main complications seen in our rTSR group (21.6%),
while none of the above-mentioned studies reported acromial or scapular stress frac-
tures [25,26,32,33]. However, Zmistowski et al. reported an incidence of 10.5% for
acromial stress fractures and reactions following rTSR, with an average follow-up of
407 days [34]. There was also no mention in the previous studies of acromioclavicular
joint pain, as was seen in some cases in our study [25,26,32-34].

In our study, component loosening was not an issue in this short-term follow-up
period. On radiographic evaluation of the humeral component side, there was no difference
between prosthesis types, with only minor osteolysis seen for both the stemless aTSR and
the long-stem rTSR. On the glenoid side, osteolysis for both types of component was again
only minor, but there was a slight tendency towards more osteolysis with the rTSR than the
aTSR, although it is difficult to compare in such different prostheses as notching is only
seen with rTSR and radiolucent lines with aTSR.

Shields and Wiater [33] compared aTSRs which were revised to rTSRs because of
rotator cuff failure or component loosening to matched patients with primarily an rTSR.
They demonstrated that patients with a revision surgery for a failed aTSR not only had
a lower satisfaction but also significantly poorer subjective outcome scores and more
complications than the primary rTSR group. However, revision of a primary aTSR to an
r'TSR solely due to cuff failure has also been shown by Flury et al. to be a good salvaging
procedure, as it improves ROM, clinical scores and patients’ satisfaction when comparing
pre- and post-operative scores [32]. The latter study results support a surgeon’s decision to
continue using an aTSR in older patients, especially as with a stemless prosthesis, revision
of the components to an rTSR is relatively easy.
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Despite prospective data collection, our study has limitations. The follow-up time is
limited to 2 years, which is less than the average time of secondary rotator cuff failure in
aTSR [25,35]. Despite this, during this short follow-up time, the rTSR demonstrated more
complications, in particular stress fractures of the scapula, than aTSR. Patients receiving
an rTSR were slightly older than the aTSR patients, skewing the data slightly, as there is
a naturally increased chance with age of a later rotator cuff tear, which requires an rTSR
rather than an aTSR [36]. Another limiting factor is the relatively small cohort size and the
predominance of female patients, both of which are probably related to the increased age of
the patients. Further research and longer follow-up studies need to be performed in order
to address these issues.

5. Conclusions

Our results suggest that judicious patient selection in the older-aged patient (75+ years)
for the type of shoulder replacement needs to be performed individually and not merely on
the basis of patient age. This process can then lead to higher selection towards aTSR, which
demonstrated in the current setting significantly better ROM and clinical outcomes than
same-aged patients with an rTSR. Additionally, the complication rate is less for an aTSR in
the first 2 years following shoulder replacement, making this an acceptable surgical option
despite increased age. However, this study only has a short follow-up of 2 years, therefore
the outcomes are to be judged carefully and preliminarily, as further prolonged research
is necessary.
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Abstract: Head-split fractures are proximal humerus fractures (PHF) that result from fracture lines
traversing the articular surface. While head-split fractures are rare, surgical treatment of these
complex injuries can be extremely challenging and is associated with high rates of complications.
Treatment using primary reverse shoulder arthroplasty (RSA) has been associated with moderate
complication rates and reproducible clinical results. The aim of this study was to evaluate clinical
and radiographic outcomes, and complication rates of RSA for head-split PHF. Twenty-six patients
were evaluated based on Constant Score (CS) and range of motion of both shoulders and Subjective
Shoulder Value (S5V). Radiographic analysis evaluated tuberosity healing, prosthetic loosening and
scapular notching. Patients achieved good clinical results with a CS of 73.7 points and SSV of 82% after
a mean follow-up of 50 months. The relative CS comparing operated versus the unaffected shoulder
was 92%. Greater tuberosity healing was achieved in 61%. Patients who suffered a high-energy
trauma reached a significantly greater functional outcome. Patients who suffered multifragmentation
to the humeral head performed the worst. There were no cases of loosening; scapular notching was
visible in two cases. The complication rate was 8%. RSA is an adequate treatment option with for
head-split PHF in elderly patients.

Keywords: head split; splitting; tuberosity; healing; union; trauma; humerus; trauma; low; high;
energy; double shadow; pelican sign

1. Introduction

Proximal humerus fractures (PHF) account for approximately 6% of all fractures [1].
The so-called head-split fracture describes a rare phenomenon (accounting for less than 5%
of all PHF) that results from fracture lines traversing the articular surface of the humeral
head [2]. This occurs when the impaction force of trauma acts in a vertical direction against
the glenoid or acromion, such that shearing forces lead to humeral head cleavage.

This type of fracture was originally diagnosed by a double shadow visible on plain
anteroposterior (AP) radiographs, although it was usually regarded as a subtype of pos-
terior dislocation fractures because of its rare occurrence [3-5]. Furthermore, the double
shadow sign was easily missed on plain AP views of three patients in the first consecutive
series including eight PHF patients [4]. Chesser et al. recommended the need for additional
axillary radiographs and computed tomography (CT) scans to thoroughly diagnose these
rare yet devastating fractures, which require early treatment to restore shoulder function [6].
If the pelican sign is detected on axillary views, a type II head-split fracture is diagnosed.
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The first arc represents the lesser tuberosity and the second arc a part of the articular surface
which remained attached to the lesser tuberosity [2,7].

Therefore, a most recent attempt has been made to classify these specific fractures on
CT scans by Scheibel et al. [7]. With the extension of CT for diagnosis or surgery planning,
the event of fracture lines through the articular face can be diagnosed far better than on
two-dimensional radiographs.

Head-split PHF were first described in young male patients with high-energy trauma
(i.e., a bicycle, motor or car accident) or epileptic seizures, where open reduction and
internal fixation (ORIF) was considered the adequate treatment solution whenever closed
reduction was not possible [6]. While these patients usually have good bone quality and
the best potential for revascularization, it is important that these fractures are surgically
fixed early after trauma in order to lower the risk of avascular necrosis and potential
cartilage and joint degeneration [5,6,8]. Head-split fractures have also been reported in
older, mainly female, patients involved in low-energy trauma (i.e., a simple fall from
height) who typically have poorer bone quality and limited regenerative potential [2,7].
Conservative treatment for these particular fractures that are often misdiagnosed on plain
radiographs has shown unsatisfactory results; in this instance, hemiarthroplasty (HA) was
considered as a salvage procedure [6].

Reverse shoulder arthroplasty (RSA) has proven a reliable treatment option for
severely displaced three- or four-part PHF in the older population, which offers encour-
aging mid-term results regarding pain loss, good return in range of motion and good
functional outcome [9-14]. While ORIF and HA are both associated with high rates of
complications (50% and 100%, respectively), and often followed by consecutive revision
surgery, RSA may present as a potential treatment option even for relatively young patients
aged below 70 years [15].

Given the sparse knowledge on the ideal treatment for this particular PHF and the
accompanying high complication rates after HA and ORIF, the aim of this study was to
evaluate clinical and radiological results as well as occurrence of complications in a unique
consecutive series of head-split PHF patients treated with RSA.

2. Materials and Methods
2.1. Study Population

Between December 2009 and September 2020, 45 consecutive patients (m = 10, f = 35,
mean age 75.8; range: 56-92 years at time of surgery) were identified with a head-split
PHF. Of 45, 5 had sustained an additional glenoid rim fracture. All patients underwent
RSA at one of two hospitals by one of three specialized shoulder surgeons. The indication
for RSA was an unreconstructable PHF in an elderly patient population. All patients were
retrospectively recruited via telephone invitation to attend a clinical follow-up examination.
When patients could not be reached because the original contact details were no longer valid,
we used the emergency contact details from medical records to gain further information on
the patient’s current location and ensure follow-up assessment of these cases. For those
patients unable to attend the clinical assessment because of age, poor health and/or the
inability to travel to one of our clinics, we evaluated shoulder function and status only via
telephone and postal contact.

2.2. Implant Description, Surgical Procedure and Postoperative Rehabilitation Protocol

Patients were treated in a beach chair position using a deltopectoral approach. For all
RSA patients, a Grammont type of prosthesis (155° humeral inclination) was used with
either a conventional (1 = 5) or fracture-specific stem design (1 = 40) and open metaphysis
to allow bone ingrowth (AEQUALIS™ REVERSED II or AEQUALIS™ REVERSED FX,
Tornier/Stryker Inc., Kalamazoo, MI, USA) (Figure 1). In addition, we applied a hybrid ce-
menting technique to enable bone ingrowth at the metaphysis. In each case, both the greater
and lesser tuberosities were anatomically reattached using FiberWire® #5 sutures (Arthrex
Inc., Naples, FL, USA) against the fin of the metaphyseal neck of the prosthesis as previously
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described [14]. After surgery, the shoulder was immobilized in a sling for 14 days. Passive
mobilization began on postoperative day 15 and active mobilization was undertaken six
weeks post-RSA. All patients completed the same standardized rehabilitation protocol.

(@) (ii) (iii) (iv)

Figure 1. This figure shows a severe head-split PHF that has been treated with a RSA (i). All patients
have received the same surgical treatment with a tuberosity refixation (ii). One year postoperatively,
the greater tuberosity shows complete consolidation (iii). The Fracture stem (iii) shows a metaphyseal
window to encourage bone ingrowth, whereas the Reverse 1I (iv) displays two holes for suturing
the tuberosities. After 7 years of follow-up in another patient, however, the greater tuberosity has
resorbed completely (iv).

2.3. Clinical Assessment

Patients were questioned about their history of trauma (low or high energy). In ad-
dition, the absolute as well as age- and gender-modified Constant-Murley score (CS),
American Shoulder and Elbow Surgeons Assessment Form (ASES) score, Subjective Shoul-
der Value (SSV), Simple Shoulder Test (SST) and Activities of Daily Living requiring active
External Rotation (ADLER) score were evaluated [16-21]. Abduction strength was mea-
sured using an Isobex 3.0 dynamometer (Veribor, Germany); pain was assessed using
a scale of 0 to 15 points (15 = no pain; 0 = excruciating pain) and patient satisfaction
(1 = unsatisfied; 2 = somewhat satisfied; 3 = satisfied; 4 = very satisfied) was also evaluated
at the final follow-up examination.

Active range of motion (ROM), including anterior forward elevation, abduction,
internal and external rotation, the Hornblower and external rotation lag signs (ERLS) were
documented. Furthermore, ROM and CS were determined for the contralateral shoulder
to assess the outcome of relative CS (i.e., the ratio of absolute CS of the affected versus
contralateral shoulders).

2.4. Radiographic Evaluation

Preoperative radiographic assessments were made on standardized true AP, axillary
and Y-view images. A CT scan was also performed to classify the head-split fracture
type [7] and determine the presence of any additional glenoid rim fractures. The ar-
rangement of patterns depends on the involvement of the head-split component adjacent
tuberosity (Figure 2).
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Type Il Type\IV\

Figure 2. Four different types of head-split fracture patterns depending on involvement of the
head-split component adjacent tuberosity (Type I: greater tuberosity; Type II: lesser tuberosity),
whether fracture fragments split into disconnecting pieces that may lead to a stamp-like frac-
ture pattern resulting in both greater and lesser tuberosity fragments connected to the articular
face (Type III) or the multifragmentation of the disconnection of split pieces (Type IV) [7]. (Re-
produced, with modification, under Creative Commons Attribution 4.0 International. License
[https:/ /creativecommons.org/licenses /by /4.0/ (accessed on 1 January 2022)], from: [7].

Postoperative evaluations were also made on true AP, axillary and Y-view radiographs
to identify osteolysis, prosthetic loosening, heterotopic ossification and calcification, and
scapular notching as well as tuberosity healing or migration. All radiographic examinations
were evaluated by two independent surgeons, one of which was not involved in the
surgical procedure.

2.5. Complication

All patients” medical records were scanned for any shoulder-related complication or
reoperation until the final follow-up examination.

2.6. Statistical Analysis

Due to the nature of this retrospective cohort study without a control group, all data
are presented using standard descriptive statistics. Due to the small sample size, we
applied the Wilcoxon rank-sum test to compare the clinical function of tuberosity healing,
the presence of the ER lag sign and the difference in outcome after fracture pattern types
I and IV. Analysis of variance (ANOVA) testing was applied to investigate any clinical
differences among the various fracture types. Due to the small and nonrepresentational
sample sizes for fracture types Il and III (1 = 3 each), we have used ANOVA testing just for
investigation of tendencies. In addition, we also compared the outcomes of the “classic”
type I fracture to those with comminution (type IV) to achieve a more reliable statistical
analysis.

All statistical analyses were completed using SPSS 27 (IBM, Armonk, NY, USA) and
the significance level was set to 0.05.

3. Results

Twenty-six patients (20 females, 6 males) with a mean age of 73.4 years were available
for clinical and radiographic follow-up. The average postoperative follow-up occurred at
50 months (range: 12-142 months). A total of 19 patients dropped out of the study either
because of death (1 = 11), multimorbidity (1 = 2) or severe dementia (1 = 3) that hindered
adequate examination of shoulder function; one patient suffered from paralysis following
a severe stroke (1 = 1), while two more dropped out either because of a SARS-COVID-19
infection (1 = 1) or they were lost to follow-up (1 = 1). There was no radiographic follow-up
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available for 3 of the 26 patients. Fracture morphologies and patient demographics are
displayed in Table 1.

Table 1. Baseline patient demographics.

N (women in %) 26 (77%)
Age at surgery (years) (mean + SD) 734+78
(range) 56-91
Follow-up period (months) (mean + SD) 50 + 22
(range) 12-142
Trauma mechanism Low energy High energy
N 13 (50%) 13 (50%)
(Women in %) 85% 69%
Age at surgery (years) (mean £ SD) 778178 685473
(range) (64-91) (56-78)
Follow-up period (months) (mean + SD) 52.6 £ 36.7 46.8 +22.0
(range) (14-142) (12-93)
Head-split classification * (1)
3 7
I 3 0
I 2 1
v 5 5
2 0

Additional glenoid rim fracture (1)

SD—standard deviation. * according to Scheibel et al. [7].

3.1. Clinical Results

Our patient cohort achieved excellent clinical results based on all measured shoulder
function scores and ROM (Table 2, Figure 3). The average SSV was 82% (range: 50-100%)
and the absolute CS was 80% (range: 58-97 points). Most patients were pain free and
reached full points in ADLER score and satisfaction. Patients in our cohort reached on
average a flexion of 148° (range 100-175), external rotation of 15° (range: —10-60) and
internal rotation up to L3 vertebra (range: thigh-scapula). Compared to the healthy,
unaffected shoulder, the RSA shoulder reached 92% (range: 67-141%) of the contralateral
function on average.

Table 2. Final postoperative clinical scores and range of motion.

Mean (SD) Range
Absolute CS (points) 73.7 (11.2) 43-92
Absolute CS of opposite shoulder (points) 80.3 (10.4) 58-97
Relative CS compared to opposite shoulder (%) 92.4 (14.1) 67-141
Age- and gender-modified CS (%) 79.1 (10.0) 53-95
ASES score (points) 89.1 (13.8) 53-100
SSV (%) 82.0 (13.0) 50-100
SST (%) 77.3 (19.4) 33-100
ADLER score (0-30 points) 27.7 (4.0) 12-30
Pain scale (0-15 points) 14.3 (2.0) 8-15
Abduction strength (kg) 4.0 (1.9) 0-8.7
Range of motion
Anterior forward elevation (°) 148 (25) 100-175
Abduction (°) 144 (27) 80-180
External rotation in 0° abduction (°) 15 (16) —10-60
Internal rotation (CS points) 6.1(2.7) 0-10
Satisfaction (1-4) 3.8(0.4) 3-4

SD—standard deviation; CS—constant score; ASES—American shoulder and elbow surgeons assessment form;
SSV—subjective shoulder score; SST—Simple Shoulder Test; ADLER—activities of daily living requiring active
external rotation.
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Figure 3. This 77-year-old woman sustained a type III fracture in preoperative radiographs (upper
two left) after a fall onto her left shoulder while hiking. At 50 months post-RSA, the patient was very
satisfied with excellent function (lower bottom) and a CS of 81 points, a relative CS of 99%, and a
SSV of 95%. Both the greater and lesser tuberosities show healing and no scapular notching is visible
on post-op (upper two right) images.

Patients who suffered a high-energy trauma performed significantly better and showed
a greater absolute CS (79 vs. 69 points; p = 0.010), ASES (94 vs. 84 points; p = 0.044), ADLER
score (30 vs. 26 points; p < 0.001) and SST score (87 vs. 68 points; p = 0.005) as well as
abduction strength (5.0 vs. 2.9 kg; p = 0.005). With regard to ROM, patients after high-energy
trauma reached greater anterior forward elevation (157° vs. 141°; p = 0.011), abduction
(151° vs. 139°; p = 0.042) and external rotation (19° vs. 12°; p = 0.047) at final follow-up.

A total of seven patients presented with a positive ERLS, two of which also presented
with a positive Hornblower sign. The presence of a positive ERLS coincided with signifi-
cantly worse outcomes for SSV (72% vs. 84%; p = 0.023), the ADLER score (29 vs. 24 points;
p = 0.002) and external rotation (1° vs. 21°; p= 0.002). Healing of both the greater (p = 0.02)
and lesser tuberosities (p = 0.004) was observed when the ERLS was absent.

3.2. Radiographic Results

There were no cases of osteolysis or prosthetic loosening at final follow-up in all
patients with radiographic follow-up (1 = 23). There were two patients with calcification of
the posterosuperior cuff and another with heterotopic ossification around both the scapular
neck and humerus. Scapular notching (Grade 1) was documented in two patients (8.7%).

Greater tuberosity (GT) healing was present in 14 patients (61%) and the GT migrated
superiorly and presented as a nonunion in five patients (22%). Four patients exhibited GT
resorption at final follow-up (17%). Greater tuberosity healing was associated with greater
ER (p = 0.03). Healing of the lesser tuberosity (LT) occurred in 18 patients (78%). There was
no impact of LT healing on any clinical outcome measurement. However, higher rates of
tuberosity healing were documented after a high-energy trauma.

3.3. Comparison of Head-Split Types

There were some differences in the absolute and modified CS, ASES score and internal
rotation among the four fracture patterns (Table 3). Type 1 fractures seem to present the
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most favorable outcome, whereas fractures patterns with impairment of the LT (Type II-1V)
seem to perform worse. In particular, LT head-split fragmentation seems to impact internal
rotation the most.

Table 3. Clinical scores with regard to head-split fracture pattern types.

c Type 1 Type 2 Type 3 Type 4 p-Value * "lf;- l:/eallu:s"‘;
Mean (SD)
Range
n 10 3 3 10
A
e
High-energy iz))[t/l ngA/(;qe)nergy trauma 7/3 0/3 172 5/5

Age and gender modified CS (%) e puLs - 7D el 0010 >0.001
Absolute CS (points) AV 0109 oy o) 0033 0.006

Relative CS to opposite shoulder (%) 12?_(1210) 8723(_88;) 9(;5(1;'98) 8697(_113;'2) 0.2 0.06
ASES score (points) 9888—(1070) 8668(_11663) 7672(_21%3) 823(135) 0.047 0.002

o met  mws  ame G,
ADLER score (0-30 points) 229 6(—133) 2%2(1(;61) 251(_32'2) 228 4(_22;(2)) 0.053 0.050

Anterior forward elevation (°) Sg_(lz% }113_(123()) 116602_5?5 }gg_(lz% 0.5 0.1

ma o me me s me

External rotation in 0° abduction (°) 18—(62(} ) 18_(215 ) 1_05(_1255) 11060?1[;)5 0.9 0.4
Internal rotation (CS points) 82_(11 (')4) 3.32?6.3) 6'128'3) 4'%%'7) 0.002 <0.001

Abduction strength (kg) 589 2700 3009 e 03 0.08

GT healing 4 ?;Ot/o)f 8 1 ?;;/O)f 52 ?;;f)f 57 E’;;/O)f 9 05 03

LT healing 7 E’;g/")f 8 2 ?;;/O)f 52 ?;;;’)f 57 (O;lgf)f ? 0.9 03

Scapular notching 0% ! X(;I;Z;ie ! 0% ! X(ﬁiz;ie ! 0.02 0.5

SD—standard deviation; CS—constant score; ASES—American shoulder and elbow surgeons assessment form;
SST - Simple Shoulder Test; SSV—subjective shoulder score; ADLER—activities of daily living requiring active
external rotation; GT—greater tuberosity; LT—lesser tuberosity. * ANOVA for comparison of all four fracture
types. ** Wilcoxon rank-sum test.
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When comparing the “classic” fracture type I with the GT adjacent head-split fragment
to that with a comminuted articular face, type IV exhibited worse function in all clinical
outcome measurements, particularly for internal rotation (p < 0.001). Although the GT
healing rate was higher for type IV fractures, this did not reach statistical significance.

3.4. Complications

Of 26 patients, we reported a total of two (8%) complications throughout the post-
RSA follow-up, one (4%) of which required revision surgery.

The first reported complication involved one patient who encountered instability
7 weeks post-RSA while undergoing physiotherapy. During a reoperation, the inlay
liner was exchanged and a larger one was implanted. At 43 months after the secondary
intervention, no further dislocations were encountered and a CS of 76 points and SSV of
70% was documented. The second complication was an acromion stress fracture reported
at 39 months post-RSA. The affected patient declined the possibility of undergoing a
reoperation after being informed of the potential risks associated with further surgery and
opted for conservative treatment. This patient achieved the worst clinical outcome in our
cohort with a CS of 52 points and forward flexion of 80°, but remained satisfied with their
outcome despite a SSV of 70%.

After further investigations into our medical records, an additional patient was doc-
umented with a posterior dislocation 6 weeks post-RSA and underwent early revision
surgery to increase the inlay liner. This patient was excluded from this analysis based
on the diagnosis of severe dementia and inability to comply with the required follow-up
examination.

4. Discussion

Patients with RSA after head-split PHF showed very good clinical and radiographic
results, and the revision rate was 4% for those patients with clinical follow-up. Our cohort
shows that patients who sustained a head-split fractures resulting from high-impact trauma
had better results regardless of tuberosity healing. In addition, patients with a classic type
1 GT adjacent head-split showed better outcomes over those with multifragmentation of
the articular face.

A current meta-analysis including 1303 PHF patients found the average anterior
forward elevation flexion of about 122° with an average CS of 59 points and a total compli-
cation rate of 11% [22]. In our population, we achieved a similar complication rate, but our
patients scored 74 points, on average, for the CS and achieved 148° elevation.

Healing of the GT led to favorable external rotation. Although GT healing was
achieved in 61% of our cohort, this factor did not influence anterior forward elevation or
any other functional outcome parameter besides external rotation, in contrast to a current
meta-analysis [23]. This result could be biased by the small sample size in our cohort.
However, the presence of the ER lag sign seems to be a prognostic factor not only for poorer
external rotation but for subjective performance (SSV) since external rotation is involved in
many activities of daily life.

Since our study population is older than 50 years, this study presents the advantages
of RSA treatment for older patients. While complication rates for joint-preserving therapy
options are high, young patients should be treated as soon as possible to minimize the risk
of avascular necrosis [8,15]. High-impact trauma resulted in humeral head splitting that
was first documented in dislocation fractures [4,6,8,24], yet we observed a collateral glenoid
rim fracture in 5 out of 45 patients. We hypothesize that this is due to the trauma mechanism
of the humeral head being forced against the glenoid, which causes the head-split fracture
but may also result in glenoid rim fractures due to either extremely high shearing forces or
poor bone quality.

The first published consecutive cohort included eight patients (3x ORIF, 3x missed,
1x CRIF, 1x HA): the oldest patient was a 56-year-old female who sustained a low-energy
trauma fracture that was initially missed on radiographic examination and left untreated [6].
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The outcome was a stiff and painful shoulder with extremely poor function. Conversely,
younger patients (19- and a 21-year-old males) within the cohort who both suffered high-
energy traumas achieved excellent functional results after early open or closed reduction
and internal fixation (CS was 89 and 100 points, respectively) [6,8].

Although our study population is older by far, this finding concurs with our data
including patients who had experienced a high-energy trauma and achieved a better
outcome post-RSA. We hypothesize that head-split fractures resulting from high-impact
and low-impact injuries are two different entities. Active patients who are confident to cycle
or ski regularly can anticipate an increased risk of experiencing a high-impact accident.
These patients could be considered biologically young as their active lifestyle results in
good bone quality according to Wolff’s law [25]. In such cases, high shearing forces result in
head-splitting fractures, but due to the great regenerative potential of vital tissue, patients
can achieve better outcomes after RSA. Patients that sustain head-split fractures due to
a fall from standing height were, on average, ten years older in our cohort and were not
participating in an active lifestyle. For these cases, the fracture patterns are the result of
poor bone quality and poor bone density due to immobility or osteoporosis.

Based on our cohort, articular-faced comminution of the humerus presents a serious
treatment challenge for surgeons because very poor postoperative outcome can be expected.
Our type IV patients had significantly poorer outcomes in all clinical scores measured.
In addition, abduction and internal rotation were significantly lower for type IV fractures;
external rotation was not affected by fracture type.

Although HA offers comparable results for head-split fractures (diagnosed on radio-
graphs) compared to conventional three- or four-part PHF at short- to long-term follow-
up [2,26], the complication rate of 36% and a revision rate of 12.5% should not be under-
estimated [2]. Compared to the cohort that has been treated with HA (1 = 8), short-term
results are comparable even though patients with RSA perform better in flexion but worse
in external rotation [2]. Nowadays, RSA has limited the use of HA for PHF due to the
current development and progress in shoulder arthroplasty [27,28].

Our study has several limitations, such as the retrospective design of this study as
well as its small cohort. Differences between the different fracture types should not be
considered as significant results; rather as trends. Our cohort analysis showed that head-
split fracture patients were quite old with many in their mid-70s at the time of surgery,
which resulted in a high rate of loss to follow-up due to death alone (24%). A strength of
this study was that all patients were treated by only one of two senior surgeons in the same
operative technique and that the head-split fracture was diagnosed on CT scans.

Finally, while joint-preserving therapy is the precedent for young patients with unre-
constructable PHE, the high complication rates of 44% in cases aged under 55 years and up
to 50% in general dictate the greater likelihood for secondary surgery due to osteonecrosis
or nonunion [15,29]. As RSA techniques develop and push the boundaries of age due to
good results in complicated fracture situations, long-term studies must continue to monitor
whether young patients benefit more from early primary or later secondary RSA treatment.

5. Conclusions

RSA is a very good and reliable treatment option with low complication rates for
proximal humerus head-split fractures in the older patient population. Patients who sustain
a head-split fracture due to high-impact trauma have greater biological and regenerative
potential that can lead to more promising outcomes. Comminution or multifragmentation
of the articular face presents as a prognostic indicator for significantly poorer outcome.
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Abstract: There are different techniques to address severe glenoid erosion during reverse shoulder
arthroplasty (RSA). This study assessed the clinical and radiological outcomes of RSA with combined
bony and metallic augment (BMA) glenoid reconstruction compared to bony augmentation (BA)
alone. A review of patients who underwent RSA with severe glenoid bone loss requiring reconstruc-
tion from January 2017 to January 2019 was performed. Patients were divided into two groups: BMA
versus BA alone. Clinical outcome measurements included two years postoperative ROM, Constant
score, subjective shoulder value (S5V), and the American Shoulder and Elbow Surgeons Shoulder
(ASES) score. Radiological outcomes included radiographic evidence of scapular complications and
graft incorporation. The BMA group had significantly different glenoid morphology (p < 0.001)
and greater bone loss thickness than the BA group (16.3 + 3.8 mm vs. 12.0 &+ 0.0 mm, p = 0.020).
Both groups had significantly improved ROM (anterior forward flexion and external rotation) and
clinical scores (Constant, SSV and ASES scores) at 2 years. Greater improvement was observed
in the BMA group in terms of anterior forward flexion (86.3° 4 27.9° vs. 43.8° 4 25.6°, p = 0.013)
and Constant score (56.6 & 10.1 vs. 38.3 £ 16.7, p = 0.021). The BA group demonstrated greater
functional and clinical improvements with higher postoperative active external rotation and ASES
results (active external rotation, 49.4° £ 17.0° vs. 29.4° £ 14.7°, p = 0.017; ASES, 89.1 & 11.3 vs.
76.8 + 11.0, p = 0.045). The combination use of bone graft and metallic augments in severe glenoid
bone loss during RSA is safe and effective and can be considered in cases of severe glenoid bone loss
where bone graft alone may be insufficient.

Keywords: shoulder; prosthesis; defect; reconstruction; autologous graft; survivorship; loosening;
integration

1. Introduction

Addressing severe glenoid deficiency during shoulder arthroplasty is technically
challenging. Glenoid deficiencies have been reported in up to 39% of patients undergoing
reverse shoulder arthroplasty (RSA). Such glenoid bone loss may occur in any part of the
glenoid, including the posterior aspect (18%), superior aspect (9%), anterior aspect (4%), or
as a global erosion (6%) in patients undergoing RSA [1,2].
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Implantation of RSA in patients with advanced deformity of the glenoid may lead to
several problems due to malpositioning of the glenoid baseplate. Excessive medialization of
the glenoid baseplate causes muscle shortening with decreased tension resulting in poorer
function [3,4]. Diminished deltoid wrapping around the greater tuberosity can also increase
the risk of prosthetic instability and cosmetic deformity [5]. Additionally, the excessive
medialization results in increased scapular notching with inferomedial glenoid bone erosion
and polyethylene wear [6]. In superior glenoid bone loss, there is a risk of placing the
glenoid baseplate in superior inclination. This has been shown to be an important risk
factor for aseptic loosening as it increases shear forces and decreases compressive forces
that otherwise stabilize RSA [7,8].

To avoid these negative outcomes, surgeons often attempt to reconstruct the glenoid
bone loss, allowing for an optimal positioning of the baseplate. The common approach
is to use the humeral head autograft to fill glenoid defects. However, there are some
technical considerations. Firstly, the amount of humeral head autograft available is not
always sufficient to fully compensate for the bone defect. Secondly, it should be noted
that in such complicated glenoid reconstruction, graft incorporation requires stabilization
through a peg inserted in a native glenoid [9]. These factors add to the technical difficulties.
One alternative is to use a metallic augment to compensate for the glenoid bone loss [10].
However, in severe glenoid deficiencies, the available metallic augments may not be
adequately thick enough to fully reconstruct the glenoid bone loss. In these cases, a
combination of both metallic augment and bone graft can be utilized to sufficiently build
up the bone loss. To our knowledge, no study has evaluated the combination of an
augmented baseplate with bone grafting for RSA with severe glenoid defects.

The aim of this study was to assess the clinical and radiological outcomes of a com-
bined bony and metallic augmented baseplate for RSA with severe glenoid defects. The
hypothesis was that the combined use of bone graft and metallic augments in severe
glenoid bone loss during RSA is safe and effective.

2. Materials and Methods
2.1. Study Design, Data Collection, and Ethical Committee Approval

Between January 2017 and January 2019, all patients who had an RSA by either a
combination of bony and metallic augments or bony augments alone were considered
potentially eligible for inclusion in this retrospective analysis of data prospectively collected
during the SHOUT (Shoulder OUTcome) multi-center study. The inclusion criteria were
a severe glenoid defect, defined by a need to use a graft thicker than 1 cm to restore
inclination and version at acceptable values (0 degree and <20 degrees, respectively) using
a 3D planning software (Blueprint™ | Wright Medical Group, Memphis, TN, USA). The
exclusion criteria included avascular necrosis of the humeral head, neurological conditions
affecting the upper limb, and patients with less than two years follow-up. Two groups
of patients were defined: Group 1 were patients who had only bone graft for glenoid
reconstruction during RSA, and Group 2 were patients who had a combination of bone
graft and metallic augments for glenoid reconstruction during RSA. The study received
ethics committee approval from both centers (CCER 14-227 and COS-RGDS-2021-06-009-
NEYTON-L). All the patients gave informed consent for participation in this study.

2.2. Surgical Technique and Implant Design

All operations were performed by two experienced [10] shoulder surgeons (A.L. and
L.N.) who had performed more than 250 RSAs before the study period. A standard del-
topectoral approach was used. A humeral head autograft was harvested and prepared to
match the size and location of the glenoid defect. The graft was either temporarily fixed
to the native glenoid or held by the post during impaction or screw insertion (Figure 1).
The only difference between the two techniques was the baseplate: in the bony-metallic
augmentation (BMA) group, a 15 degrees full wedge augmented baseplate (Aequalis™
Perform™ Reversed Glenoid | Wright Medical Group, Memphis, TN, USA) was screwed at
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the edge of the glenoid with the greatest bone loss (Figure 2). In the bony augmentation
(BA) group, a 25-mm-long central peg baseplate (Aequalis Reversed II Glenoid™ | Wright
Medical Group, Memphis, TN, USA) was impacted into the native glenoid (Figure 2). The
type of glenosphere (size and eccentricity) depended on the bone defect, the morphology of
the patient, and the tension of the soft tissues. In both groups, the same curved, monoblock
short-stem system was used (Aequalis™ Ascend Flex™ | Wright Medical Group, Memphis,
TN, USA). With this onlay device, the placement of the offset tray affects both humerus
lateralization and distalization [11,12]. A 145° neck-shaft angle was used in this study,
acquired by using a stem inclination of 132.5° combined with an asymmetric 12.5° polyethy-
lene insert. Stems were cemented if rotational stability was not obtained intra-operatively
after insertion of a cement restrictor plug.

Figure 1. Sagittal view of a left glenoid with severe bone loss. (A) The glenoid is prepared with multiple small holes to
promote bone healing and graft incorporation. (B) The graft is temporarily fixed to the native glenoid before screw insertion.
In this case, bone graft alone is able to sufficiently restore the glenoid bone loss.

179



J. Clin. Med. 2021, 10, 5274

Figure 2. Postoperative anteroposterior X-ray of left shoulders. (A) Reconstruction of the glenoid with BMA and a 15 degrees
full wedge augmented central screw baseplate. The dotted blue line represents the native glenoid. There is concurrent
plate fixation of a preoperative fatigue fracture of the spine of the scapula. (B) Reconstruction of the glenoid with BA and a
25-mm-long central peg baseplate.

2.3. Postoperative Rehabilitation

All patients followed the same postoperative rehabilitation protocol. Postoperatively,
the arm was placed in an abduction pillow sling for six weeks to promote compression
instead of shear forces. After six weeks, the immobilization was discontinued, and active
ROM was initiated. Activities of daily living were progressed, but strengthening was not
specifically recommended [13].

2.4. Study Variables

Patient demographics such as age, gender, diagnosis, side of pathology, hand domi-
nance, body mass index, and tobacco use were collected. Clinical outcomes and radiological
outcomes were collected as described below.

2.5. Clinical Evaluation

The Constant score, SSV, and ASES were used for clinical assessment. These scores
were used for their ease of administration and well-validated data [11,12]. All the patients
completed all three scores at the preoperative time point and at the final follow-up of two
years. For clinical assessment of ROM, a goniometer was used for the active evaluation of
anterior forward flexion and rotations. The external rotation was measured with the arm
by the side of the body, whereas internal rotation by the highest vertebral spinous process
reached by the patient’s extended thumb.

2.6. Radiological Assessment

The initial glenoid bone loss was measured on preoperative CT scans, recorded and
classified according to Walch et al. classification [14,15]. The standard anteroposterior view
in neutral, external and internal rotation, and axillary lateral view were obtained under
fluoroscopic control preoperatively and postoperatively. Using Osirix (Pixmeo, Geneva,
Switzerland), postoperative radiographs were assessed for bone graft incorporation defined
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by the absence of lucent lines observed between the humeral bone graft and the native
glenoid, inferior notching at the native glenoid, radiolucent lines (around the peg, screws,
and humeral stem), and a shift in the position of the components. The severity of the
inferior notching was graded according to Sirveaux classification [16]. Glenoid loosening
was confirmed following the criteria of Mélis et al. [17], the criteria being the presence of a
radiolucent line >2 mm thick.

2.7. Statistical Analysis

The Shapiro-Wilk test was used to check the normality of distributions. Descriptive
statistics were presented in terms of means, standard deviations (SD) and ranges for
continuous variables and percentages for categorical variables. The significance of pre- vs.
postoperative differences within each group was determined using the Wilcoxon signed-
rank test for non-normally distributed data and the paired Student’s ¢-test for normally
distributed data. The significance of differences between groups was determined using the
Mann-Whitney U test (Wilcoxon rank sum test) for non-normally distributed quantitative
data and using the Student’s unpaired t-test for normally distributed data. For categorical
data, the significance of differences between groups was determined using the Fisher exact
test. Statistical analyses were performed using R version 3.6.2 (R Foundation for Statistical
Computing, Vienna, Austria). p values < 0.05 were considered statistically significant.

3. Results

There was no significant difference in the demographic data of patients in both groups.
Patient characteristics showed no significant differences in terms of patient age, gender,
BMI, tobacco usage, or affected side. There was also no significant difference in the
preoperative surgical variables such as history of prior surgery, primary diagnosis, glenoid
inclination, or glenoid version (Table 1). Patients in the BMA group presented a different
glenoid morphology (p < 0.001) and a greater bone loss thickness than patients in the
bony augmentation (BA) group (16.3 £ 3.8 mm vs. 12.0 & 0.0 mm, p = 0.020). All patients
in the BA group had a B2 glenoid defect. In the BMA group, one patient had a glenoid
type B1, one patient had a glenoid type B3 and two patients each had a glenoid type
D, E3, and C. Preoperative radiological data of each patient are summarized in Table 2.
Compared to the BA group, BMA patients had a lower preoperative anterior forward
flexion (55.0° £ 38.5° vs. 101.3° & 31.8°, p = 0.010) and worse preoperative Constant scores
(18.8 7.4 vs. 345 = 11.7, p = 0.013).

Table 1. Patient characteristics between the Bony-metallic augmentation (BMA) and Bony augmentation (BA) groups.

Bony-Metallic Augmentation Bony Augmentation

(n = 8 Patients) (n = 8 Patients) p-Value
N (%) N (%)
Mean +SD (Range) Mean +SD (Range)
Male sex 3 (37.5%) 5 (62.5%) 0.619
Operation on dominant side 7 (87.5%) 3 (37.5%) 0.119
Prior surgery 1 (12.5%) 0 (0.0%) 1.000
Tobacco use 1 (12.5%) 0 (0.0%) 1.000
Primary diagnosis 0.200
Primary OA 5 (62.5%) 8 (100.0%)
Post-traumatic arthritis 1 (12.5%) 0 (0.0%)
Dislocation arthropathy 1 (12.5%) 0 (0.0%)
Revision 1 (12.5%) 0 (0.0%)
Glenoid morphology <0.001
Bl 1 (12.5%) 0 (0.0%)
B2 0 (0.0%) 8 (100.0%)
B3 1 (12.5%) 0 (0.0%)
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Table 1. Cont.

Bony-Metallic Augmentation Bony Augmentation Val
(n = 8 Patients) (n = 8 Patients) p-value
N (%) N (%)
Mean +SD (Range) Mean +SD (Range)

C 2 (25.0%) 0 (0.0%)

D 2 (25.0%) 0 (0.0%)

E3 2 (25.0%) 0 (0.0%)
Age at index operation (yrs) 72.1 +11.7 (51.9 —83.9) 73.2 +6.8 (61.5 —84.1) 0.721
Body mass index 254 +4.1 (204  —-31.6) 26.6 +3.0 (237  —31.0) 0.400
Weight (kg) 70.0 +11.1 (60.0  —85.0) 74.8 +11.2 (60.0  —95.0) 0.461
Height (cm) 166.6 +13.1 (140.0 —180.0) 1675 +7.9 (155.0 —175.0) 0.635
Follow-up (months) 28.1 +15.0 (11.0  —51.0) 30.7 +10.8 (240 —554) 0.752
Inclination (°) 15.1 +12.0 0.0 —34.0) 9.3 +7.5 (=7.0 —17.0) 0.528
Ante retroversion (°) —22.5 +21.1 (—41.0 -12.0) —26.1 +47 (=360 —-21.0) 0.4%
Bone loss thickness (mm) 16.3 +3.8 (1.0  -21.0) 12.0 +0.0 (120  —12.0) 0.020

BMA—Dbony-metallic augmentation, BA—bony augmentation, OA—Osteoarthrosis. Underlined p-values indicate those below 0.05.

Table 2. Radiological data of each patient.

Patient Glenoid Morphology Inclination (°) Ante/Retroversion (°) Bone Loss Thickness (mm)
Patient 1 B2 10 —27 12
Patient 2 B2 9 —27 12
Patient 3 B2 -7 -21 12
Patient 4 B2 17 —36 12
Patient 5 B2 9 —23 12
Patient 6 B2 7 —23 12
Patient 7 B2 13 —28 12
Patient 8 B2 16 —24 12
Patient 9 D 5 12 11
Patient 10 E3 0 —36 14
Patient 11 Bl 10 -10 12
Patient 12 C 16 —40 16
Patient 13 B3 27 -37 21
Patient 14 D 34 —41 20
Patient 15 E3 23 3 20
Patient 16 C 6 —31 16

Both the BMA and BA groups completed at least two years of follow-up, with a mean
follow-up of 28.1 & 15.0 and 30.7 & 10.8 months, respectively. At the final follow-up, both
the BMA and BA groups significantly improved their ROM (anterior forward flexion and
external rotation) and clinical scores (Constant, SSV, and ASES scores) (Table 3). A greater
improvement could be observed in the BMA group in terms of anterior forward flexion
(86.3° £ 27.9° vs. 43.8° £ 25.6°, p = 0.013) and Constant score (56.6 & 10.1 vs. 38.3 = 16.7,
p =0.021), probably due to their lower preoperative scores compared to BA patients. How-
ever, in the absence of significant preoperative differences, the BA group demonstrated
greater functional and clinical improvements than BMA patients with higher postoper-
ative active external rotation and ASES results (active external rotation, 49.4° 4 17.0° vs.
29.4° £14.7°,p = 0.017; ASES, 89.1 £ 11.3 vs. 76.8 £ 11.0, p = 0.045).

At two years follow-up, a bony scapular spur and three inferior graft resorptions were
noted in the BA group. In the BMA group, a bony scapular spur, two ossifications in the
glenohumeral space, and a grade 1 scapular notching were observed.
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Table 3. Pre- and postoperative data between the Bony-metallic augmentation (BMA) and Bony augmentation (BA) groups.

Bony-Metallic Augmentation Bony Augmentation Val
(n = 8 Patients) (n = 8 Patients) p-vatue
N (%) N (%)
Mean +SD (Range) Mean +SD (Range)
Internal rotation
preoperative 0.022
Thigh 5 (62.5%) 0 (0.0%)
Buttock 3 (37.5%) 4 (50.0%)
Sacrum 0 (0.0%) 3 (37.5%)
Th12 0 (0.0%) 1 (12.5%)
postoperative 0.220
Buttock 0 (0.0%) 1 (12.5%)
Sacrum 0 (0.0%) 3 (37.5%)
L5/L3 4 (50.0%) 3 (37.5%)
Thi2 2 (25.0%) 1 (12.5%)
Th7 2 (25.0%) 0 (0.0%)
p-value * 0.014 0.090
Anterior forward flexion (°)
preoperative 55.0 +38.5 0.0 —95.0) 101.3 +31.8 (40.0  —150.0) 0.010
postoperative 141.3 +22.2 (90.0  —160.0)  145.0 +12.0 (130.0 —160.0) 0915
improvement 86.3 +279 (55.0  —130.0) 43.8 +25.6 (10.0  —90.0) 0.013
p-value * 0.014 0.014
Active external rotation (°)
preoperative 144 +15.5 0.0 —40.0) 10.6 +224 (=200 —45.0) 0.545
postoperative 294 +14.7 (150  —60.0) 49.4 +17.0 (30.0 —80.0) 0.017
improvement 15.0 +12.0 (—=10.0 —-30.0) 38.8 +16.2 (5.0 —60.0) 0.009
p-value * 0.027 0.014
Constant score
preoperative 18.8 +7.4 (6.0 —30.0) 345 +11.7 (120 —49.0) 0.013
postoperative 754 +10.4 (55.0 —87.0) 72.8 +14.8 (540 —91.0) 0.792
improvement 56.6 +10.1 380 —72.0) 38.3 +16.7 (170  —69.0) 0.021
p-value * 0.014 0.008
SSV
preoperative 34.4 +21.9 (150  —70.0) 36.3 +14.1 (10.0  —50.0) 0.630
postoperative 83.8 +11.6 (65.0 —100.0) 855 +9.2 (70.0  —99.0) 0.915
improvement 49.4 +24.4 (100 —80.0) 49.3 +16.8 (35.0 —85.0) 0.958
p-value* 0.008 0.014
ASES score
preoperative 28.6 +14.1 3.0 —47.0) 229 +11.8 (10.0  —35.0) 0.426
postoperative 76.8 +11.0 (570  —95.0) 89.1 +11.3 (67.0 —100.0) 0.045
improvement 48.1 +12.2 (31.0 —66.0) 66.3 +11.9 (45.0 —83.0) 0.027
p-value * 0.014 0.008

* Between pre- and postoperative measurements; SSV, Subjective Shoulder Value; ASES, American Shoulder and Elbow surgeons.
Underlined p-values indicate those below 0.05.

4. Discussion

This study demonstrates that the combination of bone graft and metallic augmentation
of the glenoid baseplate is a safe and effective option to treat severe glenoid deformities
during RSA, confirming our hypothesis. Both the BMA and BA groups attained signifi-
cantly better postoperative functional outcomes (SSV, Constant and ASES scores). Both
groups also attained significantly better clinical ROM postoperatively (anterior forward
flexion and external rotation). There was a greater improvement in the BMA group with
regard to anterior forward flexion (86.3° & 27.9° vs. 43.8° 4 25.6°, p = 0.013) and Constant
score (56.6 £ 10.1 vs. 38.3 &= 16.7, p = 0.021), but that might be attributed to the significant
preoperative differences. Simovitch et al. reported on the minimal clinically important
difference (MCID) for different shoulder outcome metrics and ROM after shoulder arthro-
plasty. They noted that the MCID in terms of active external rotation is 3° & 2° [18]. Werner
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et al. showed that patients undergoing reverse shoulder arthroplasty due to rotator cuff
arthropathy or glenohumeral arthritis experience a clinically important change if they have
at least a nine-point improvement in ASES score [19]. These studies further confirm that in
both the BA and BMA groups, the MCID was achieved in both active external rotation and
ASES scores.

Current surgical options that address severe bone loss include preferentially using
bone grafting (autograft or allograft) or the use of metallic augmented baseplates (wedge
compensation or patient matched implant) [20]. Bone graft can be obtained as an au-
tograft from the autologous humeral head [21-24] and iliac crest [23], or as a femoral
head allograft [21,22,25,26]. However, the quantity or the quality of the graft might not
be adequate. Furthermore, the price of allografts or patient matched implants may be
unaffordable. Jones et al. directly compared bone grafting versus augmented baseplate and
reported similar outcomes in both groups. However, they observed a higher complication
percentage in the group with bone graft [27]. To the best of our knowledge, combining
an augmented baseplate with a bone graft has not been published yet. The present study
shows that integrating a metallic compensation into a bony compensation (compared to
native glenoid) is a viable option for extreme bone loss cases. This technique has several
advantages. It allows the surgeon to compensate for massive bone defects while avoiding
excessive donor-site morbidity by not harvesting an additional bone graft from the iliac
crest. It can also relativize the auto- or allograft quality and risk of partial integration.
Additionally, we also achieve glenoid lateralization with this technique which decreases
scapular notching, and increases ROM and soft tissue tension [9,28,29]. Lastly, adding a
full wedge baseplate on a graft creates more inferior tilt, which is key to transforming shear
forces into compression ones and promoting graft healing (Figure 3) [5,7,30,31].

In patients with severe glenoid bone loss, integration of the graft is a crucial factor.
Recent studies analyzing the use of bone graft in RSA described a satisfactory rate of
bone graft incorporation [21,32-36]. However, a systematic review by Malahias et al.
still reported a rate of radiographic non-union at 5.2% [37]. In addition, it is important
to note that despite evidence of radiological union, true integration of the graft is rarely
complete [38], as confirmed in the present study. Given this finding, the authors recommend
that as much of the bony defect as possible should be covered by the graft in order to
maximize the surface of contact and, consequently, the potential of healing.

The use of a central screw baseplate to fix massive grafts is debatable. It is thought
that screws do not provide bone ingrowth possibilities like it is the case around a central
peg [38]. The minimal central peg length proposed in the literature that should be inserted
in the native bone stock to avoid loosening varies between 8 to 10 mm [21,39]. However, we
did not observe signs of glenoid loosening or migration when using a central screw after
two years, confirming sufficient stability and the biomechanical findings of Bonnevialle
et al. [40]. This observation can be explained by the tremendous compression obtained
at the insertion of screw devices and the additional inferior tilt provided by the full
wedge baseplate.

The restoration of global lateralization is also essential to improve postoperative
function. Humeral offset is heavily influenced by prosthetic design. The use of a curved
stem, an eccentric reverse tray with a high offset (3.3 mm), and a 145° neck-shaft angle
provides around 10 mm of humeral lateralization that also help to balance the glenoid
side [4].

In this study, both the BMA and BA groups achieved significantly better clinical and
functional outcomes postoperatively. Regarding active external rotation and ASES scores,
there was no significant difference between the groups preoperatively, but the BA group
achieved significantly better external rotation and ASES scores postoperatively. As such,
the authors recommend that isolated bone grafting be performed for glenoid loss during
RSA where possible. In cases where the glenoid bone loss appears too severe for bone
grafting alone, a combination of bone graft and metallic augments is a safe and effective
option for glenoid reconstruction.
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Figure 3. This technique compensates for massive bone defects and creates a more inferior tilt, transforming shear forces
into compression ones. (A) Sagittal and (B) superior views of a 3-dimensional (3D) reconstruction of a right shoulder. Note
the massive posterosuperior bone loss. (C) Planification reveals that metallic augmentation alone would not achieve optimal
joint line restoration. (D) Intraoperative anterior view of the paleoglenoid (white asterix) and superior bone erosion (black
line). (E) Glenoid reconstruction after humeral bone autograft (black arrow). The entire humeral head is hardly sufficient
to compensate for the bony erosion. *: paleoglenoid. (F) Postoperative anteroposterior X-ray confirms that BMA allows
for a large area of bony contact between the autograft (complete humeral head, dotted black line) and the native glenoid,
correcting massive bone loss.
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Strengths and Limitations

To our knowledge, this is the first study that explicitly analyzes the success of a
combination of bone grafting and metallic baseplate augmentation with RSA in severe
glenoid deformities. The surgeries were performed by experienced, shoulder-fellowship-
trained surgeons. This study had several limitations. Firstly, the sample size is small and as
such, the analysis may be underpowered. Secondly, the sustained long-term improvement
of clinical outcomes and ROM of both surgical techniques remains unclear. Thirdly, the
assessment of bone graft incorporation could have been more accurate using a CT compared
to the radiograph. Lastly, our study is heterogeneous as different types of glenoid bone
erosion were present in each group. Future work should assess a larger population with
longer follow-up.

5. Conclusions

Combining bone graft and metallic augments in severe glenoid bone loss during RSA
is safe and effective, resulting in significantly improved clinical outcomes and ROM. In
cases of severe glenoid bone loss where bone graft alone may be insufficient, a combination
of bone graft and metallic augments should be considered.
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Abstract: Background: Scapular notching following reverse shoulder arthroplasty (RSA) is caused by
both biological and mechanical mechanisms. Some authors postulated that osteolysis that extends
over the inferior screw is caused mainly by biological notching. Inverted-bearing RSA (IB-RSA)
is characterized by a polyethylene glenosphere and a metallic humeral liner, decreasing the poly
debris formation and potentially reducing high grades of notching. This study aims to report the
results of IB-RSA on a consecutive series of patients at mid-term follow-up, focusing on the incidence
of Sirveaux grade 3 and 4 scapular notching. Methods: A retrospective study on 78 consecutive
patients who underwent primary IB-RSA between 2015-2017 was performed. At a 4 years minimum
follow-up, 49 patients were evaluated clinically with Constant score (CS), Subjective shoulder value
(SSV), American Shoulder and Elbow score (ASES), pain and range of motion, and with an X-ray
assessing baseplate position (high, low), implant loosening, and scapular notching. Results: At a
mean follow-up of 5.0 £ 0.9, all the clinical parameters improved (p < 0.05). One patient was revised
for an infection and was excluded from the evaluation, two patients had an acromial fracture, and one
had an axillary neuropraxia. Scapular notching was present in 13 (27%) patients (six grade 1, seven
grade 2) and no cases of grade 3 and 4 were observed. Scapular nothing was significantly associated
with high glenoid position (p < 0.001) and with lower CS (70 £ 15 vs. 58 £ 20; p = 0.046), SSV
(81 4 14 vs. 68 & 20; p = 0.027), ASES (86 & 14 vs. 70 & 22; p = 0.031), and anterior elevation (148 £ 23
vs. 115 £ 37; p = 0.006). A 44 mm- compared to 40 mm-glenosphere was associate with better CS
(63 £17 vs. 78 & 11; p = 0.006), external (23 & 17 vs. 36 = 17; p = 0.036), and internal rotation (4.8 + 2.7
vs. 7.8 £ 2.2; p = 0.011). Conclusions: IB-RSA is a safe and effective procedure for mid-term follow-up.
Inverting biomaterials leads to a distinct kind of notching with mainly mechanical features. Scapular
notching is associated with a high baseplate position and has a negative influence on range of motion
and clinical outcome.

Keywords: reverse shoulder arthroplasty; cuff tear arthropathy; polyethylene; scapular notching;
range of motion; larger glenosphere

1. Introduction

Scapular notching is a common phenomenon associated with reverse shoulder arthro-
plasty (RSA) with a variable rate of 4.6-50.8% and up to 96% [1,2]. It can be considered
a consequence of the inverted biomechanics of the shoulder, creating a semi-constrained
joint. From a pathophysiological point of view, there are two different types of notching [3]:
(1) mechanical notching, secondary to the contact of the humeral liner with the scapular
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pillar during movements in adduction, extension, and external rotation [4]; (2) biological
notching, which is a chronic foreign-body reaction caused by polyethylene (PE) debris
formation, leading to progressive osteolysis [5]. The radiological Sirveaux classification
aims to quantify scapular notching, identifying four grades according to the amount of
osteolysis [6] (Figure 1): some authors postulated that grades 1 and 2 are mainly due to
mechanical notching, while grades 3 and 4, when it occurs above the inferior screw, are
likely the results of the biological reaction [3].

Figure 1. Notching classification according to Sirveaux et al. [6]: grade 1—defect confined to the pillar;
grade 2—defect reaching the lower screw; grade 3—defect over the lower screw; grade 4—defect
extended under the baseplate.

The clinical impact of scapular notching is controversial: some authors have found
that notching has no influence on functional score [2,7,8], while other authors showed that
it is associated with lower clinical results [6,9-11], and recently, Spiry et al. demonstrated a
significant relationship between severe notching and late glenoid loosening [12].

For these reasons, since the introduction of the classic Grammont design, different
solutions have been developed to avoid this complication and improve clinical results.
Firstly, optimal glenoid positioning is a crucial factor to minimize this complication [5,8,11].
Secondly, lateralizing implants on both glenoid and humeral sides have shown to decrease
the rate of notching [1,3,13-17].

While all these solutions act mainly on mechanical notching, an alternative solution is
the inverted-bearing RSA (IB-RSA), where the prosthesis is characterized by a glenosphere
made of PE and a metallic humeral liner [13,18,19]. This solution should theoretically
minimize the wear of the PE, which is mainly due to the contact of the PE humeral liner
with the scapula in the classic design [18], and decrease the biological component of
scapular notching.

The primary endpoint of the study is to report the results of IB-RSA on a consecutive
series of patients at mid-term follow-up, focusing on the incidence of grade 3 and 4 scapular
notching. Secondary endpoints are other radiological and clinical outcomes. The hypothesis
is that IB-RSA is a safe procedure and avoids scapular notching higher than Sirveaux
grade 2.

2. Materials and Methods

This is a monocentric retrospective study on consecutive patients who underwent IB-
RSA between 2015-2017 and evaluated at minimum 4 years follow-up. Patients treated for
cuff tear arthropathy, primary osteoarthritis, inflammatory arthritis, and fracture sequelae
who were available for clinical and radiological follow-up were included. We excluded
patients who were operated on for acute fractures, patients treated for revision arthroplasty,
and patients who received associated glenoid bone graft or metal glenosphere. A total of
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78 patients who met the inclusion and exclusion criteria were operated on during the index
period. Among these, 6 were dead, 17 were lost or impossible to contact, and 6 refused
the control, leaving 49 patients reviewed clinically and radiologically at a mean follow-up
of 5.0 £ 0.9 years. Thirty-three (67%) were female and 16 (33%) male. The mean age at
surgery was 71 £ 7 years. The most common indication was rotator cuff arthropathy (49%),
followed by primary osteoarthritis (31%), massive rotator cuff tear (12%), and fracture
sequelae (8%).

2.1. Surgical Procedure

The SMR metal baseplate has a central peg and two screws, and the SMR long stem
is an inlay design with a 150° neck-shaft angle. The SMR Reverse HP has a 40- or 44-mm
diameter to improve ROM and it is characterized by an inversion of the materials with the
aim to reduce polyethylene debris and, by a smart design (inferior sphere extension and
superior narrowing), to facilitate the implantation and improving range of motion. It is
made of a highly cross-linked PE (X-UHMWPE) and is coupled with CoCrMo liners. The
glenoid implant provides intrinsic lateralization of the center of rotation of 5.2 mm. The
glenosphere also presents a 4mm eccentricity option, but it is not utilized in primary cases
at our institution. The humeral stem is implanted with 0° of retroversion using a forearm
ancillary guide. A 40 mm glenosphere was used in 39 cases and a 44 mm glenopshere in
10 cases.

All the patients received both a general anesthetic and an interscalene block. The
operation was performed in beach chair position, through a deltopectoral approach. The
SMR RSA (LimaCorporate S.p.A, 33038 Villanova di San Daniele del Friuli, Udine, Italy)
with the HP glenosphere was implanted in all the cases (Figure 2).

Figure 2. SMR reverse HP glenosphere (LimaCorporate S.p.A, 33038 Villanova di San Daniele del
Friuli, Udine, Italy).

2.2. Clinical and Radiological Evaluation

Clinical evaluation performed pre- and post-operatively included the Constant-Murley
score (CS) [20], the Subjective Shoulder Value (SSV) [21], the American Shoulder and El-
bow Surgeon (ASES) score [22], the visual analogue scale (VAS) for pain and the range of
motion (ROM) in term of active anterior elevation (AE), active external rotation (ER) in
position 1, and active internal rotation (IR) (Constant-Murley subcategory). All complica-
tions and reoperation were recorded.

Atlast follow-up, radiographical evaluation was performed on the true anteroposterior
projection on the glenohumeral joint line plane, with the humerus in neutral, external, and
internal rotation. All the images were evaluated by two senior orthopedic residents trained
in shoulder surgery. No attempt was made to determine the reliability of the observations,
and when differences in assessments were noted, the observers reached a consensus.
The positioning of the glenoid implant and the presence of radiolucent lines (RLL) were
evaluated according to the classification system previously described for this baseplate
in the anatomic prosthesis [23]. Loosening was considered to be present if the glenoid
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component had progressively migrated, as demonstrated by shift, tilt, or subsidence, or if
complete radiolucency > 2 mm was present in each zone [24]. On the humeral side, humeral
RLL and loosening and partial or total greater tuberosity (GT) resorption were evaluated
according to Melis et al. [24]. Inferior scapular notching was graded according to the
classification system of Sirveaux et al. [6]. Pillar spurs and ossification, either individually
or together, in the scapular-humeral space were recorded. According to the position of the
inferior margin of the metallic baseplate in relation to the inferior border of the glenoid, the
baseplate was evaluated to be high (inferior margin higher than inferior glenoid border)
or low (inferior margin flush or lower than inferior glenoid border). Baseplate inclination
was measured as the angle between the baseplate plane (line passing through the inferior e
superior margin of the baseplate) and the supraspinatus fossa [16].

2.3. Statistical Analysis

The d’Agostino-Pearson test was used to analyze the distribution of the data collected,
after which a paired t-test or the Mann-Whitney test was used to evaluate for statistical
significance. Qualitative data were compared using the Chi2 and Fisher exact tests. Statis-
tical analysis was performed with EasyMedStat software (Version 3.20; Amiens, France;
www.easymedstat.com (accessed on 24 September 2022)).

3. Results
3.1. Clinical Results

Among the 49 patients, one patient was revised for infection and was excluded in
the final evaluation, leaving 48 patients available for the study. Two patients had an
acromial fracture and were treated conservatively. One patient suffered a postoperative
infection which was revised in two stages. One patient had an axillary neuropraxia, which
partially recovered. No loosening and no component disassembly was observed at the
last follow-up.

All the clinical scores and range of motion improved at the last follow-up compared to
the preoperative status (Table 1).

Table 1. Preoperative and postoperative clinical outcomes.

Outcome Preop Postop p Value
Ccs 23 +£13 67 £17 <0.001
ASES 37£21 81+£18 <0.001
SSV 27 +24 77 £ 16 <0.001
Pain 73+24 1.0+18 <0.001
AE 66° +37° 140° £ 32° <0.001

ER 15° 4 14° 26° +£17° 0.042
IR 39+21 54+29 <0.001

CS, Constant Score; ASES, American Shoulder and Elbow Surgeon; SSV, Subjective shoulder value; AE; anterior
elevation; ER, external rotation; IR, internal rotation.

Patients with 44 mm glenosphere showed a significantly higher CS and range of
motion compared to patients with 40 mm glenosphere (Table 2).
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Table 2. Clinical outcomes according to glenosphere size. No preoperative or demographical
differences were found between the two groups.

Outcome 40 mm (38) 44 mm (10) p Value
CS 63 £17 78 £11 0.006
ASES 79 £19 87 £15 0.206
SSV 75 +£17 84 £12 0.141
AE 133 £ 33° 157 £19° 0.051
ER 23 +17° 36 £17° 0.036
IR 48+27 78+22 0.011

CS, Constant Score; ASES, American Shoulder and Elbow Surgeon; SSV, Subjective shoulder value; AE; anterior
elevation; ER, external rotation; IR, internal rotation.

3.2. Radiological Results

At the radiological evaluation, an RLL < 2 mm around the glenoid was observed in
five (10%) cases and > 2 mm in a single zone in one case, which appeared to be progressive.
In three cases we observed an initial subsidence of the base plate due to incomplete glenoid
preparation, which stabilized within the first year without any progressive change at the
last follow-up (Figure 3).

%
Y
S

a3 - A

Figure 3. Subsidence of the glenoid due to incomplete glenoid preparation (baseplate not completely
in contact with subchondral bone) which stabilizes at last follow-up in high glenoid position with the
development of grade 2 scapular notching. m, months; y, year.

An RLL < 2 mm around the humerus was observed in 10 (21%) cases and was confined
only to position 4 in 7 of the 10 cases. The distribution of RLL is shown in Figure 4.

=]

1<2mm

122mm

4 2<2mm

4<2mm SA| 1<2mm

(@) (b)

Figure 4. Image representing the frequency (number of cases) of RLL per zone of the humerus
(a) and the glenoid (b).

GT was partially resorbed in 11 (23%) cases and totally in one (2%) case. Calcar was
partially resorbed in 12 (25%) cases and totally in two (4%) cases. Cortical narrowing in
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zones 2 and 6 was present in 38 (79%) cases with 13 (27%) patients showing spot welds or
condensation lines around the stem tip.

3.3. Scapular Notching

Scapular notching was present in 13 (27%) patients: 6 cases were grade 1 and 7 cases
were grade 2. No cases of grades 3 and 4 were observed. All cases presented a bone spur
formation at the scapular neck. Notching was significantly associated with high baseplate
position (12/12 cases of notching in case of high baseplate vs. 1/36 in case of low position;
p < 0.001). Patients with and without notching did not show a significant difference in
baseplate inclination (14° + 9° vs. 16° &+ 8°, p = 0.408). Glenoid RLL were significantly
more frequent in patients with scapular notching (31% vs. 6% p = 0.038). Notching was
not associated with GT (p = 0.611) and calcar resorption (p = 0.716). Patients with scapular
notching presented lower clinical results (Table 3).

Table 3. Clinical outcomes according to notching at the last follow-up. No preoperative or demo-
graphical differences were found between the two groups.

Outcome No Notching (35) Notching (13) p Value
cs 70 £15 58 + 20 0.046
ASES 86 + 14 70 £ 22 0.031
SSV 81+ 14 68 + 20 0.027
Pain 09+19 1.2+16 0.058
AE 148° + 23° 115° + 37° 0.006
ER 28° +15° 20° +21° 0.142
IR 57+£25 51+3.6 0.561

CS, Constant Score; ASES, American Shoulder and Elbow Surgeon; SSV, Subjective shoulder value; AE; anterior
elevation; ER, external rotation; IR, internal rotation.

4. Discussion

This study showed that IB-RSA is a safe and effective procedure and does not present
specific implant-associated complications at mid-term follow-up.

Scapular notching remain the most common complication associated with RSA [1,3].
In this series, notching occurred in 27% cases. Even though this rate still is not com-
pletely satisfying, it is lower compared to the notching rates (40-68%) of similar stan-
dard bearing RSA with a classic Grammont humeral stem with or without a lateralized
glenoid [1,8,15,16,25]. Moreover, it must be underlined that the notching observed in this
series has peculiar features. First, at this follow-up, no grade higher than 2 was observed
(Figure 5).

As postulated by Friedman et al., grade 3 and 4 extending over the inferior screw
are likely the results of a biologic response to polyethylene particles and osteolysis [3].
Secondly, in all cases with notching, a bone spur on the scapular neck was present. Third,
the notching was almost only present in cases with a high position of the baseplate, a
condition that is proven to be associated with mechanical contact of the prosthesis with
the scapula [5,8,11,26]. All these features seem to be linked to a pure mechanical notching,
proving that IB-RSA with a hard humeral liner leads to a distinct type of scapular notching
and avoids PE wear-induced osteolysis at mid-term follow-up. Similar findings were
shown by Kohut et al. using a different IB-RSA [27]. Based on our findings, optimal (as low
as possible) and secure (optimal preparation of the subchondral bone) positioning of the
glenoid is mandatory to avoid scapular notching (Figure 6).

Further studies are needed in order to analyze the notching evolution with IB-RSA at
longer follow-up and verify if the notching remains mainly mechanical, or if the osteolysis
will spread over the screw reaching the central peg, with a potential risk of loosening [12].
Moreover, histological studies on retrieved implants will be useful to clarify this phe-
nomenon in vivo. In contrast with other authors [8,16], we did not find a statistical differ-
ence in baseplate inclination between patients with and without notching in our series. This
finding may have different explanations. First, the limited number of patients included in
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this series compared to other series [8,16]. Second, the design of the glenosphere presenting
an inferior extension may compensate for a slight superior inclination of the baseplate
(Figure 2). Third, we believe that scapular notching is more linked to the inclination of
the baseplate relative to the scapular neck [11] or to the intrinsic neck morphology [3]
compared to the inclination relative to the supraspintus fossa.

(b)

Figure 5. Two cases with a high glenoid position that developed a grade 1 (a) and grade 2 (b) of
notching with the formation of a bone spur.

Figure 6. Correct position of the glenoid.

Another interesting observation was that in this series, GT and calcar resorption were
not associated with scapular notching, which contrasts the finding of Mazaleyrat et al. [28]
using a standard bearing RSA. This observation can be related to the fact that with IB-RSA
PE, wear-induced osteolysis is minimized with a potential effect on proximal humerus
resorption. The high rate of humeral stress shielding observed in this series is likely due
to the methaphyseal fixation of the stem, which is associated with these radiographical
changes [24,28]. Regarding the higher rate of glenoid RLL among patients with notching,
we believe that this finding is due to the presence in this group of the three patients with
early subsidence with the development of non-progressive RLL and notching. However,
further studies at longer follow-ups are necessary to clarify the evolution of this observation.
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The impact of scapular notching on clinical function is controversial. Some authors did
not find an influence of notching on clinical function [2,7,8,12], while other authors clearly
stated that scapular notching is associated with lower functional scores and decreased range
of motion [6,9,10,29], especially in case of high grades. In this series, notching development
has a significant negative influence on functional scores and anterior elevation at mid-term
follow-up. We believe that this finding is due to the fact that the notching observed with
this prosthesis is mainly mechanical and strictly linked to the incorrect high position of the
glenoid. This leads to premature contact of the humeral component with the scapula and
the acromion and consequent limitation of the motion [26].

Clinical scores and range of motion were overall improved at mid-term follow-up and
were comparable with other series of IB-RSA [27,30] or standard RSA [6-10,16]. Interest-
ingly, patients with a 44 mm diameter showed significantly better external and internal
rotation, better CS, and a positive trend for better anterior elevation. Biomechanical studies
showed that increasing the glenosphere diameter may have a favorable effect on range of
motion [31-33]. Clinically, some authors found similar improvements when increasing the
diameter to 42 or 44 mm [34,35]. The use of bigger glenospheres is advisable in order to
improve the results. However, this finding should be taken with caution, since it is not
possible to use a 44 mm glenosphere in all patients due to technical issues.

Regarding complications, only one patient was revised because of an infection and
two patients had an acromial fracture. The reported rate of acromial fracture with classic
reverse design is generally lower [1,36], but due to the low number of patients included in
this series, it is impossible to evaluate whether increasing the glenosphere diameter could
be associated with a higher risk of acromial fracture. However, Kohut et al. [27], in a larger
series comparing 40/44 mm with 36 mm glenosphere, did not report an increased risk
of acromial fracture. One important phenomenon that we observed in three cases is an
initial glenoid migration, which stabilized within the first year and remains in a high and
severe superiorly tilted baseplate (Figure 2). We noticed that in all these cases, the superior
part of the glenoid was not perfectly in contact with the subchondral bone, probably due
to an incorrect technique and uncompleted cartilage removal. Based on this observation,
we recommended a good preparation of the subchondral bone in order to match the
baseplate profile.

This study presents the following strengths: the series included all consecutive patients
prospectively enrolled during the index period; the same prosthesis and the same technique
was used in all the cases; radiographical and clinical evaluation was performed by two
surgeons (R.R. and L.D.) not involved in the surgical procedure. However, this study
presents some limitations. Firstly, its retrospective nature. Secondly, the lack of a control
group. To definitively confirm our observation, comparative studies comparing IB-RSA
and standard RSA will be needed in the future. Thirdly, because of the limited number of
patients included it is impossible to draw definitive conclusions regarding complications
and revisions rate. Fourth, other anatomical measures (i.e., scapular neck angle, neck-shaft
angle, glenoid inclination) that may have a role in scapular notching were not measured.

5. Conclusions

IB-RSA is a safe and effective procedure without specific implant-associated compli-
cations at mid-term follow-up. Overall, using a 44-mm-diameter glenosphere compared
to 40-mm-lead to an improved range of motion. Inverting biomaterials lead to a distinct
kind of notching, which mainly showed mechanical features and no observed cases of
grade 3 or 4. Scapular notching is associated with a high baseplate position and has a
negative influence on range of motion and clinical outcome.
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Abstract: The purpose of this study is to evaluate the mid-term clinical results of an ongoing case
series on conversion reverse shoulder arthroplasty (RSA) with a modular prosthesis system. We
included 17 elderly patients revised for failed hemiarthroplasty after proximal humeral fracture, of
which 13 were converted using a modular reverse shoulder prosthesis. Four could not be converted
due to overstuffing. For the conversion RSA, we determined the Constant score, American Shoulder
and Elbow Surgeons Shoulder Score, visual analogue scale for pain and satisfaction, and range
of motion preoperatively, at one year, and at the last follow-up. All measured clinical outcomes
improved significantly at both follow-up time points (p < 0.05). The mean duration of surgery was
118.4 min (range: 80.0 to 140.0 min). We observed complications in three patients; these included one
late infection and two aseptic stem loosenings. Modular shoulder arthroplasty is a suitable procedure
for conversion RSA in elderly patients. All measured postoperative clinical outcomes improved
significantly, the complication rate was acceptable, and no prosthesis-related complications occurred.
Conversion RSA, although not feasible in every case, is a viable treatment option in the elderly, which
can provide successful mid-term results.

Keywords: reverse shoulder arthroplasty; conversion; failed hemiarthroplasty; shoulder hemipros-
thesis; modular reverse prosthesis

1. Introduction

Proximal humeral fractures in elderly patients are a common indication for shoul-
der arthroplasty. Treatment options mainly involve hemiarthroplasty (HA) and reverse
shoulder arthroplasty (RSA). Choosing the appropriate treatment option is influenced by
many factors, such as the fracture pattern, tuberosity involvement, bone quality, surgeon
preference, and the age and activity level of the patient [1].

HA is a well-known procedure for managing proximal humeral fractures. However,
with the advent of RSA, the use of HA has become debatable owing to its unpredictable
and non-homogeneous outcomes, its technical difficulties, and the fact that it is rarely
indicated [2]. Moreover, HA is associated with a high rate of tuberosity complications (up
to 50%) [2].

Failure of HA has been attributed to several causes including pain, deep infection,
impaired shoulder function, rotator cuff degeneration, cartilage wear of the glenoid, aseptic
loosening of the humeral component, and implant instability or dislocation [3,4]. Failed HA
may be revised in several ways. Typical treatment options include revision to conventional
total shoulder arthroplasty, revision to RSA, and resection arthroplasty [5-9]. Revision to
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RSA may be carried out by exchanging the complete hemiprosthesis (traditional revision
RSA) or by retaining the existing humeral stem (conversion RSA). Indicated primarily for
concomitant rotator cuff dysfunction, revision to RSA improves shoulder function and
relieves pain; however, it is associated with a high complication rate [6,7,9-11].

The removal of the humeral stem is associated with a relatively high risk of humeral
shaft fracture, which may jeopardize the anchoring of the new stem and result in implant
failure [11-13]. Furthermore, removal of a well-fixed stem can be technically difficult,
especially in cases where there is poor bone quality, and may require osteotomy of the
humeral shaft [10,11,14]. Levy et al. observed that the high rate (32%) of prosthesis-
related complications in their study of traditional revision RSA with stem exchange for
failed HA was mainly associated with bone loss in the proximal humerus, glenoid, or
both [7]. Therefore, to prevent bone loss and reduce the risk of intra- and postoperative
complications, it would be best to retain the hemiprosthesis stem [10,14,15].

With the advent of modular convertible shoulder prosthesis systems, retaining the
humeral stem during revision of HA to RSA has become a viable option. Indeed, the
authors of some studies have shown encouraging results accompanied by reduced rates
of complications and implant failures [13-18]. Moreover, clinical data have suggested
that minimal changes in height and offset [14], shorter operating times [11,13,15], fewer
intraoperative complications [11,13,15], and fewer subsequent revision surgeries [10,11,15]
are associated with conversion RSA with modular prostheses compared to traditional
revision RSA with stem exchange. However, these data are limited to a few short- and
mid-term studies, primarily because revision of HA to RSA is a rare indication.

Our aim with this study is to provide further insight into the outcomes of this rare
procedure by reporting the mid-term clinical results of an ongoing case series on conversion
RSA with a modular prosthesis system in patients revised for failed HA after a proximal
humeral fracture.

2. Materials and Methods
2.1. Study Design and Patient Selection

This study was a subgroup analysis of an ongoing, multicenter, prospective cohort
study of 519 patients with various indications and operated with an Affinis Inverse or
Affinis Facture Inverse system (Mathys Ltd., Bettlach, Switzerland) between 6 May 2008
and 1 June 2015. Of these, 17 patients met the following inclusion criteria: revision required
for failed HA after proximal humeral fracture, Affinis Fracture or Articula system (Mathys
Ltd., Bettlach, Switzerland) implanted as primary prosthesis, and stem removal not re-
quired during revision. Reasons for revision included secondary tuberosity dislocation
or malunion after primary arthroplasty, luxation or instability after primary arthroplasty,
rotator cuff disorder after primary arthroplasty, and glenoid erosion after HA, all resulting
in pain and/or loss of function.

Conversion RSA was considered in patients who showed no stem loosening or infec-
tion and had adequate soft tissue tension for humeral stem retention, as assessed intraoper-
atively. Thirteen patients, enrolled from four centers in Germany and Switzerland, were
considered suitable for conversion RSA (Figure 1). Of these patients, two were lost due to
early revision, two to dementia or old age, and one to dislocation, leaving eight patients
at the final follow-up. In the remaining four patients, conversion was not possible due to
overstuffing; these patients were treated with traditional revision RSA with stem exchange.
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Figure 1. Flow diagram of the patient selection.

Patients underwent a clinical examination preoperatively, after one year, and at
the final follow-up. The mean final follow-up period was 55.1 months (range: 12.0 to
91.1 months).

2.2. Implant Characterstics

HA was performed using a fracture prosthesis (Affinis Fracture or Articula system),
which is part of a modular implant system that allows conversion to RSA using the same
humeral stem as in HA. For conversion RSA, the head component and the metaphyseal
element were replaced with a reverse metaphyseal element (Affinis Fracture Inverse system)
(Figure 2). This element can be fixed to the humeral stem with 10 mm of possible height
adjustment and free torsion. On the glenoid side, either a 39 or 42 mm glenosphere can
be chosen. The reverse metaphyseal element exists in a 0 or 3 mm offset version. If
both metaphyseal parts are at the same level, converting HA to RSA would lengthen
the humerus by 23 mm and medialize the center of rotation by at least 19 mm (from
4 to 23 or 25 mm lateral offset, Figure 3). This equates to the minimal lengthening in
a worst-case scenario, where the central part was placed completely distally during the
implantation of the fracture HA and revised with a 39 mm glenosphere and a 0 mm offset
reverse metaphyseal element. When placing the reverse metaphyseal element completely
proximally during the revision surgery with the largest glenosphere and the highest offset,
a maximum lengthening of 38 mm and medialization of the center of rotation of 21 mm can
be achieved.
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Figure 2. Failure of hemiarthroplasty and conversion to reverse shoulder arthroplasty. (a) Preop-
erative anteroposterior radiograph of a hemiarthroplasty with a firmly cemented stem showing
insufficiency of the supraspinatus tendon and superior migration of the humeral head; (b) Postopera-
tive anteroposterior radiograph of a conversion reverse shoulder arthroplasty with humeral stem
retention; (c) Four-year postoperative anteroposterior radiograph showing prosthesis in situ.

XY

Figure 3. Modular reverse shoulder prosthesis. If both metaphyseal parts are at the same level,
conversion leads to 23 mm of distalization and medializes the center of rotation by 19 mm (left). This
corresponds to the worst-case scenario if the reverse metaphyseal element was placed most distally
during the primary implantation of hemiarthroplasty (middle). The maximum lengthening of the
conversion is 38 mm by choosing a 42 mm glenosphere and an offset of 3 mm (right). The length of
the anatomic and the reverse prosthesis can be adjusted by 10 mm to reduce distalization. The center
of rotation is medialized between 19 mm and 21 mm.
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2.3. Operating Technique

Surgeons used a standard deltopectoral approach in all cases. The recording of the
operating time began at the moment of the first incision and ended at postoperative
skin closure.

Initially, the humeral head was mobilized, and the metaphyseal part of the prosthesis
was freed from the tuberosities if present. Next, the prosthetic head and the metaphyseal
part were removed. On the humeral side, we removed the cement and bone from the
proximal end of the stem enough to allow the insertion of the trial prosthetic epiphysis at
the deepest position possible with the prosthetic system.

On the opposite side of the joint, we exposed the glenoid, then reamed and drilled
it so that the metaglene could be inserted using a standard technique. Trial glenospheres
and epiphyses were used to confirm the optimal configuration of the prosthesis before
the definitive prosthetic components were implanted. Bony parts of the greater and lesser
tuberosities, if present, were then reattached to the prosthetic epiphysis with heavy, non-
absorbable sutures.

2.4. Clinical Evaluation

We measured the Constant score, American Shoulder and Elbow Surgeons (ASES)
Shoulder Score, visual analogue scale (VAS) for pain and satisfaction, and range of motion
preoperatively, after one year, and at the final follow-up. All complications were carefully
monitored and recorded throughout the study.

2.5. Statistical Analysis

We compared the pre- and postoperative clinical parameters using a two-sided exact
Wilcoxon rank sum test. In all cases, p values < 0.05 were considered significant. We
presented the data as the mean (range) unless otherwise indicated. In cases of loss to
follow-up (including death), we used the last observation for calculation.

3. Results

The patient demographics and characteristics are detailed in Table 1. The mean age
of patients at the time of surgery was 73.6 years (range: 64.9 to 89.6 years), the mean final
follow-up period was 55.1 months (range: 12.0 to 91.1 months), and the mean duration of
surgery was 118.4 (range: 80.0 to 140.0) minutes.

Table 1. Patient demographics and characteristics.

Variable Value
Sex (female/male) 9/4
Operated side (right/left) 6/7
Age at surgery (years) 73.6 (64.9-89.6)
Time since implantation of hemiprosthesis

(months) 16.7 (3.9-61.7)
Follow-up period (months) 55.1 (12.0-91.1)

The values of the age at surgery, time since implantation of hemiprosthesis, and follow-up period are reported as
means (ranges). Total number of patients: 13.

3.1. Clinical Outcomes

The clinical outcomes, such as the Constant score, ASES Shoulder Score, VAS for
pain and satisfaction, and ROM, improved significantly, both at one year postoperatively
(p < 0.05) and at the last follow-up visit (p < 0.05) (Table 2).
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Table 2. Clinical outcomes.

. At Last
Clinical Outcome Preoperative At12 Months p Value * Follow-up p Value **
(n=13) (n=11)
(n=8)
Constant score 21.7 (4.0-52.0)  50.1 (37.0-71.0) 0.0001 57.9 (42.0-96.0) 0.0001
ASESSfi‘r"eulder 243 (6.7-46.8)  63.8 (46.7-86.7) <0.001 66.9 (46.7-98.3) <0.001
VAS for pain 7.3 (5.0-9.0) 2.3 (0.0-5.0) <0.001 2.3 (0.0-5.0) <0.001
VAS for satisfaction 2.0 (0.0-6.2) 7.9 (5.0-10.0) <0.001 8.0 (7.0-10.0) <0.001
Active ROM in 38.8 103.2 1119
abduction (°) (10.0-100.0) (50.0-180.0) <0.001 (50.0-160.0) 0.006
Active ROM in 46.2 1118 1225
forward flexion (°)  (10.0-130.0) (60.0-160.0) 0.0001 (60.0-180.0) 0.001

Values reported as means (ranges). p values from two-sided exact Wilcoxon rank sum test between preoperative
and 12-month follow-up (*) and between preoperative and last follow-up (**). ASES: American Shoulder and
Elbow Surgeons; n: number of patients; ROM: range of motion; VAS: visual analogue scale.

3.2. Complications

Three patients presented with complications. One patient had a late infection at
5.2 months postoperatively and was treated by debridement and exchange of the bearing
components; the patient had no clinical signs of ongoing infection at the last follow-up. Two
patients had aseptic stem loosening. One occurred 49.2 months postoperatively and was
treated by stem exchange. The other occurred 7.5 months postoperatively, and the humeral
component was revised. However, the implant was later removed, and the patient was
treated with antibiotics due to a late infection occurring 26.0 months after stem revision.

4. Discussion

In this study, we evaluated the conversion of failed HA to RSA using a modular pros-
thetic system and assessed the clinical outcomes at different time intervals postoperatively.
We reported significant postoperative improvements in the Constant score, ASES Shoulder
Score, VAS for pain and satisfaction, and ROM.

During the revision of failed HA, the correct balancing of soft tissue tension is impor-
tant. Insufficient tension can result in instability of the prosthesis, whereas excessive tension
can result in acromial fracture, poor deltoid function, and/or neurological lesions [19].
Moreover, restoring adequate tension can be complicated by scarring and altered muscle
function. However, most current modular prostheses allow the height of the humeral head
to be adjusted enough to modify the compressive forces across the glenohumeral joint, and
thereby achieve adequate soft tissue tension.

Postoperative arm lengthening is a typical occurrence after RSA. Lidermann et al.
reported a mean postoperative lengthening of 23 & 12 mm in primary and revision RSA
using a different prosthesis than we did [19], while Teschner et al. measured a mean
increase in implant height of 24 + 2.6 mm in the conversion of failed HA to RSA using
the same prosthesis as we did [14]. Both of these values are similar to the lengthening
that can be achieved with the reverse modular prosthesis used in our series (23 mm)
(Figure 3). Moreover, we did not observe any complications related to the under- or over-
tensioning of the deltoid tissue. We therefore believe that the modular prosthesis used
in our series allowed for the optimal soft tissue balance required for retaining a firmly
implanted humeral stem.

Although several modular convertible shoulder prostheses are available today for
the successful conversion of HA to RSA [14], stem retention may not always be possible,
especially when the humeral stem is poorly positioned or not well fixed [10,11]. In these
cases, stem revision is needed [10,11]. Similarly, conversion RSA is not feasible in cases
with infection or where the stem cannot be distalized enough, as seen in the present study.
Finally, the use of stemless anatomical implants in primary procedures does not allow
conversion RSA. We also found that not every patient in the present study could benefit
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from conversion RSA. Of the 17 cases where conversion RSA was considered, four cases
(23%) could not be converted due to overstuffing. A similar rate was found in a recent
study where 22% of the patients could not be converted despite the presence of a modular
prosthesis [10], indicating a limitation of today’s convertible modular prosthetic systems.
Other limitations include the need for highly skilled surgeons and a meticulous surgical
technique for implanting a convertible modular prosthetic system during the primary
procedure [16]. These limitations necessitate the continued use of modular non-convertible
shoulder prostheses.

Revision surgery of failed HA remains technically challenging and may be associated
with less predictable clinical outcomes and various complications [18]. Nevertheless, in
the current study, we found a significant improvement in the mean Constant score (from
21.7 preoperatively to 57.9 at the last follow-up; p = 0.0001). Other studies on the revision
of failed HA to RSA also found similar increases in the mean Constant scores: from 12.67 to
45.08 [6] and from 8.9 to 41.0 [18].

Besides the functional scores, intraoperative parameters such as the operating time
are also important contributors to successful conversion RSA. In recent studies com-
paring conversions and revisions, conversion procedures resulted in shorter operating
times [10,11,13,15]. We found similar results in our study: the mean operating time for
conversion RSA was shorter than that for traditional revision RSA [118.4 min (range: 80.0
to 140.0) versus 150.0 min (range: 100.0 to 230.0), our unpublished results].

Despite successful clinical outcomes, complication rates remain high after conversion
RSA, ranging from 22% to 43% [11]. We found complications in three (23%) patients
who underwent conversion RSA. Revision with stem exchange was needed in two (15%)
patients due to aseptic loosening. Although we observed an overall complication rate
similar to that reported in other studies of RSA after failed shoulder arthroplasty [6,20,21],
more clinical evidence is needed to draw definite conclusions in this regard. Previous
studies also showed that modular prosthesis designs minimized the risk of periprosthetic
humeral shaft fractures [18]. We confirmed this finding; no periprosthetic fractures or other
implant-related complications were observed in our study.

Our study had a number of limitations; these included the absence of standardized
radiographs for the accurate measuring of arm length and the small sample size owing
to the nature of the indication, which limited the interpretation of our findings. This is
why—although challenging—studies with larger patient cohorts are needed to investigate
the full potential of modular systems in the conversion of failed HA to RSA. Finally, the
results from the type of modular convertible shoulder prosthesis used in our study are not
sufficient to make generalized conclusions on the outcomes of conversion RSA. For this, a
clinical comparison with different implant types will be needed.

5. Conclusions

Modular shoulder arthroplasty is a suitable procedure for the conversion of failed HA
to RSA in elderly patients, allowing a successful conversion in the majority of cases. In
our study, all measured postoperative clinical outcomes improved significantly. Moreover,
retaining the prosthetic stem was associated with a short operating time. Finally, the ob-
served complication rate was acceptable, and no prosthesis-related complications occurred.
Although not feasible in every case, conversion RSA is a viable treatment option in the
elderly, which can provide successful mid-term results with an acceptable complication
rate. Nevertheless, studies with larger sample sizes should be carried out to provide greater
insight into conversion RSA outcomes in this rare indication.
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Abstract: Background: Patients with a periprosthetic joint infection (PJI) of the shoulder, who fail
to undergo reimplantation in an attempted two-stage exchange seem to be neglected in the current
literature. The aim of this study was to assess the clinical course of patients after the first stage in the
process of an attempted two-stage exchange for shoulder PJI. Methods: After a retrospective review
of our institutional database between 2008 and 2018, 49 patients, who were treated with an intended
two-stage exchange for shoulder PJI, were identified. Patients” demographics, laboratory and health
status parameters, along with records of clinical outcome were collected. The primary outcome
measurements analyzed were infection eradication, successful reimplantation, and patient survival.
Results: Reimplantation was completed in only 35 (71%) of 49 cases and eradication of infection
was achieved in 85.7% of patients with successful reimplantation after a mean follow-up duration
of 5.1 years (1.1 to 10.2 years). Reasons for failure to reimplant were premature death in 36%, high
general morbidity in 29%, satisfaction with the current status in 21%, or severe infection with poor
bone and soft tissues in 14% of the patients. Of the 14 cases without reimplantation, eradication rate
of infection was 57% after a mean follow-up of 5 years (2.6 to 11 years). The overall mortality rate of
the entire cohort was 25% at the latest follow-up and 10% within ninety days after implant removal.
Patients who deceased or did not undergo reimplantation during the follow-up were significantly
older and had a significantly higher Charlson comorbidity index (CCI). Conclusions: While the
two-stage exchange arthroplasty can lead to high rates of infection eradication, a considerable subset
of patients never undergoes the second stage for a variety of reasons. Shoulder PJI and its treatment
are associated with a high risk of mortality, especially in patients with older age and higher CCI.

Keywords: periprosthetic shoulder infection; two-stage exchange; mortality; reimplantation

1. Introduction

Periprosthetic joint infection (PJI) of the shoulder represents a devastating compli-
cation and is the main cause of revision within the first few years after shoulder arthro-
plasty [1-3]. Its treatment continues to pose a challenge for the orthopedic community [3,4].
Although the preferred surgical treatment of chronic shoulder PJI is still unknown and
pooled data demonstrate single-stage exchange may be superior to two-stage exchange
in selected cases, two-stage exchange arthroplasty with implant removal, insertion of an
antibiotic spacer, followed by reimplantation of an arthroplasty, continues to be the most
common treatment strategy for shoulder PJI [5,6]. The reported infection eradication rate of
two-stage exchange arthroplasty varies in literature between 63% and 100% [4,6]. However,
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the majority of these studies focus on the clinical outcomes after successful reimplantation
and overlook a substantial number of patients who undergo resection arthroplasty alone
and do not complete the second stage of an attempted two-stage exchange arthroplasty [7,8].
Thus, these studies may not accurately reflect the overall success rate of two-stage exchange
arthroplasty for shoulder PJI. Furthermore, most studies are limited to small case series and
most importantly, there is a lack of data and high variability of how these studies define
diagnosis and treatment success of shoulder PJI, which could result in an overestimation
of the outcome parameters. An improved understanding of the interstage period and
application of a standardized, multidimensional definition of shoulder PJI diagnosis and
also treatment success is crucial to accurately depict the clinical outcome of two-stage
exchange arthroplasty.

The purpose of the current study was to assess the clinical course of patients after
implant removal in the process of an attempted two-stage exchange arthroplasty for
shoulder PJIincluding infection eradication, successful reimplantation, and patient survival
as main outcome parameters.

2. Materials and Methods
2.1. Study Design and Cohort

We conducted a retrospective analysis of all patients who were scheduled for a two-
stage exchange arthroplasty in our institution between 2008 and 2018 due to a shoulder
PJI. A total of 49 patients were identified from our prospectively collected institutional
database and were included in the study. The study protocol was reviewed and approved
by the institutional ethics committee (EA4/040/14).

The mean age of the patients at the time of the first stage of the two-stage exchange
arthroplasty was 70 = 11 years (range: 37-88 years) and 30 patients (61%) were female.
The main reasons for primary shoulder arthroplasty were cuff arthropathy (10 patients),
primary osteoarthritis (17 patients), fracture (19 patients), or posttraumatic osteoarthritis
(3 patients). A total of 10 patients (20.4%) had undergone at least one previous septic
revision in another hospital, 10 (20.4%) had undergone at least one aseptic revision, and 29
(59%) had developed a shoulder PJI after the initial arthroplasty. The type of arthroplasty
at the time of the first stage revision surgery was hemiarthroplasty in 17 (35%), anatomic
total shoulder arthroplasty in 9 (18%), and reverse shoulder arthroplasty in 23 patients
(47%). The mean interval between the primary arthroplasty and implant removal surgery
at our institution was 4.1 & 3.7 years.

2.2. Data Collection

Comorbidities, history of the infected shoulder arthroplasty, the score of the Charlson
comorbidity index (CCI) [9], laboratory values including serum C-reactive protein (CRP),
and serum leucocyte count were recorded on admission. In addition, the following data
were extracted for all patients: leucocyte count, microbiological and histopathological re-
sults of aspiration, number of revision surgeries between stages, length of interval between
explantation and reimplantation, and microbiological and histopathological results of all
surgeries. Furthermore, component loosening was evaluated radiologically and intraopera-
tively and documented in our database for every patient, as well as intraoperative findings
such as cloudy fluid or gross intra-articular purulence. Patients were seen in our outpatient
clinic postoperatively after 3, 6, and 12 months and after that period, annually. Clinical and
radiological evaluations were performed by an orthopedic surgeon and infectious disease
specialist. A standardized questionnaire evaluating the general health, joint and skin status,
any additional surgical interventions, and antibiotic use was performed. Further follow-up
was performed, contacting the patients by phone or during the visit in our outpatient clinic.
The primary outcome measurements analyzed were treatment success in terms of infection
eradication, successful reimplantation, and patient survival.
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2.3. Definitions

Periprosthetic shoulder infection was diagnosed according to the last proposed defi-
nition criteria of the ICM [10]. According to these criteria, patients were classified into 4
infection subgroups: (1) definitive infection; (2) probable infection; (3) possible infection;
(4) infection unlikely. Meeting one of the following criteria was diagnostic of definitive
periprosthetic shoulder infection: (1) a sinus tract communicating with the prosthesis; (2)
gross intra-articular pus; (3) two positive cultures with phenotypically identical virulent
organisms. In the lack of these defining signs, weighted minor criteria (Table 1) are summed
and used to distinguish between probable, possible, and unlikely infection.

The three categories in these less distinct scenarios are defined as follows:

- Six or greater with identified organism: probable infection.
- Six or greater without identified organism; possible infection.
- Fewer than six.

- single positive culture virulent organism: possible infection.

- two positive cultures low-virulence organism: possible infection.

- negative cultures or only single positive culture for low virulent organism: infec-
tion unlikely.

Table 1. Demographic data, clinical, and laboratory findings of the study cohort and groups with and without subsequent

reimplantation.

Variable All Patients, n = 49 Ré?:s;?r’;tit;(;n Nocl;r Z]:;}[)l:r;t;;lon p-Value
Mean age, y * 69.7 + 11 67.1 +£10.6 76 £9.7 0.009
Gender ¢

Male 19 (39) 15 (43) 4(29) 05

Female 30 (61) 20 (57) 10 (71)
CRP at admission (mg/L) * 21.1+324 19 £ 36.2 26.8 £ 20 0.46
CCI* 41+28 33+21 6.2+ 34 <0.001
Mortality after first stage ¢

Ninety days 5 (10) 0(0) 5(36) 0.001

Last follow-up 12 (25) 4 (11) 8 (57) 0.002
Polymicrobial shoulder PJI ¢ 14 (29) 8 (23) 6 (43) 0.18
Culture-negative shoulder PJI ¢ 8 (16) 7 (20) 1(7) 0.4
Infection eradication ¢ 38 (78) 30 (86) 8 (57) 0.06

1 Statistical analysis was only undertaken between reimplantation and no reimplantation groups. * The values are given as the mean
and the standard deviation. 4 The values are given as the number with the percentage of the group in parentheses. CCI—Charlson

comorbidity index.

Of the 49 infected patients, 16 met the criteria for definitive infection, 25 for probable
infection, and 8 for possible infection. Cutibacterium acnes was the most common infecting
microorganism at the time of resection arthroplasty in 18/49 patients (37%), followed by
coagulase-negative staphylococci (18/49, 37%), Staphylococcus aureus (8/49, 16%), and
other microorganisms (9/49, 18%). In 14 of 49 cases (29%), a polymicrobial infection was
evident and eight patients (16%) had no growth in the microbiology. Three of these eight
patients with negative microbiology had a definitive infection due to presence of gross
intraarticular pus and antibiotic treatment was started before taking samples, as patients
were in sepsis. In the remaining five patients, the infection was classified as possible due to
presence of minor criteria.

The definition for successfully treated shoulder PJI, in terms of infection eradication,
was based on the Dephi-based international multidisciplinary consensus [11] and was
further modified [12,13]. Infection was considered as eradicated if all of the following
criteria were fulfilled at the latest follow-up: infection eradication, characterized by a
healed wound without fistula and drainage; no recurrence of the infection; no occurrence
of periprosthetic joint infection-related mortality; no subsequent surgical intervention for
infection after reimplantation surgery; no long-term (>6 months) antimicrobial suppression
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therapy. Given that the Delphi criteria do not consider patients who do not undergo
the reimplantation stage of the two-stage exchange arthroplasty, in this study successful
infection eradication also included no subsequent surgical intervention for infection after
explantation and no mortality related to infection in patients who did not undergo the
reimplantation stage [8].

2.4. Two-Stage Exchange Arthroplasty Approach

All patients were treated according to a standardized two-stage exchange protocol.
The first stage consisted of removal of all implants, as well as infected tissue, cement,
and all other foreign material followed by irrigation and debridement. In most cases an
antibiotic-impregnated cement spacer was inserted. Tissue cultures were incubated for
14 days. Antibiotic treatment was started intravenously (IV) after surgery or preoperatively
in the case of patients presenting with sepsis after synovial aspiration. A standardized
antimicrobial treatment was applied in every case based on a previously published concept
under the surveillance of our infectious disease specialists [14]. A revision with irrigation,
debridement, and concomitant spacer exchange was performed in case of a persistent
infection (discharging wound and/or local sings of infection and/or increasing CRP
without any other focus). A reimplantation was performed when the operation site was
healed, with soft tissues in a good condition and ready for surgery, and the general health
status of the patient was suitable for surgery. The reimplantation was used as another
chance to execute another debridement of the surrounding soft tissues and bone before
reimplantation of the definitive components. Intravenous antibiotic treatment was given
for 2 weeks after reimplantation surgery and changed to oral regime mostly for another
4 weeks to complete a total treatment duration of 6 weeks after reimplantation.

2.5. Statistical Analysis

Chi-squared and Fisher’s exact tests were used to find significant differences between
categorical variables. The Kolmogorov-Smirnov test was used to test for normal distri-
bution. The 2-sample ¢ test (for parametric distributions) or Mann-Whitney U test (for
nonparametric distributions) was used to compare continuous variables between groups.
The results were given as the mean and standard deviation or as the number and percent-
age. For statistical analyses, IBM SPSS Statistics software (version 25.0; IBM, Armonk, NY,
USA) was used. p < 0.05 was considered statistically significant.

3. Results

Reimplantation was completed in only 35 (71%) of 49 cases and eradication of infection
was achieved in 85.7% of patients with successful reimplantation after a mean follow-up
duration of 5.1 years (range: 1.1 to 10.2 years). Nine of thirty-five (26%) patients underwent
one revision surgery between the resection arthroplasty and reimplantation and one of
35 patients (3%) underwent two revision surgeries, which included additional spacer ex-
change due to wound-related complications and bone grafting procedures because of poor
glenoid bone stock. The mean interval between resection arthroplasty and reimplantation
was 2.4 months (range: 0.4 to 8 months). In one case, a hemiarthroplasty; in three cases, a
total shoulder arthroplasty; and in the remaining 31 cases, a reverse shoulder arthroplasty
was performed at the time of reimplantation.

Of the 14 cases that did not undergo reimplantation, infection eradication was achieved
in 57% of the cases (8 of 14 cases) after a mean follow-up of 5 years (range: 2.6 to 11 years).
Reasons for failure to reimplant were premature death in 5 patients (36%), high general
morbidity in 4 patients (29%), satisfaction with the current status in 3 patients (21%), or
severe infection with poor bone and soft tissues in 2 patients (14%). Patients who did not
undergo subsequent reimplantation were significantly older (76 vs. 67 years, p = 0.009), had
a significantly higher Charlson comorbidity index (6.2 vs. 3.3, p < 0.001), and mortality rate
(8/14 vs. 4/35, p = 0.002) compared to patients who achieved a successful reimplantation
(Table 1). Furthermore, more polymicrobial infections were identified in patients who did

214



J. Clin. Med. 2021, 11, 5186

not undergo reimplantation. However, this difference was statistically not significant (43%
vs. 23%, p = 0.18).

A successful infection eradication was achieved in 38 patients of the entire cohort
(78%) at the last follow-up. Patients with persistent infection had a significantly higher
C-reactive protein on admission (49.4 vs. 14.3 mg/L, p = 0.003) and mortality (6/11 vs.
6/38, p = 0.02), compared to patients with successful eradication of infection (Table 2).

Table 2. Demographic data, clinical, and laboratory findings of the groups with infection eradication and infection persistence.

Variable Infection Eradication n = 38 Infection Persistence n =11 p-Value
Mean age, y * 69.1 £10.7 71 +£124 0.5
CRP at admission (mg/L) * 143+ 17 49.4 4+ 60 0.003
ccr* 4+28 48+3 0.37
Mortality after first stage ¢

Ninety days 0(0) 5 (46) <0.001

Last follow-up 6 (16) 6 (54) 0.02
Infection subgroups

Definitive 11 (29) 5 (46) 047

Probable 22 (58) 3(27) 0.1

Possible 5(13) 3(27) 0.4
Polymicrobial shoulder PJI ¢ 11 (29) 3(27) 1.0
Culture-negative shoulder PJI ¢ 5(13) 3(27) 0.4

* The values are given as the mean and the standard deviation. 4 The values are given as the number with the percentage of the group in
parentheses. CCIL: Charlson comorbidity index.

The overall mortality rate of the entire cohort was 25% (12 of 49 cases) at the latest
follow-up, 10% (five cases) within ninety days after resection arthroplasty. Patients who
deceased during the follow-up were significantly older (77 vs. 67.3 years, p = 0.005) and
had a significantly higher Charlson comorbidity index (7.3 vs. 3.1, p < 0.001) (Table 3).

Table 3. Demographic data, clinical, and laboratory findings of the alive and deceased patients.

Variable Patients Alive n = 37 Patients Deceased, n = 12 p-Value
Mean age, yr * 67.3 £10.6 77 £9 0.005
CRP at admission (mg/L) * 17 £20.2 34.2 £ 55.6 0.12
cCr* 31+19 73+28 <0.001
Polymicrobial shoulder PJI ¢ 12 (29) 2 (27) 0.5
Culture-negative shoulder PJI 4 6 (13) 2(27) 1.0

* The values are given as the mean and the standard deviation. 4 The values are given as the number with the percentage of the group in
parentheses. CCI. Charlson comorbidity index.

4. Discussion

Despite the abundance of available literature focusing on two-stage exchange arthro-
plasty in patients with shoulder PJI, there is a widespread heterogeneity among most
studies. The most important fact is the different definition criteria of the shoulder PJI
diagnosis, as well as of its treatment success, leading to a lack of comparability. With the
expected increase of performed shoulder arthroplasties over the next years, a consensus
diagnostic definition and a consensus definition of treatment success for shoulder PJI are
getting increasingly relevant and important not only to create a more comparable scientific
reporting, but also to diagnose, counsel, and treat patients in a standardized matter.

There is considerable variation in reimplantation rates among studies in literature,
ranging from 37% to 97% [7,15-21]. Only a few studies have dealt with these patients
and tried to report on their clinical outcomes and causes for their attrition [7,18,22]. The
current study aimed at evaluating all patients who underwent an attempted two-stage
exchange arthroplasty for shoulder PJI, irrespective of the subsequent clinical course,
and demonstrated that almost one-third of all patients who underwent the first stage
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of the procedure, did not complete a subsequent reimplantation. Despite having an
acceptable infection eradication rate in patients with a permanent spacer, the clinical
outcome scores are poor and progressive bone loss can occur with the extended retention
of the spacer [18,22]. The current accepted goal of a two-stage exchange arthroplasty
protocol is still the reimplantation of a new prothesis to ensure best functional outcome for
patients and every effort should be made to improve shoulder function by providing the
opportunity for reimplantation.

A variety of reasons can lead to failure to reimplant, including mortality, medical
comorbidities, uncontrollable infection leading to amputation of the limb or lifetime an-
tibiotic suppression, and unwillingness of patients to undergo a second surgery, as well as
patient’s satisfaction with the current status. Similar to the hip and knee literature [23,24],
premature mortality and high general morbidity were the most common causes for not
being able to proceed with the intended reimplantation in this study. CCI and older age
seemed to be risk factors for failure to reimplant, as the patients in the group without
reimplantation had significantly higher CCI and were significantly older compared to
patients with reimplantation. Patients with a higher CCI mostly have poorer health as well
as a compromised immune status, which can be due to scar tissue and vascular damage.
This local and systemic immune failure can massively decrease the minimal infecting dose
of bacteria, predisposing to problems with infection eradication [25].

Furthermore, several studies in hip and knee literature were able to show an associa-
tion of the microorganism type and likelihood of inability to achieve a reimplantation. To
our knowledge, there are no existing studies investigating this association in patients with
shoulder PJI. Barton et al. found that patients with a polymicrobial infection had a nearly
8-fold greater likelihood of inability to undergo reimplantation compared to patients with
monomicrobial or culture-negative infections [23]. Although it did not achieve statistical
significance, we were able to identify more polymicrobial infections in patients who did
not undergo reimplantation, compared to patients with a successful reimplantation.

The treatment success rate in terms of infection eradication was as high as 86% among
patients with reimplantation. This is comparable to the almost 90% infection control rate re-
ported in a recent systematic review and meta-analysis of 30 studies reporting on two-stage
exchange arthroplasty in patients with shoulder PJI [6]. However, when taking the patients
without reimplantation into consideration, the overall infection eradication rate dropped
to 78%, which is lower than most of the studies in the literature dealing with two-stage
exchange arthroplasty. The majority of these studies do not encompass patients who do not
complete the second stage of an attempted two-stage exchange arthroplasty and exclude
them from their treatment success analysis, thereby leading to a possibly overestimated
success of this surgical procedure. In addition, the considerably high inflammatory re-
sponse in many patients of the study cohort may be a further factor affecting our infection
eradication rate, as patients with persistent infection had a significantly higher C-reactive
protein on admission compared to patients with successful eradication of infection. High
virulent microorganisms mostly induce an acute response and much inflammation with
the release of cytokines and elevation of CRP, leading to a potentially worse postoperative
clinical course [26,27].

Although mortality and morbidity associated with two-stage exchange arthroplasty
for hip and knee periprosthetic joint infection has been one of the main research
topics [8,23,24], there is a lack of knowledge in shoulder PJI literature. Cancienne et al.
recently showed a mortality rate of 2.2% within the first postoperative year in patients
undergoing removal of an infected shoulder prosthesis [7]. This is significantly less than
the mortality rate reported in the current study, which was 10% within ninety days after
resection arthroplasty and 25% at the latest follow-up, which is similar to what has been
reported previously in hip and knee literature [23,24,28]. The mortality in five patients,
who deceased in the first 90 days after resection arthroplasty, was related to the infection,
whereas the other patients died due to other health issues. This indicated that shoulder
PJI and its treatment is associated with a high risk of mortality, especially in patients with
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older age and higher CCI, as shown in our study. In these patients, it may be reasonable
to have a detailed discussion with the patient about their likelihood of treatment success,
as well as postoperative mortality and consider alternative treatment options, such as
long-term antibiotic suppression. Thus, an optimal treatment algorithm should be based
on patient-specific general health status, risk factors, and patient expectations.

Only looking from the perspective of infection eradication would lead to overlook a
great subset of patients who are too fragile to endure further surgery for reimplantation,
decease prematurely, or refuse further surgery because of low functional demand after
implant removal. We therefore suggest that the success of two-stage exchange arthroplasty
should be accounted from the point of the first stage, rather than following reimplantation,
to consider the failures occurring between the stages and better represent the clinical course
of two-stage exchange arthroplasty in patients with shoulder PJI [8].

This study has some limitations. Although the patients” data were longitudinally
collected in our database, the retrospective nature of the study may lead to bias. Despite
being the largest cohort in literature dealing with this topic, the study may be underpow-
ered, preventing the significant differences between analyzed groups. Furthermore, we
did not include any assessment of functional outcomes, which may be seen as a potential
weakness. However, the most compelling outcome measures of the current study were
the infection eradication, reimplantation, and mortality rates. In addition, there is already
an abundance of available literature focusing on the functional outcome of patients after
two-stage exchange arthroplasty or antibiotic cement spacer retention. The complexity of
our study cohort, due to multiple previous revision surgeries, can furthermore alter our
results, making our results to be generalized and difficult to compre with other studies.
Finally, infection-related mortality was difficult to confirm in patients who died outside of
the hospital and the precise cause of death in these cases could not be determined, which
can alter our treatment success rate.

5. Conclusions

While the two-stage exchange arthroplasty can lead to high rates of infection eradica-
tion, a third of patients never undergo the second stage of the procedure due to a variety
of reasons, including premature mortality, high general morbidity, and low functional
demand. Furthermore, shoulder PJI and its treatment is associated with a high risk of
mortality, especially in patients with older age and higher CCI. This information needs to
be accounted for when counseling frail and elderly patients on the chances and risks before
undergoing two-stage exchange arthroplasty for shoulder PJI.
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Abstract: Evaluating the value of health care is of paramount importance to keep improving patients’
quality of life and optimizing associated costs. Our objective was to present a calculation method
based on Michael Porter’s formula and standard references to estimate patient value delivered by
total shoulder arthroplasty (TSA). We retrospectively reviewed the records of 116 consecutive TSAs
performed between June 2015 and June 2019. Patient value was defined as quality of care divided
by direct costs of surgery. Quality metrics included intra- and postoperative complications as well
as weighted improvements in three different patient-reported outcome measures at a minimum of
one-year follow-up. Direct costs of surgery were retrieved from the management accounting analyses.
Substantial clinical benefit (SCB) thresholds and the standard reimbursement system were used
as references for quality and cost dimensions. A multivariable linear regression was performed to
identify factors associated with patient delivered value. Compared to a reference of 1.0, the quality of
care delivered to patients was 1.3 £ 0.3 (range, 0.6-2.0) and the associated direct cost was 1.0 + 0.2
(range, 0.7-1.6). Ninety patients (78%) had a quality of care >1.0 and 61 patients (53%) had direct
costs related to surgery <1.0. The average value delivered to patients was 1.3 + 0.4 (range, 0.5-2.5)
with 91 patients (78%) > 1.0, was higher for non-smokers (beta, 0.12; p = 0.044), anatomic TSA
(beta, 0.53; p < 0.001), increased with higher pre-operative pain (beta, 0.08; p < 0.001) and lower
pre-operative Constant score (beta, —0.06; p = 0.001). Our results revealed that almost 80% of TSAs
provided substantial patient value. Patient pre-operative pain/function, tobacco use, and procedure
type are important factors associated with delivered patient value.

Keywords: total shoulder arthroplasty; patient reported outcome measures; PROMs; VBHC;
value-based health care; patient value; quality; costs

1. Introduction

In the past decades, healthcare challenges have considerably increased due to the
global aging of the population and higher treatment costs following advances in medical
technologies and medicinal products. In such a context, healthcare actors first focused
their interests on reducing costs while giving fewer priorities to patient care quality and
efficiency. Therefore, a new disruptive concept emerged to move the current system
toward a sustainable and patient-centered model that optimizes both health outcomes and
associated costs: the value-based health care (VBHC).

In their work published in 2006, Michael Porter and Elizabeth Teisberg defined value
as health outcomes achieved per dollar spent [1]. While this value equation is becoming
increasingly prominent, it remains nonetheless difficult to implement in every day clinical
practice in absence of a validated method to quantify value and a standard scale for
interpretation and benchmarking purposes. In their published article, Reilly et al. [2]
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proposed an innovative method that allows a surgeon to evaluate the value delivered to his
patients after total knee or hip arthroplasties according to the average department results.
While we applaud them for this work, the applied methodology relies on the presence
of several surgeons for establishing the reference. Moreover, the condition mentioned
above can be misleading since it can lead to “false positive” or “false negative” results for a
particular surgeon if the entire orthopedic department has low or high outcomes.

With the increasing use of patient-reported outcome measures (PROMs), different
thresholds have been published to help understand the amount of PROMs improvement
that is clinically relevant to patients [3]. Moreover, the standard direct cost for a specific
surgical procedure can be estimated from the national hospital reimbursement system
based on diagnosis-related groups (DRG). Therefore, the purpose of the present study
was to propose a new calculation method to evaluate the delivered patient value using
standard references, thereby shifting the value-based competition from a local orthopedic
department to a broader level.

2. Materials and Methods
2.1. Study Design

The authors retrospectively reviewed the records of consecutive prospectively col-
lected primary TSAs performed at La Tour hospital (Meyrin, Switzerland). The study was
conducted according to the Declaration of Helsinki principles, was approved prior to begin-
ning by the Commission cantonale d’éthique de la recherche (CCER) de Geneve (Shoulder
Outcomes Clinical Study, n® 2014-277), and all patients provided written informed consent
for the use of their data for research purposes.

2.2. Patient Selection, Demographic and Operative Data

Between June 2015 and June 2019, 284 patients had a primary shoulder arthroplasty
performed by the senior author (A.L.). Patients were included in the study if they were
operated on at La Tour hospital and underwent a TSA (n = 139). Patients were excluded if
they did not have a complete pre-operative evaluation due to the need for emergency care
(n = 13), if they deceased due to other reasons than surgery before the 1-year follow-up
visit (n = 5), and if they were lost to follow-up (LTFU, n = 6). This left a study cohort of
116 patients aged 77.8 & 7.6 years (median, 78.0; range, 57-94) at index surgery, comprising
86 women (74%) and 30 men (26%), available for analyses (Table 1, Figure 1). The principal
diagnoses were rotator cuff tear arthropathy (n = 62, 53%), primary glenohumeral os-
teoarthrosis (1 = 39, 34%), secondary glenohumeral osteoarthrosis (1 = 7, 6%), acute trauma
(n =4, 3%), osteonecrosis (1 = 1, 1%), and others in 3 cases (3%). The type of procedure
was anatomic TSA for 24 patients (aTSA, 21%) and reverse TSA for the other 92 patients
(rTSA, 79%). The operations were performed by a single senior surgeon (A.L.). A majority
of the patients were operated on the dominant arm (1 = 77, 66%) through a deltopectoral
approach (n = 62, 53%) or subscapularis and deltoid sparing approach (n = 47, 41%) [4,5].
A patient specific guide was used in 13 cases (11%) to help the prothesis implantation
and cementation was required in 23 cases on the glenoid side (20%, for aTSA only) and
in 7 cases on the humeral side (6%). The patient management time in the operating room
(OR) was 121 4 26 min (median, 125; range, 60-210 min) and patient length of stay was
3.6 £ 2.0 days (median, 3.0; range, 1.2-12.9 days).
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Figure 1. Value dashboard.

Table 1. Pre- and intra-operative data.

Final Cohort (n = 116 Patients)

n (%)

Mean +£SD Median

(Range)

Preoperative data
Age 77.8 +7.6 78.0
Body mass index 27.4 +48 26.7
Male gender 30 (25.9%)
Principal diagnosis
Rotator cuff tear arthropathy 62 (53.4%)
Primary glenohumeral osteoarthrosis 39 (33.6%)
Secondary glenohumeral osteoarthrosis 7 (6.0%)
Acute trauma 4 (3.4%)

(57.0-94.0)
(17.6-42.8)
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Table 1. Cont.

Final Cohort (n = 116 Patients)

n (%)
Mean +SD Median (Range)
Osteonecrosis 1 (0.9%)
Others 3 (2.6%)
Dominant arm affected 77 (66.4%)

Intraoperative data
Surgical procedure
Anatomic Total Shoulder Arthroplasty (aTSA) 24 (20.7%)

Reverse Total Shoulder Arthroplasty (rTSA) 92 (79.3%)
Surgical approach

Deltopectoral 62 (53.4%)

Subscapularis and deltoid sparing 47 (40.5%)

Anterior Deltoid Detachment with Lateral Split 3 (2.6%)

Subscapularis sparing 3 (2.6%)

Transdeltoid 1 (0.9%)
Use of patient specific instrumentation

Software (planification) 116 (100.0%)

Hardware (guide) 13 (11.2%)
Cementation

Humeral side 7 (6.0%)

Glenoid side 23 (19.8%)

2.3. Study Variables

The outcome of interest was the delivered patient value. The data analyzed in this
study comprised the characteristics of the patient (age, gender, BMI, arm dominance,
principal diagnosis), surgery (anatomic/reverse TSA, approach, cementation, patient
management time in the operating room, intraoperative complications), hospitalization
(length of stay, direct cost), complications, patient satisfaction, and PROMs.

2.4. Clinical Evaluation

Patients were evaluated at a minimum follow-up of one year (59 at 1 year and 57 at
2 years). The clinical outcomes included periprosthetic joint infection (PJI), implant revision,
and other intra- or postoperative complications. The PROMs included the American Shoul-
der and Elbow Surgeons (ASES) score [6], the Constant score [7], the Single Assessment
Numeric Evaluation (SANE) score [8,9], and the pain on a visual analogue scale (VAS). The
ASES score (from 0 worst to 100 best) comprises one pain item and 10 questions relative to
patient function/disability. The Constant score (from 0 worst to 100 best) has four different
dimensions, including pain, activity, strength, and mobility. The SANE score (from 0 worst
to 100 best) was assessed with a single question: “How would you rate your affected
shoulder today as a percentage of normal (0% to 100% scale with 100% being normal)” and
the pain on VAS (from 0 best to 10 worst) was rescaled to a range of 0-100 points. The
reference used for each PROM improvement was the substantial clinical benefit calculated
by Simovitch et al. in a combined cohort of 1856 reverse and anatomic TSA (31.5 points for
the ASES score, 19.1 points for the Constant score, 32 points for pain on VAS) [3]. Although
being a useful metric, we did not include the SANE score improvement in the quality
evaluation since its SCB has not been robustly validated in the scientific literature yet [10].
Furthermore, the SANE score has been reported to be moderately/strongly correlated with
the ASES score [11]. The authors also used the minimal clinically important differences
(MCID) for the aforementioned scores for descriptive analyses (13.6 points for the ASES
score, 5.7 points for the Constant score, 16 points for pain on VAS) [3].
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2.5. Equation for Patient Value

The equation used for the calculation of patient value was based on the one previously
published by Reilly et al. [2]:

Quality  (Weighted clinical outcomes 4 Weighted PROMs improvement)

Patient value = -
Cost Direct cost

The value equation can therefore be written as follows:

APconstan APyss pyi
SCBCCUInim;f) + WS(scgv‘f/:slP;” ) + W4 (Plntm—op Camp) + W5 (PPust—up Camp) + W6 (PP ]I) + W7(Prevision)

(o)

As detailed in the article of Reilly et al. [2], all negative pre- to postoperative im-
provements were forced to 0, and clinical outcomes were coded as binary depending on
the event occurrence. The absence of event resulted in a patient score equaling 0 for that
outcome, while the presence of it resulted in a patient score equaling the total weight. The
weighting for the clinical outcomes and PROMs was performed by the senior surgeon
(AL) according to his strong clinical experience and scientific knowledge. For clarity, a
quality of 1.0 indicated an improvement in PROMs which was equal to the defined SCBs
and an absence of any complication, PJI or revision. A cost of 1.0 indicated a TSA that cost
the exact direct cost reference (see below). The result of the equation (quality/cost) was
rounded at the first decimal place and indicated a substantial delivered value if > 1.0 or an
unsubstantial delivered value if < 1.0.

2.6. Costs

The cost was defined as the direct cost related to the surgical procedure (material and
medicine costs only). This data was exported from the management accounting REKOLE®
analyses that are performed annually at our institution. The standard reimbursement for a
TSA was calculated by multiplying the hospital base rate (9550 CHF) by the DRG standard
cost-weight, which varied between 1.929 and 2.096 from 2015 to 2019. The standard TSA
reimbursement for a patient with basic insurance only was therefore 19,081 CHF in 2015,
20,017 CHF in 2016, 18,651 in 2017, 18,422 CHF in 2018, and 18,479 CHF in 2019. In our
consecutive series of patients with basic insurance only (1 = 47, 38%), the direct cost per
case represented 44% of the total cost (44% =+ 7%; median, 44%; range, 32-60%). Thus, we
considered that 44% of the standard TSA reimbursement should be used as the direct cost
reference, which gives: 8396 CHF in 2015, 8807 CHF in 2016, 8206 in 2017, 8106 CHF in
2018, and 8131 CHF in 2019.

2.7. Statistical Analyses

For baseline characteristics, variables were reported as mean + standard deviation
or proportions. Shapiro-Wilk tests were used to assess the normality of distributions.
Differences between preoperative and postoperative continuous values were evaluated
using either the paired Student’s t-test (if Gaussian distribution) or the Wilcoxon signed-
rank test (if non-Gaussian distribution). The correlation between the quality and cost was
analyzed using the Pearson’s coefficient. A multivariable linear regression model was
performed to identify which pre-operative factors (Constant and ASES scores, VAS pain,
primary diagnosis), patient characteristics (age, gender, BMI, arm dominance, and tobacco
use), and intra-operative factors (patient management time in the operating room, surgical
procedure, surgical approach, cementation and use of patient specific instrumentation)
were independently associated with patient delivered value.

The variables included in the multivariable regression model were identified using
the backward selection method with a threshold of significance set at a p value < 0.05 (pre-
operative Constant score, pre-operative VAS pain, tobacco use, and surgical procedure).
Statistical analyses were performed using R version 3.6.2 (R Foundation for Statistical
Computing, Vienna, Austria), and p-values < 0.05 were considered statistically significant.
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3. Results
3.1. Clinical Outcomes

The weighting for the clinical outcomes were as follows: 0.1 for the ASES and Constant
scores, 0.2 for the VAS pain, 0.1 for an intra- or postoperative complication, and 0.2 for a
PJI or an implant revision.

From the final cohort of 116 patients, 5 (4.3%) had an intra-operative complication
and 17 (15%) experienced a postoperative complication (Table 2). Three patients (3.4%)
underwent an implant revision within the 2 postoperative years due to a component
dislocation (revised at 2 months), an implant dissociation (revised at 2 months), and a
humeral implant loosening (1 = 1 revised at 6 months). It is worth noting that none of our
patients had a PJI, and that patient satisfaction was 89% at 1-year follow-up and 92% at
2-year follow-up.

Table 2. Intra and post-operative complications.

Final Cohort
(n = 116 Patients)

n (%)

Intraoperative complications 5 (4.3%)
Unplanned humeral 5 (4.3%)

fractures

Postoperative complications 17 (14.7%)
Acromial fracture 7 (6.0%)
Component loosening 2 (1.7%)
Deltoid Muscle Dysfunction 2 (1.7%)
Instability-Dislocation 2 (1.7%)
Component dissociation 1 (0.9%)
Instability-Subluxation 1 (0.9%)
Rotator Cuff Tear 1 (0.9%)
Nerve Palsy (other than 1 (0.9%)

axillary)

Implant revisions 3 (2.6%)

At their last follow-up (1.5 & 0.5 years), our patients significantly improved their VAS
pain (49 % 29 points) as well as SANE (45.1 & 25.6 points), Constant (45.2 & 20.2 points),
and ASES scores (48.2 + 23.8) (Table 3). The MCID threshold for the Constant score, ASES
score, and VAS pain was achieved by 97%, 89%, and 83% of the patients, while the SCB
threshold for similar scores was, respectively, reached by 88%, 77%, and 68% of the cases.

Table 3. Pre- and post-operative outcomes.

Preoperative Status Postoperative Status (Last Follow-Up) Absolute Improvement

Mean +£SD Median (Range) Mean +SD Median (Range) Mean +£SD  Median (Range)
SANE score 37.6 +22.2 30.0 (0.0-90.0) 82.4 +16.9 90.0 (20.0-100.0) 45.1 +25.6 45.0 (0.0-100.0)
Constant score 25.7 +15.0 24.0 (0.0-62.4) 70.8 +16.4 74.2 (24.0-99.2) 45.2 +20.2 47.1 (0.0-83.0)
Strength 24 +4.3 0.0 (0.0-17.6) 11.5 +6.2 11.0 (0.0-25.0) 9.7 +6.4 9.9 (0.0-25.0)
Mobility 12.8 +10.7 10.0 (0.0-40.0) 31.5 +7.3 32.0 (8.0-40.0) 18.6 +11.6 19.5 (0.0-40.0)
Pain 4.8 +3.2 4.0 (0.0-15.0) 12.0 +3.8 14.0 (0.0-15.0) 7.3 +4.3 7.0 (0.0-15.0)
Activity 6.2 +35 6.0 (0.0-15.0)  16.1 +43 18.0 (0.0-20.0) 10.0  £53 10.0 (0.0-20.0)
ASES score 32.6 +16.2 32.5 (0.0-82.0) 81.1 +19.8 87.0 (13.0-100.0) 48.2 +23.8 50.0 (0.0-100.0)
Pain 18.5 +11.4 15.0 (0.0-50.0) 42.6 +10.1 45.0 (10.0-50.0) 24.5 +14.4 25.0 (0.0-50.0)
Activity 14.1 +8.6 13.0 (0.0-42.0) 38.4 +11.9 43.0 (3.0-50.0) 244 +12.8 26.5 (0.0-50.0)

VAS Pain * 64 +22 70 (0-100) 15 +20 10 (0-80) 49 +29 50 (0-100)

SANE, Single Assessment Numeric Evaluation; ASES, American Shoulder and Elbow Surgeons; VAS, Visual Analogue Scale; * A decrease
in VAS Pain indicates a good result. A positive improvement is noted if the VAS Pain decreases. All pre- versus post-operative scores were
statistically significant (p < 0.001).
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3.2. Costs

The total cost per case was 17,954 + 3383 CHF (median, 17,433; range, 12,757-27,517
CHF) with an average direct cost of 8311 4= 1243 CHF (median, 8442; range, 5347-12,849
CHF).

3.3. Patient Value

According to the patient value equation presented in the methods section, the quality
of care delivered to patients was 1.3 & 0.3 (median, 1.3; range, 0.6-2.0), and the associated
cost was 1.0 £ 0.2 (median, 1.0; range, 0.7-1.6). Ninety patients (78%) had a quality of
care >1.0 and 61 patients (53%) had a direct cost related to surgery <1.0 (Figure 2). No
significant correlation was found between cost and quality (r = —0.17, CI = —0.34-0.02;
p = 0.076). Considering these two dimensions, the average value delivered to patients was
1.3 £ 0.4 (median, 1.3; range, 0.5-2.5), with 91 patients (78%) equaling or exceeding 1.0
(Figure 1). Among the 55 patients with a cost >1.0, 36 (65%) had still a substantial delivered
value owing to a high quality of care. Likewise, among the 26 patients with a quality of
care <1.0, 5 (19%) had a substantial delivered value thanks to a lower cost than expected.
The multivariable linear regression revealed that patient delivered value was significantly
higher for non-smokers (beta, 0.12; 95%CI, 0.00-0.23; p = 0.044), patients operated with
anatomic TSA (beta, 0.53; 95%ClI, 0.39-0.66; p < 0.001), increased with higher (worse) pre-
operative VAS pain (beta for 10 points of VAS pain, 0.08; 95%CI, 0.06-0.11; p < 0.001) but
reduced with higher pre-operative Constant score (beta for 10 points of Constant score,
—0.06; 95%CI, —0.03-—0.10; p = 0.001).
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Figure 2. Scatter plot illustrating cost versus quality measures with patient delivered value.
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4. Discussion

Evaluating the value of health care is of paramount importance to keep improving
patients” quality of life and optimizing associated costs. Hospitals” digitalization is still
ongoing and offers a great potential for patients’ evaluation along their entire care path.
Beyond this, the real challenge that often arises in VBHC discussions is the absence of
external benchmarks which compels us to compare our results within our institution
or at different time intervals. The authors of the present study therefore created a new
value-based dashboard for TSA, which allows an objective comparison with standard
references.

According to our results, 78% of the TSAs performed at our institution offered a
substantial value to patients. It is worth noting that 41 patients (35%) had a substantial
delivered value although they had either a quality of care below the expectations or
an excessive direct cost (Figure 2). This emphasizes the importance of evaluating both
indicators together rather than interpreting them independently from each other.

Different authors recently evaluated the value delivered by TSA at short term using
different methods [12-14]. Menendez et al. [14] defined the delivered value as the postop-
erative ASES score divided by the hospitalization time-driven activity-based costs. More
comparable to our value calculation method, Berglund et al. [13] divided the ratio of PROM
improvement (in units of MCID) by the total hospitalization cost. Both aforementioned
studies found that reverse TSA was associated with a decreased delivered value compared
to anatomic TSA, which corroborates our findings. Although it was expected given that
reverse TSA has a higher cost associated with the management of rotator cuff deficiencies,
it is important to note that such an association can be reversed at some point since different
studies already revealed mid- or long-term concerns on anatomic TSA (glenoid loosen-
ing, difficult revision procedures, and disappointing outcomes) [15-17]. Furthermore, the
indications for these two procedures can be different and further analyses with matched
cohorts are needed [18].

In our study, the delivered value was higher for shoulders with a lower preoperative
function or higher pre-operative pain since greatest clinical improvements are usually
observed for patients with worse preoperative health [19]. Our analyses also revealed
that current or former smokers had a lower delivered value compared to non-smokers.
The negative impact of tobacco use on outcomes after TSA is well reported [20-23] and
emphasizes smoking cessation programs [24]. In the next decades, machine learning
algorithms might be able to accurately predict postoperative patient outcomes based on
their preoperative characteristics [25]. Such prognostic tools would help manage patient
expectations [26] and avoid surgery for patients who would not benefit from it, thereby
reducing associated risks for the patients while lowering costs for the health care system.

Different authors already worked on the creation of VBHC dashboards/scorecards [2,27].
Riley et al. published an innovative method to illustrate patient value following total hip
and knee arthroplasties [2]. This method consisted of comparing the results of different
surgeons within the same institution, which motivates them to outperform for the sake
of their patients. However, the use of internal references such as orthopedic department
averages for direct costs or PROMs can be misleading. For instance, implementing this
method in small institutions where only one surgeon works in a specific medical field would
be unwarranted. Furthermore, this method could reveal outstanding results for a surgeon
even though the entire department has bad outcomes. In our study, we proposed to use
SCB thresholds for the interpretation of PROMs improvements and to estimate the direct
cost reference by using the DRG-based standard reimbursement system. The proposed
dashboard can guide toward patient value improvement before a new methodology and
strong external benchmarks using data from several hospitals are created.

Continuous improvements based on measuring the own performance in order to
provide the best possible value to customers has been a key success factor for successful
companies across all industries. VBHC is bringing this principle into health care, to the
great benefit of patients and the system. The mentality of the different health care players
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is changing, and the competition slowly shifts from micro-costing only to patient outcome
and cost optimization. It is setting the stage for a new way of thinking, collaborating,
and competing, thereby opening new opportunities to reinforce excellence in care. The
combination of medical expertise with an open mindset for change and self-evaluation is
essential. In this sense, VBHC is redefining the basis of what leadership is for healthcare
professionals. An essential development will be the emergence of new reimbursement
models rewarding better outcomes. This will again require a fundamental change in
people’s mindset, while providing a great opportunity for early adopters to accelerate
change.

Our study has several limitations. First, our analyses only illustrate the delivered
patient value at short follow-up. Furthermore, patients for whom complications were noted
might have been double-penalized since such clinical outcomes might also affect PROMs.
To reduce the aforementioned bias, an artificial floor was used for patients who had a
negative change in PROMs. Second, the weighting of clinical outcomes was solely based on
the senior surgeon’s experience. The logic was to attribute an equal weight (0.2) to the five
principal outcomes that are crucial for shoulder arthroplasty success: global function (ASES
and Constant scores), pain, complication (intra- or post-operatively), PJI, and revision. If a
principal outcome comprised different sub-outcomes (e.g., Global function), the weight
was then split proportionally to have a similar weighting between sub-outcomes (e.g., 0.1
for the ASES score and 0.1 for the Constant score). A Delphi method engaging the patients,
insurance providers, and other key important players would have been more appropriate.
Third, our outcome and cost indicators were not risk-adjusted, which can represent a bias
if comparisons are made between two surgeons with differences in case mix and patient
populations. Fourth, the direct cost reference was estimated to be 44% of the standard TSA
reimbursement based on our patients with basic insurance only. A thorough analysis of the
DRG-based standard reimbursement system should be performed and published so that
each institution knows the theoretical amount supposed to cover direct costs. Fifth, the
MCID and SCB values might change across different patient populations. Lastly, a broader
analysis focusing on a specific pathology (e.g., glenohumeral arthritis) rather than on a
particular treatment (e.g., TSA) would be more in line the VBHC concept.

5. Conclusions

The proposed calculation method provides an estimation of delivered patient value
using standard references. Such a dashboard could be used to implement VBHC in
everyday clinical practice. Our results revealed that TSAs performed at our institution
provided substantial patient value in almost 80% of our cases. Patient pre-operative
pain/function, tobacco use, and type of procedure (anatomic or reverse) are important
factors associated with patient value after TSA. A VBHC community gathering all the
different key players is definitely needed to establish solid guidelines and improve our
practice according to experiences of each.
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