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INTRODUCTION

Highly crosslinked ultra high molecular weight polyethylene (UHMWPE) has become the current clinical
standard for acetabular bearings in total hip arthroplasty (THA) components. The wear performance of highly
crosslinked THA bearings from various manufacturers have generally been similar to the wear performance
reported for in vitro hip simulator studies [1-5], with an approximate six to ten-fold reduction in the wear rates
compared to conventional (gamma sterilized in inert gas or vacuum) components [6-13]. However, there have
been reports of modular acetabular liner fractures, especially thin highly crosslinked liners, due to recurrent
subluxation of the femoral head, impingement of the femoral neck, and/or notch-like design features at the
rim [14-19]. This risk can be exacerbated by oxidation of the exposed rim of the liner [13, 20, 21].

The success of highly crosslinked UHMWPE in the hip naturally has lead to the development and testing of
highly crosslinked UHMWPE for total knee arthroplasty (TKA). Consistent with hip simulator testing, wear
rates in knee simulators decrease with increasing radiation dose, though the decrease is less dramatic [3,
22]. Subsequently many orthopaedic implant manufacturers have released highly crosslinked UHMWPE
components for TKA.

The Apex Knee™ System consists of cobalt chrome femoral components and tibial base plates, and UHMWPE
tibial inserts and patella resurfacing components. All tibial inserts and patellar components used in the Apex
Knee™ System are machined from compression molded, calcium stearate-free UHMWPE, and sterilized using
ethylene oxide (EtO), with no radiation crosslinking at any stage of the production, including sterilization.
This was a deliberate choice for the Apex Knee™ System based on both the long term excellent
clinical results for non-irradiated UHMWPE and various concerns regarding highly crosslinked
polyethylene as applied to TKA.

To date, the clinical literature regarding the performance of highly
crosslinked TKA components is limited and not generally superior
when compared to the clinical performance of gamma radiation

/ = sterilized, inert packaged “conventional” UHMWPE. The purpose of
/ this paper is to review the most relevant literature in some detail and
o = to contrast the rationale and results for highly crosslinked UHMWPE to
- both conventional, radiation sterilized UHMWPE, and to non-irradiated

EtO sterilized UHMWPE. Relevant background information is included
for completeness and to provide an historical perspective.

BRIEF HISTORY OF TKA UHMWPE

o The majority of commercial knee replacement systems up until the
mid-to-late 1990’s employed gamma radiation sterilization of the
UHWMPE tibial components packaged and stored in air prior to
surgical implantation. The combination of gamma irradiation, which
creates free radicals in the polymer, and exposure to oxygen results
in oxidation of the UHMWPE [23]. This oxidation, which begins
Figure 1: Apex Knee System™ during shelf storage of the components and continues in vivo, can
Femoral and Tibial Components result in embrittlement and degraded fatigue strength [24]. When
combined with the high stresses that occur during gait and other
normal activities, the degraded material properties can result in
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catastrophic material failure, including pitting, delamination, and fracture [25]. In response to these observed
failures, most manufacturers using gamma radiation sterilization of their UHMWPE components eliminated
oxygen from their packaging, employing either vacuum or an inert gas such as nitrogen or argon. Many
manufacturers continue to offer gamma radiation sterilized UHMWPE components in inert
packaging, now commonly referred to as “standard” or “conventional” polyethylene. While the
elimination of oxygen from the package prevents oxidation during shelf storage, unfortunately radiation-
sterilized polyethylene is still susceptible to oxidation in vivo [26-28].

Going against the mainstream, some manufacturers changed to, or continued to use non-irradiated UHMWPE
for TKA components; this requires sterilization using non-ionizing methods, most commonly ethylene oxide
(EtO) or gas plasma. In contrast to gamma or electron beam irradiation, EtO or gas plasma sterilization does
not result in free radical formation and maintains the inherent strength of the virgin UHMWPE [4]. Provided
the material is never irradiated, EtO sterilized polyethylene maintains its resistance to oxidation both on the
shelf [29, 30] and in vivo [31-33]. Non-irradiated, compression molded, EtO sterilized UHMWQPE is used for

all Apex Knee™ System polyethylene components. It is important to distinguish non-irradiated, EtO
sterilized UHMWPE from so-called “conventional” polyethylene, which has been sterilized
using gamma radiation in inert packaging.

There have been multiple attempts to enhance the UHMWPE used in TKA. Carbon fiber reinforcement

was perhaps the most striking clinical failure of an “improved” UHMWPE [34]. Other failed attempts that
reached clinical usage include heat-pressed UHWMPE [35, 36] and high crystalline UHMWPE (Hylamer-M,
DePuy Orthopaedics, Warsaw, IN) [37]. More recently, a number of implant manufacturers have released
highly crosslinked UHMWPE TKA components. Some of these materials include a chemical antioxidant, most
commonly vitamin E. Based on the evaluation of explanted components, joint fluid particle measurement,
and clinical survivorship to date, the in vivo performance of these various materials has largely been similar to
that of “conventional” gamma-sterilized, inert-packaged UHMWPE (see below).

FACTORS THAT INFLUENCE WEAR PERFORMANCE OF UHMWPE IN TKA

The mechanics of total knee replacement are far different from the mechanics of total hip replacement. The
geometry of the articular surfaces and the kinematic behavior of the knee are more complex than those of
the hip joint. As a consequence, the material properties of the UHMWPE components are only one of many
factors that can influence the wear performance of TKA:

e Implant factors:

- Congruity: higher congruity generally results in higher contact areas and lower contact stresses [38];

- Kinematics: wear can increase with adverse kinematics, such as excessive posterior translation of the
femoral component with high flexion resulting in wear of the posterior edges of the tibial insert [39, 40];

- UHMWPE thickness: stresses increase with decreasing thickness, especially for metal-backed inserts
with a thickness of less than 6 mm [41];

- Locking mechanism: backside wear can be elevated by inadequate capture of the UHMWPE insert to
the tibial tray [42];

- Surface finish: roughness of the femoral articular surface and/or the tibial tray surface supporting the
insert can increase wear [43]; and

- Material: inadequate strength of the UHMWQPE can lead to gross material failure, such as pitting and
delamination resulting from oxidation of gamma irradiated tibial inserts [24], or fracture of the posterior
stabilized (PS) post of highly crosslinked inserts [44-46].

e Surgical factors:

- Alignment: malalignment, such as excess posterior tibial slope, varus malalignment of the tibial
component and/or valgus malalignment of the femoral component, can result in elevated wear of the
UHMWPE insert [47-49]; and

- Soft tissue balancing: improper soft tissues tensions and balancing can increase UHMWPE wear, such
as either an excessively loose or excessively tight PCL with cruciate retaining TKA [39, 40].
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e Other factors:

- Third body debris: third body debris, such as bone cement particles, can result in elevated UHWMPE
tibial insert wear [50]; and

- Functional demand: higher levels of patient activity [51, 52], body mass [48], and high flexion range
of motion (ROM) [53], especially for implants not designed to accommodate high flexion, can increase
UHMWQPE component wear.

EFFECTS OF RADIATION CROSSLINKING ON UHMWPE

Exposure of UHMWPE to ionizing radiation, typically by gamma or electron beam radiation, causes breaks

in the long molecular chains and the formation of free radicals. These free radicals are groups of atoms

with an odd (unpaired) number of electrons, and are highly reactive. Molecular crosslinks are created by

the recombination of these breaks across adjacent molecular chains, neutralizing the corresponding free
radicals. However, if oxygen is present, the free radicals can lead to oxidative degradation of the UHMWPE.
The free radicals can react with oxygen and form peroxy free radicals; these highly reactive free radicals form
hydroperoxides, which decay over time, and also create new free radicals that further fuel the oxidation
process [54]. This oxidation can result in dramatic degradation of the material strength and fracture
toughness [24].

“Conventional” UHMWQPE can be considered to be lightly or moderately crosslinked, relative to virgin
UHMWPE, due to the gamma irradiation used for sterilization. The radiation dose typically used for
sterilization is in the range of 28-40 kGray (2.8-4.0 Mrad). For intentionally crosslinked materials, the
supplemental radiation dose varies by manufacturer and formulation, but is typically in the range of 50-70
kGray (4-6 Mrad) for “moderately” crosslinked or 80-110 kGray (8-11 Mrad) for “highly” crosslinked UHMWPE
[55]. The total radiation dose may be higher if the highly crosslinked UHMWPE is terminally sterilized using
gamma radiation.

It has been clearly established that gamma-in-air sterilized UHMWPE components oxidize during shelf storage
and in vivo service [31, 56-60]. This oxidation has been associated with higher wear rates in laboratory testing
[61], and wear damage, cracking, delamination, and fracture in retrieved components [56, 62]. Gamma
radiation in the presence of oxygen induces oxidation, primarily within about 0.5 mm of the surface (the
diffusion depth of the oxygen), whereas the same irradiation induces crosslinking of the polymer in the
absence of oxygen [63]. Artificial aging in the presence of oxygen reduces the crosslinking and increases the
oxidation, with maximal effect on the surface and subsurface regions of the gamma irradiated UHMWPE.

On the other hand, radiation in the absence of oxygen increases the crosslinking of the UHMWPE and, in
turn, can yield improved wear resistance in both hip and knee simulators [4, 22, 64]. Unfortunately, radiation
crosslinking even in the absence of oxidation reduces critical mechanical properties, including elongation to
break [65, 66], fatigue strength [30], and subsurface toughness [22]. Irradiation also results in residual free
radicals that can oxidize (on the shelf and in vivo) and lead to markedly reduced wear performance [4, 32, 67-
69]. The oxidation resistance of the irradiated UHMWPE can be improved by post irradiation heat treatment
(annealing or remelting) [3, 64], but these processes have additional undesirable effects on the mechanical
properties of the finished material [65, 70], with annealing being less detrimental than remelting [71];
however, oxidation can still occur in vivo [13, 72, 73].

STABILIZATION WITH VITAMIN E OR OTHER CHEMICAL ANTIOXIDANT

The addition of a chemical antioxidant is an alternative to heat treatment for stabilization of radiation
crosslinked UHMWPE. Stabilization of irradiated UHMWQPE is needed to avoid degradation of the material
due to oxidation. Vitamin E (a-tocopherol) currently is the most commonly used chemical antioxidant for
orthopaedic implants [74-76]. Pentaerythritol tetrakis (Covernox™, DePuy Orthopaedics, Warsaw, IN) is also
in use, but little has been published to date regarding application of this chemical to UHMWPE orthopaedic
implants.

UHMWPE is first generated in the powder form; this powder is subsequently consolidated into a solid form

by compression molding or ram extrusion. Radiation crosslinking is usually performed after consolidation

because crosslinking the powder would inhibit proper consolidation. Vitamin E can either be mixed with the

UHMWPE powder prior to consolidation or it can be added by diffusion into the solid form after consolidation.
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The advantage of mixing the vitamin E with the powder prior to consolidation is that the concentration of
vitamin E will be more uniform through the bulk of the consolidated material. While vitamin E can be an
effective antioxidant, vitamin E also blocks crosslinking [77], so the concentration must be low if it is added
to the UHMWRPE powder prior to consolidation (and irradiation). On the other hand, if it is added after
consolidation via chemical diffusion, the concentration will not be uniform, with the concentration being
greatest near the surface, and lower in the bulk [78]. Micheli et al. [79] have reported improved wear for
radiation crosslinked, vitamin E-doped UHMWPE relative to conventional UHMWPE in a knee simulator.

“E-CIMA” UHMWPE was developed by the Cambridge Polymer Group and the Massachusetts General
Hospital, and stands for vitamin E enhanced, cold-irradiated, mechanically annealed UHMWPE. The vitamin E
is added to the UHWPE powder prior to consolidation. The vitamin E is effective at preventing oxidation due
to accelerated aging, and the mechanical annealing may help regain some yield strength lost due to radiation
crosslinking, but the ultimate tensile strength and elongation at break are inferior to highly crosslinked,
thermally annealed UHWMPE [80].

Rationale for adding vitamin E to UHMWRPE:

* Radiation crosslinking of UHMWPE can increase wear resistance but leaves the material susceptible to
oxidation;

* Vitamin E is very effective at blocking oxidation [78];

* The addition of a chemical antioxidant to UHMWQPE that has been radiation crosslinked can eliminate
the need for heat treatment and thus avoid the strength reduction that occurs with high temperature
annealing (remelting).

Concerns regarding vitamin E in UHMWPE:

* Vitamin E blocks crosslinking [77];
* Vitamin E (alone) decreases wear resistance, which must be countered with increased crosslinking [81];

* Applied via diffusion, the vitamin E concentration can be high near the surface, but lower in the bulk
[78], which could become exposed with significant wear;

* If blended with the UHMWPE powder prior to consolidation (for uniform concentration through the
bulk), crosslinking is hindered [77], and a higher radiation dose is needed for equivalent crosslinking
even with a low concentration of vitamin E; and

* The clinical performance of vitamin E-stabilized UHMWPE is unproven to date.

In summary, chemical antioxidants such as vitamin E can be useful for preventing oxidation of irradiated
UHMWPE. On the other hand, if the UHMWPE has never been irradiated, there is no need for a
chemical antioxidant.

RETRIEVAL ANALYSES OF KNEE TIBIAL INSERTS

The analysis of clinical retrievals (explanted components) is a highly effective means of establishing

the behavior of particular materials and designs, especially as the behavior relates to long-term clinical
performance. The severe degradation of gamma-in-air sterilized UHMWPE tibial inserts was first recognized
by the examination of explanted components. More recently, retrieved highly crosslinked tibial inserts have
been analyzed and compared to those of “conventional” UHMWPE tibial inserts.

Williams et al. [33] analyzed retrieved non-irradiated, EtO sterilized knee tibial inserts, with an average
implantation time of 115 months (range of 4 to 214 months); they found no evidence of oxidation or
fatigue damage of those inserts, even after more than 15 years of in vivo service. The authors concluded
that (emphasis added) “The wear performance of the examined bearings sterilized with EtO was
exceptional; they had significantly longer in vivo durations than retrievals sterilized with gamma irradiated
in air (P < .01), the bearings that were gamma irradiated in air older than 3 years had a fatigue
incidence of 80% whereas the bearings sterilized with EtO had none, and the 22 unicompartmental
implants sterilized with EtO were of designs known to exert exceptionally high contact stress on the
polyethylene...Ethylene oxide gas sterilized components revealed no significant subsurface
oxidation either visually in the form of a white band or chemically as measured with Fourier
transform infrared analysis. The excellent resistance to oxidation of these retrievals sterilized with EtO
most likely is attributable to the minimal presence of molecular free radicals.”
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More recently, Willie et al. [82] examined 41 Natural Knee Il explanted tibial inserts of three types: 1) 10 ram
extruded GUR 4150 gamma-in-air sterilized inserts, average 8.6 years in vivo (range 42-196 months), 7 of
which were “Flat” (versus “Congruent” or “Ultracongruent”); 2) 18 gamma-in-nitrogen compression molded
GUR 1020 inserts, average 4.4 years in vivo (range 4-158 months) ; and 3) 13 compression molded GUR 1050
Durasul™ highly crosslinked inserts, average 1.1 years in vivo ( range 4-27 months). The highly crosslinked
inserts outperformed the gamma-in-air inserts, but there was no significant difference between the
highly crosslinked and the “conventional” gamma-in-nitrogen inserts.

Van Citters et al. [83] found measurable oxidation in explanted tibial inserts with four different highly
crosslinked materials (X3, Prolong, Durasul, and XLK, in decreasing order of oxidation), which increased with
time in vivo. The authors reported that (emphasis added) “To date, no reduction in clinical wear rate has
been demonstrated by using highly crosslinked polyethylene in the knee”. When asked, the lead
author stated that they still have never seen wear through of non-irradiated, EtO sterilized tibial insert explants.

The study by Williams et al. [33] merits further consideration. Their findings were published in 1998, which
means that the retrieved tibial inserts with over 15 years of in vivo service were implanted in the early 1980’s
(at the latest). Inarguably there has been significant progress in the field of knee arthroplasty since that time.
Current generation TKA components have much improved articular geometries, with greater congruency,
greater inherent stability, better restoration of healthy anatomy, and reduced potential for edge loading, all
of which reduce the mechanical stresses in the UHMWPE bearing components relative to those historical
designs. Despite the dated designs, the non-irradiated, EtO sterilized tibial components demonstrated
“exceptional” wear performance. One must ask, what problem is the industry attempting to fix by
radiation crosslinking of UHMWPE tibial inserts?

IN VIVO WEAR AND FRACTURE OF UHMWPE

The clinical results for highly cross-linked acetabular shell liners have been encouraging to date based on
measured wear rates [17-26]. These reports focus on femoral head penetration (or wear) of the UHMWPE
liner, measured using radiographs or Radiostereometric Analysis (RSA), with follow-up times ranging from
two to five years. All of these studies report lower wear rates, as reflected by lower measured femoral head
penetrations, for the highly crosslinked UHMWRPE acetabular cup liners when compared to conventional
UHMWPE liners of the same design. The measurement of wear rates in the knee in vivo is more difficult due to
the more complex geometry of TKA components compared to the ball-and-socket geometry of THA. In place
of RSA, several reports have been published in which UHMWPE particles were extracted and measured from
synovial fluid samples taken from TKA patients as an indication of combined tibial and patellar component
UHMWPE wear.

Minoda et al. [84] measured particles in the synovial fluid from 52 knees (total), 9-12 months post TKA, from
five different implant groups: 1) posterior stabilized (PS) knees with “conventional” polyethylene (gamma-
in-nitrogen, n=11); 2) mobile bearing knees with “conventional” polyethylene (n=11); 3) cobalt chrome
“Medial Pivot” knees with EtO sterilized polyethylene (n=15); 4) alumina ceramic “Medial Pivot” knees with
EtO sterilized polyethylene (n=11); and 5) cruciate retaining (CR) knees with Prolong highly crosslinked
polyethylene (n=4):

Table 1: UHMWPE particle counts from various designs and materials [84]

Total particles

TKA design UHMWPE condition (mean * SE)
Mobile bearing Gamma-inert 1750 £ 1020 x 10°
PS with gamma- Gamma-inert 1160 + 570 x 105

inert

Medial pivot EtO sterilized 570 + 282 x 10°

Medial pivot EtO sterilized 71 + 28.6 x 10°

(@alumina)

Prolong highly

5
crosslinked 2.8+ 1.2x10

Cruciate retaining
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Unfortunately there were many confounding variables between groups, including different implant designs
and manufacturers, and the report did not include statistical analysis (significance, or lack thereof).

In a single implant design study, Hinarejos et al. [85] measured particles from synovial fluid of Stryker
Triathlon TKA patients 12 months post-op (17 patients in each group): conventional UHMWPE (gamma-in-
nitrogen) and X3 highly crosslinked UHWMPE. There was no significant difference between the two groups
in the concentration, size, or morphology of the UHWMPE particles. The authors concluded that the great
variability between individuals in their study (emphasis added) “...suggests that in vivo polyethylene wear
depends on many factors and probably the type of polyethylene is not the most significant.”

UHMWPE TKA components can be subjected to considerable mechanical stresses, which can put locking
mechanisms, posterior tibial insert condyles, PS posts, patellar component fixation pegs, and other critical
design features at risk of severe wear or fracture. For example, there are numerous reports of fractures of the
posts of conventional UHWMPE PS tibial inserts [86-93]. Highly crosslinked UHMWPE tibial inserts and patellar
components are also at risk of mechanical failure; there are fewer reports in the literature, though there

have been case reports of four PS tibial post fractures with X3 (Stryker Orthopaedics, Mahwah, NJ) highly
crosslinked UHMWQPE [44-46], one recent case report of two fractured XLK (DePuy, Warsaw, IN) tibial inserts
[94], one case report of a fractured Durasul® (Zimmer, Warsaw, IN) patellar component [95], and one case
report of a fractured E1® (Biomet, Warsaw, IN) vitamin E-stabilized tibial insert [96].

Of course not all failures are reported in the literature. A search of the US FDA Manufacturer and User Facility
Device Experience (MAUDE)' database for “X3” brand knee components (FDA Product Code “JWH”) in the
two year period from September 1, 2011 to August 30, 2013 revealed Medical Device Reports (MDR’s) on 10
X3 tibial inserts and 13 X3 patellar components revised for fracture of the UHMWPE. In addition, there were
8 MDR’s over the same two year period for excessive wear of X3 tibial inserts. This finding is not limited to X3
highly crosslinked UHMWPE, a similar search of the MAUDE database for “Durasul” brand knee components
in the thirteen year period from March 1, 2000 to February 28, 2013 revealed MDR’s on 7 Durasul tibial
inserts and 13 Durasul patellar components revised for fracture of the UHMWQPE, and 5 MDR’s for excessive
wear of Durasul tibial inserts. A similar search of the MAUDE database for “E1” brand knee components (FDA
Product Code “JWH”) in the two year period from September 1, 2011 to December 31, 2013 revealed two
MDR’s on E1 tibial inserts revised for fracture of the UHMWPE (one of which corresponds to the case report
from R. L. Barrack [96]) and two MDR’s on E1 tibial inserts revised for excessive wear.

CLINICAL SURVIVAL OF TKA WITH HIGHLY CROSSLINKED UHMWPE

The ultimate test of any TKA is the long term clinical survivorship, with the endpoint of greatest interest
being surgical revision for any reason. Published survivorship studies of TKA with highly crosslinked UHMWPE
components include single implant design studies and one joint registry retrospective review of a large
patient population with a variety of implants and materials.

Hodrick et al. reported a retrospective review of 200 Natural Knee Il (Zimmer) TKA patients, of which 100
patients received conventional UHMWPE tibial inserts (gamma-irradiated in nitrogen, 82-101 months post-
operative) and 100 received Durasul™ highly crosslinked UHMWPE tibial inserts (69-82 months post-operative)
[97]. The highly crosslinked UHMWPE group had two patients with tibial radiolucencies and no revisions for
tibial tray loosening and the conventional UHMWPE group had 20 patients with radiolucencies and three
patients revised for tibial tray loosening. The tibial revision rates were not significantly different between the
two groups and there were no cases of early catastrophic failure related to wear of the UHMWPE components
in either of the two groups.

Minoda et al. [98] reported on 202 consecutive NexGen CR (Zimmer) TKA patients, the first 113 received
conventional UHMWQPE tibial inserts and the following 89 knees received Prolong™ highly crosslinked
UHMWPE tibial inserts. Two years after surgery, there were no surgical revisions, and there were no significant
differences in the Knee Society scores and range-of-motion between the two groups.

Inacio et al. [99] conducted a retrospective analysis of 62,177 primary TKA’s in a United States joint registry on
three bearing combinations: 1) conventional UHMWPE combined with cobalt chrome femoral components
(n=49,055); 2) conventional UHMWPE combined with oxidized zirconium femoral components (n=1,066); and
3) highly crosslinked UHMWPE combined with cobalt chrome femoral components (n=7,618). The outcome
of interest was surgical revision (for any reason), grouped by aseptic and septic revision. The authors reported

! http://www.fda.gov/MedicalDevices/DeviceRegulationandGuidance/Databases, search results on file
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that the risk of all-cause aseptic and septic revision with cobalt chrome-highly crosslinked UHMWPE TKA
bearings was not significantly greater than the risk with cobalt chrome-conventional UHMWPE TKA bearings.
Similarly, the risk of all-cause aseptic and septic revision with oxidized zirconium-conventional UHMWPE TKA
bearings was not significantly greater than the risk with cobalt chrome-conventional UHMWPE TKA bearings.
However, the cobalt chrome-conventional UHMWPE TKA bearings had the lowest aseptic
revision rate of the three groups (Figure 2), with 0.38 revisions per 100 observed years versus 0.52
revisions per 100 observed years for the cobalt chrome-highly crosslinked UHMWPE TKA bearings, and versus
0.67 revisions per 100 observed years for the oxidized zirconium-conventional UHWMPE TKA bearings.
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Figure 2: Aseptic revision rates, data extracted from Table 2 of Inacio et al. [99]

The report by Inacio et al. did not differentiate the various causes of aseptic revision, such as fracture, wear,
or other material failure of a UHMWPE component versus, for instance, tibial insert exchange to address
instability or limited range-of-motion. However, based on our searches of the FDA MDR database (above), it is
reasonable to conclude that at least a portion of the TKA revisions in their registry were due to material failure
of a highly crosslinked UHMWPE component.

CLINICAL SURVIVAL OF THE APEX KNEE SYSTEM

The clinical survivorship of the OMNI Apex Knee™ System in the United States is tracked using a combination
of passive and active post-market surveillance. The study end-point is defined as surgical revision of any
component for any reason, including both septic and aseptic revision. The passive surveillance includes any
and all sources of reported Apex Knee™ System revisions, including FDA MDR’s, medical professionals, sales
agents, and third party sources such as literature, abstracts, and scientific meetings. As of year-end 2013,

this database included over 25,000 TKA cases. This report does not account for non-reporting or competing
events that preclude revision such as death. Although it cannot be assured that all APEX Knee System revisions
are reported to OMNI, reports from all sources are investigated and included in the survivorship data.

The Kaplan-Meier survivorship estimate [100] as of year-end 2013 for the Apex Knee™ is above 99.3% at 7
years (Figure 3). The total number of surgical revisions was 89. The majority of the surgical revisions were
related to superficial or deep infection (47 of the 89, or 53%). The primary reasons for aseptic revision were
similar to those reported in the registries, including (from most frequent to least frequent) tibial insert
exchanges for instability or limited ROM, femoral or tibial component loosening, periprosthetic bone fracture,
and patellofemoral or other knee pain. To date, we are not aware of any revisions of the Apex Knee™ due to
wear or fracture of a UHMWPE tibial insert or patellar component. It should be noted that the survivorship
function at the far right of the Kaplan-Meier survival curve should be interpreted cautiously since there are
fewer patients in the longest time periods and the survival estimates for those periods are not as accurate [101].
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APEX KNEE™ vs. National TKA Registries
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Figure 3: Kaplan-Meier Survivorship

Apex Knee™: all revisions, all types (cemented, cementless, and hybrid) fixed bearing TKA,
95% confidence interval using Greenwood’s method [100]

UK National Joint Registry: all brands, all revisions, cemented fixed bearing TKA [102]

Swedish Knee Arthroplasty Register: all brands, all revisions, all types TKA [103]

Australian (AOA) National Joint Replacement Registry: all revisions, all types fixed bearing TKA [104]
Linear interpolation used between data points

All tibial inserts and patella implants in the Apex Knee™ System are machined from compression molded

UHMWPE and have been since the product was first released in 2006. lonizing radiation (gamma or electron

beam) is not used at any stage in the manufacturing or sterilization of these UHMWPE components. The
midterm survivorship of the Apex Knee™ System has been excellent and compares favorably to national
registry data for other contemporary knee systems.

SUMMARY
Concerns regarding highly crosslinked UHMWPE in TKA:

Reduction of fatigue strength [30], subsurface toughness [22], and elongation to break [65,66] due to
radiation crosslinking;

Oxidation in vivo that can lead to further strength reduction, which has been reported for various highly
crosslinked UHMWPE formulations [13, 72, 73]; and

Published case reports [44-46, 94-96] and FDA MDR’s of surgical revision due to wear or fracture of
highly crosslinked tibial inserts and patellar components.

Evidence-based selection of non-irradiated, compression molded UHMWRPE for TKA:

Lack of clinical performance advantage of highly crosslinked UHMWPE components compared to
conventional (gamma-in-inert gas or gamma-in-vacuum sterilized) UHMWPE components from both

single-design clinical and implant retrieval studies [82, 85, 97, 98], and from a registry survivorship study
of a large collection of mixed implant data [99];

Exceptional wear behavior of non-irradiated, EtO-sterilized tibial inserts from long term retrieval analysis
[33]; and

Excellent midterm survivorship of the Apex Knee System™ EtO-sterilized UHMWPE components.
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