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Abstract Total shoulder arthroplasty (TSA) provides an ef-
fective solution for the treatment of glenohumeral arthritis.
However, long-term outcomes have been limited by glenoid
component aseptic loosening and polyethylene (PE) wear.
Previous attempts to improve glenoid fixation with metal-
backed glenoids resulted in inferior results. Newer component
designs that contain porous metal allow for biological in-
growth of the prosthesis, potentially improving longevity
and overall outcomes. Porous metal can also improve humeral
component fixation, obviating the need for cement and sim-
plifying revision surgery. Advances such as highly cross-
linked polyethylene (HXLPE), vitamin E-doped HXLPE,
and alternate bearing surfaces like ceramics and pyrolytic car-
bon have proven to provide superior wear characteristics in
other joint replacements and may prove beneficial in the
shoulder as well.

Keywords Total shoulder arthroplasty - Glenoid component
failure - Porous metal - Trabecular metal - Stemless
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Introduction

Neer first developed a contemporary prosthesis for shoulder
osteoarthritis in 1974 [1], and since then, shoulder arthroplasty
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has proven to be an effective method to decrease pain and
improve patient function [2¢, 3, 4]. The number of shoulder
arthroplasties performed from 1993 to 2007 increased by
319 %, with a projected estimated increase of 10.6 % annually
[5]. However, despite success and increased usage, total
shoulder arthroplasty (TSA) is not without complications that
result in failure and the need for revision surgery [6—10].

One of the most common causes of failure in total shoulder
arthroplasty is glenoid loosening, which accounts for 24 % of
all TSA complications [10—12]. The etiology of glenoid loos-
ening is thought to be multifactorial and may be partially
attributable to the implant’s design [9, 13, 14e]. Since
Neer’s original glenoid design of a cemented all-
polyethylene keeled component with conforming humeral
and glenoid radii of curvature [15], the glenoid component
has undergone many modifications. One of which, the
metal-backed glenoid, came about due to concerns about
glenoid loosening at the bone cement interface.

The metal-backed glenoid that was originally popularized
by Cofield incorporated a metal backing with screw fixation
and an exchangeable polyethylene liner [16]. The potential
benefits of a metal-backed design were the opportunity for
isolated polyethyelene exchange in a revision setting [17],
improved cementless “biologic” fixation, and improved stress
transfer between the implant and the bone [18]. Unfortunately,
despite many variations to the design, metal-backed glenoids
with polyethylene inserts have been found to be nonviable in
the long-term due to increased levels of backside polyethylene
wear, metalosis, osteolysis, loosening, and subsequent failure
[19, 20ee, 21°, 22, 23].

Due to the high risk of backside wear and failure of the
metal-backed glenoids, the next iteration in glenoid compo-
nent design reverted to an all-polyethylene component where
the keel was exchanged for several pegs. The pegs were
thought to lessen glenoid loosening due to their ability to
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individually resist shear forces at the bone-cement-implant
interface [24]. Many studies found improved loosening per-
formance of cemented pegged versus keeled all-polyethylene
glenoids [25-28].

The next generation of all-polyethylene pegged glenoid
components involved a central larger peg that possessed some
sort of bone capture or bone ingrowth capability [29-31].
These implants have shown improved bony fixation and pull-
out strength in early studies [31].

Porous metals

Porous metals are metals used in prostheses that have different
size and number of holes in them to allow for interaction with
the periprosthetic bone. They provide a truly biologic method
of prosthesis implantation in which the metal surface is con-
ducive to ingrowth of the bone into the porous channels. This
living interface is thought to retain remodeling potential,
allowing for the theoretical increased duration of fixation over
cemented implants. Studies have shown that the ideal condi-
tion for bony ingrowth in porous metals is a pore size from
100 to 400 um [32-34] with an optimal porosity of at least
50 % [35] (Table 1).

Porous metal use in the glenoid component

Despite the failure of the earlier metal-backed glenoid compo-
nents, the desire for a cementless, tissue ingrowth capable
glenoid component led to the development of a soft-metal-
backed glenoid, the Sulmesh (Zimmer, Winterthur,
Switzerland). These components had layers of titanium mesh
welded together to form four porous pegs covering the back-
side of a polyethylene implant. Fucentese et al. [37] studied
the 2-year follow-up of 22 patients using these implants and
found a high failure rate of 13.6 %. They found that the im-
plant failed at the metal peg and component body interface.
Despite the unacceptably high failure rate, the implants that
survived showed osteointegration appeared possible and signs
of loosening were virtually nonexistent.

More recently, two companies have developed pegged
glenoids that incorporate porous metal into their design. The
first is the Zimmer “trabecular metal” (TM) glenoid. Its
monoblock design is composed of a polyethylene glenoid face
that is compression molded to a porous tantalum keel. The
monoblock design is used to eliminate backside polyethylene
wear seen with previous generations of metal-backed

Table 1 Optimal

characteristics for porous Optimal pore size 100-400 um
metals Optimal porosity 50 %
Limits of micromotion 150 um

Source: [32-36]
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components. The keel is comprised of a five-peg cluster made
of porous tantalum metal to promote stable bony ingrowth. To
date, there is only one study in the literature that looks at the
clinical and radiographic outcomes of this component. Budge
et al. [38] prospectively evaluated their experience with 19
patients using the TM component. They found that all of the
components except one had complete ingrowth of the porous
tantalum keel; however, 21 % of the components had failed by
fracture at the glenoid face-keel junction. The manufacturer
has subsequently modified the design reported in their series,
but no further studies have been undertaken to evaluate these
changes.

The other pegged glenoid that incorporates porous metal is
produced by Zimmer-Biomet (Zimmer-Biomet Orthopedics
Inc., Warsaw, IN). It is a hybrid implant with four pegs and
a modular central peg that can either be all polyethylene for
fully cemented use, or exchanged for a porous titanium me-
tallic central peg for bone ingrowth [16]. To date, there is no
published data on the outcomes of this component.

Despite the paucity of literature, porous metal use in the
glenoid component appears promising with regard to
osteointegration and the potential for decreased glenoid loos-
ening. However, due to the history of loosening and cata-
strophic failure seen in early iterations of these components,
judicious use and close monitoring of these implants is cur-
rently recommended.

Porous metal use in humeral components

There are many applications where the cementless bone in-
growth design of porous metals would be advantageous in the
humeral component: from hemiarthroplasties used in proxi-
mal humerus fractures to stemless total shoulder arthroplasty
designs.

Hemiarthroplasty

Hemiarthroplasty is a treatment option for many types of com-
plex proximal humerus fractures that provides pain relief, but
with variable functional outcomes [39-42].

Many studies report that proper positioning and healing of
the greater tuberosity is a key for functional recovery after
hemiarthroplasty for complex fractures [43—47].

In a retrospective analysis of 42 patients with a minimum
of 2-year follow-up, Li and Jiang [48] showed satisfactory
results and anatomic healing of the greater tuberosity in
93 % of the patients when a trabecular metal prosthesis was
utilized.

Subsequently, a prospective study comparing the use of a
conventional hemiarthroplasty to a trabecular metal-coated
prosthesis in complex proximal humerus fractures was under-
taken. This study revealed improved range of motion, better
functional shoulder scores, and fewer radiographic
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complications related to the greater tuberosity in the trabecular
metal group compared to the conventional prosthesis [49].

Total shoulder arthroplasty

Although the most common complication is TSA is glenoid
loosening [10-12], loosening of the humeral stem is also a
potential long-term problem. Revision of a humeral stem be-
cause of infection, component malposition, or aseptic loosen-
ing can also be a challenge in a fully cemented stem due to
stem extraction, complete cement removal, and potential bone
loss [50]. An alternative is cementless fixation with biologic
ingrowth provided by porous metal. First-generation ingrowth
humeral stems had porous coating applied only under the
humeral head with 9.7 % of stems judged at risk of loosening
at an average of 4.6 years follow-up [51].

The next-generation prosthesis contained a circumferential
porous coating around the proximal one fourth of the stem in
an effort to improve humeral fixation. Retrospective analysis
of two surgeons’ experience with 76 patients using these
stems revealed few radiolucencies and no loosening at an
average of 52 months follow-up [52]. This study changed
the surgeons’ practice, and now, humeral stems are cemented
only when a bony deficit is present.

A potential downside to cementless fixation previously
seen in lower extremity arthroplasty is adaptive bone remod-
eling known as stress shielding [53, 54]. In the femur, stress
shielding occurs when the bone shares its load-carrying ca-
pacity with a well-fixed cementless intramedullary implant.
Consequently, the stress seen by the bone is reduced and this
reduction causes bone resorption through adaptive remodeling
[55-57].

One study sought to examine patterns of proximal humeral
bone resorption after TSA with a cementless stem [58] and
found a 17 % prevalence of full thickness cortical bone re-
sorption in the proximal posterolateral humerus, predominant-
ly in the first year after surgery. They found that the risk of
bone resorption is significantly related to the ratio between the
humeral shaft and prosthetic diameter, and that it increased
with increasing stem size. Despite the bone loss, clinically,
the patients were all asymptomatic, with no impairment in
their shoulder function or need for revision surgery. It ap-
peared that the bone loss was purely a radiographic finding,
and no loosening was observed up to 5 years after surgery.

Reverse total shoulder arthroplasty

Unlike total shoulder arthroplasty, the rate of humeral loosen-
ing in reverse total shoulder arthroplasty (RTSA) is thought to
be higher due to increased system constraint imparting a great-
er shear stress at the stem-bone interface [59, 60]. Uncemented
humeral components may provide several advantages over
cementation in RTSA such as a simplified operative

technique, no systemic cement-related complications, a great-
er ease of revision, and long-lasting biologic fixation [61].

One study evaluated the clinical and radiographic out-
comes of cementless RTSA [61] and found equivalent out-
comes to cemented stems at a minimum 2-year follow-up.
The cementless stems had a shorter operative time by
48 min. The literature shows that shorter operative times
may be beneficial for decreasing infection rates [62—64].
There were radiographic findings of stress shielding in 5 of
the 64 cementless stems; however, there were no signs of
stems at risk for loosening. With a potential for decreased
infection rates and improved simplicity of implant retrieval
and bone preservation in a revision situation, the authors con-
cluded that cementless fixation may very well provide several
benefits over a cemented humeral stem [61].

Stemless prostheses

Stem-related complications in shoulder arthroplasty are well
known including intraoperative humeral fracture, stress
shielding, loosening, and traumatic periprosthetic fracture [6,
7, 10, 65-67, 68+, 69]. Stemless arthroplasty completely
eliminates the humeral stem and relies entirely on
metaphyseal fixation. This provides numerous potential ben-
efits including the ability to perform implantation in malunited
proximal humerus deformities, the elimination of
periprosthetic humeral shaft fractures, and even greater bone
preservation for revision situations [70].

Six manufacturers now offer a stemless prosthesis [71].
Three are undergoing investigational device exemption
(IDE) clinical trials in the USA. As of March 2015, one device
is currently approved by the FDA for use in the USA.

In 2004, the Biomet Total Evolutive Shoulder Systems
(TESS) debuted in Europe as the first stemless device on the
market. It is a three-component system based on a six-armed
corolla metaphyseal component that is porous coated for im-
proved bone fixation. There are currently four published re-
ports regarding this prosthesis. Huguet et al. [72] reported the
results of 63 Biomet TESS implants with a minimum follow-
up of 3 years. They found no subsidence or loosening of the
corolla, and no evidence of osteolysis, stress shielding, or
radiolucent lines surrounding the corolla itself. In 2013,
Razmjou et al. [73] performed a prospective longitudinal
study comparing clinical and radiographic outcomes of three
different prosthetic designs: the original Neer II system (Smith
& Nephew, Memphis, TN, USA), Bigliani-Flatow (Zimmer),
and the TESS. All three groups of patients had significant
improvements in pain and function with high patient satisfac-
tion. There were no lucent lines or stress shielding seen in the
TESS group.

Also in 2013, Berth and Pap [74] conducted a prospective
longitudinal study comparing TESS with the Mathys affinis
(Mathys, Bettlach, Switzerland) stemmed system. Their
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results with the TESS were comparable to the standard
stemmed prosthesis, and no differences between the groups
were identified.

The only device that is currently FDA approved for use in
the USA is the Wright Medical-Tornier Simpliciti. This stem-
less device was first implanted in France in 2010 [70]. It is a
two-piece system comprised of a humeral head implant and a
metaphyseal component. The metaphyseal implant has a
three-fin design, with bone ingrowth porous coating covering
the majority of the three fins as well as the undersurface and
the collar. There is currently no clinical data published for this
implant.

Early studies of stemless implants show promise; however,
data from the IDE clinical trials will be helpful in establishing
whether these implants provide equal or superior clinical and
radiographic outcomes compared to the current gold standard
of stemmed shoulder arthroplasty.

Alternate bearing surfaces

The survivorship of total shoulder arthroplasty is 80-87 % at
15 years, limited primarily by the durability of the polyethyl-
ene glenoid component [66, 75, 76]. The glenoid component
experiences higher stress and different modes of failure than
hip and knee polyethylene due to increased eccentric loads,
decreased bone stock, and poorer bone quality [9]. The cause
of glenoid loosening is multifactorial, but glenoid component
wear and subsequent generation of polyethylene debris and
osteolysis is likely a major contributor [77].

It has been borne out in the hip and knee literature that
modification of the polyethylene chemical structure or substi-
tution of the metal on polyethylene bearing surfaces with al-
ternate hard on hard bearing surfaces may produce dramatic
decreases in component wear. The reduced rate of polyethyl-
ene wear in the shoulder compared to the hip and knee has
limited the interest in alternative bearing surfaces in the shoul-
der; however, some are still being explored [78]. To date, there
is very limited literature and research regarding the use of
these alternate bearing surfaces in shoulder arthroplasty.

Polyethylene modifications

Metal on conventional ultrahigh-molecular-weight polyethyl-
ene (UHMWPE) has been the traditional bearing surface used
in shoulder arthroplasty for many decades [79]. In hip
arthroplasty, highly cross-linked UHMWPE (HXL-
UHMWPE) has been used extensively and has shown to re-
duce wear rates by up to 90 % in vitro and in vivo [80-83].
In RTSA, osteolysis is thought to occur from scapular
notching and polyethylene wear debris and is an important
mode of failure [84]. The use of HXL-UHMWPE may de-
crease the rate of particle generation and wear-particle induced
osteolysis, potentially improving implant survival and clinical
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outcomes in RTSA. However, highly cross-linking polyethyl-
ene can lead to a decrease in its mechanical properties (such as
toughness, ductility, and resistance to fatigue) compared to
conventional polyethylene [85-87].

Peers et al. [88] performed an in vitro wear study looking at
the wear characteristics of HXL-UHMWPE in RTSA. They
discovered an impressive 54 % reduction in the number of
wear particles compared to conventional UHMWPE, poten-
tially enhancing the clinical survival of RTSA. However, this
reduction must be weighed against the decrease in dynamic
mechanical properties such as fracture toughness and ultimate
yield strength [89, 90]. Humeral liners often undergo rim load-
ing and impingement that may leave the highly cross-linked
polyethylene components susceptible to crack initiation, prop-
agation, and ultimately failure [90].

One promising method to preserve the strength and fatigue
properties of highly cross-linked polyethylene is to dope it
with vitamin E [91, 92]. Doping polyethylene with vitamin
E means impregnating it by soaking the molded UHMWPE in
warm vitamin E, followed by prolonged diffusion at temper-
atures below the melting point of the polyethylene [92]. In one
study, vitamin E doped polyethylene showed minimal chang-
es in in vitro strength, fatigue-crack propagation resistance,
and a 7-83 % reduction in wear compared to the control
UHMWPE [92]. Subsequently, several in vitro studies have
shown vitamin E stabilized UHMWPE has a higher oxidative
stress resistance than standard UHMWPE, with equivalent
wear rates and improved mechanical strength [91].

Ceramics

Alternate bearing surfaces such as metal-on-metal, ceramic-on
ceramic, and ceramic-on poly have all been used in hip and
knee arthroplasty with significantly lower wear rates that tra-
ditional hard on soft (metal on poly) surfaces. Ceramic bearing
surfaces have been used in the hip for more than 20 years [77].
However, previous catastrophic femoral head failures have
been reduced or eliminated with changes in materials and
processing [93, 94]. Several problems provide a significant
challenge for adapting the ceramic bearing surface to the
shoulder: (1) the need for a thin glenoid component, (2) the
desirability of a male taper on the head for glenoid exposure,
and (3) the subsequent stress riser at the head-male taper junc-
tion [77]. Currently, the only shoulder prosthesis that utilizes a
ceramic bearing surface is the Mathys affinis. This particular
prosthesis has issued a hazard warning due to insufficient
coupling and fracture at the coupling.

Pyrolytic carbon
Pyrolytic carbon (PyC) is another alternate bearing surface

composed of a unique ceramic-like material with an excellent
track record for durability and biocompatibility. It has been
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used for over 40 years in heart valves. More recently, PyC has
been utilized in small joint replacements in the upper extrem-
ity with mixed results [95-100]. PyC possesses a very low
coefficient of friction and modulus of elasticity that is very
similar to cortical bone [98]. There is great interest in using
pyrolytic carbon for shoulder hemiarthroplasty because it has
been shown to possibly regenerate cartilage and promote bone
repair on the glenoid [96]. A recent study performed in Lyon,
France, identified tissue that histologically resembled cartilage
at the bone-PyC interface. The same group is currently under-
going animal studies to further understand the mechanism by
which these tissues form [101].

Conclusions

Shoulder arthroplasty is a proven solution for many shoulder
pathologies including arthritis, cuff tear arthropathy, and prox-
imal humerus fracture. The longevity of shoulder prostheses
may be limited by glenoid loosening and polyethylene wear.
Porous metals may provide improved biological fixation in
these devices leading to better longevity of the implants.
More research is needed to determine the effect that porous
metals, polyethylene modifications, and alternate bearing sur-
faces may have on the longevity and outcomes of shoulder
arthroplasty.
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