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Abstract

Highly cross-linked polyethylene (HXLPE) was introduced into total hip arthroplasty
(THA) to reduce long-term wear-related complications. However, HXLPE production
and in vivo oxidation can alter mechanical behavior. Mechanical failure of HXLPE liners
at the implant rim have been reported. The purpose of this thesis is to determine if
thermal free radical stabilization techniques used in HXLPE production alter the
mechanical properties, physical properties and oxidative stability of liner rims after

extended in vivo time.

Retrieved remelted, single annealed and sequentially annealed HXLPE liner rims were
mechanically tested using a validated microindentation technique. Oxidation and
crystalline phase composition were measured. Results demonstrated remelted liner rims
had a decrease in mechanical properties but were oxidatively stable, whereas single and
sequentially annealed liners demonstrated oxidation and increased crystallinity despite
stable mechanical properties. This suggests mechanical properties change in vivo for

certain implants, but this is not due to in vivo oxidation or altered crystallinity.

Keywords

Total hip arthroplasty, ultra-high molecular weight polyethylene, highly cross-linked
polyethylene, depth sensing indentation, microindentation, Raman spectroscopy,

oxidation index, crystallinity, mechanical properties, acetabular rim fracture
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Chapter 1

1  Total Hip Arthroplasty: An Introduction

1.1 Anatomy and Biomechanics of the Hip Joint

The bony hip joint is a ball and socket type joint comprised of two parts: the head of the
femur articulating inside the acetabulum of the bony pelvis. The acetabulum is created by
the fusion of the ischium, ilium, and the pubis. The acetabulum is supported by the thick
anterior and posterior columns of the pelvis (figure 1-1). These structures are responsible
for transmission of forces from the trunk to the lower extremities through the hip joint
(1). The acetabulum is hemispherical with an equatorial axis angled approximately 45
degrees abducted in the coronal plane and 15 degrees anteverted in the sagittal plane (2),
and provides nearly circumferential coverage of the femoral head. This amount of

coverage supports a substantial range of motion, while maintaining joint stability.

Anterior
column

Figure 1-1 - Extrapelvic (A) and intrapelvic (B) schematic views of the anterior and
posterior columns of the pelvis. (Permissions from Callaghan JJ, Rosenberg AG,



Rubash HE, Clohisy J, Beaule P, DellaValle C. The Adult Hip: Hip Arthroplasty
Surgery. Wolters Kluwer Health)

Though the hip joint is highly congruent, it relies on other anatomic structures to increase
joint stability. The acetabular labrum and joint capsule act as static stabilizers of the joint.
The labrum lies on the outer acetabular rim circumferentially, deepening the
femoroacetabular articulation and increasing joint congruence. The hip joint capsule
attaches to the acetabulum on the outside of the labrum and to the femur along the
intertrochanteric ridge, and is comprised of the iliofemoral, pubofemoral, and

ischiofemoral ligaments (figure 1-2).

Anterior inferior
iliac spine

Ischiofemoral

Pubofemoral ligament

ligament
Greater
trochanter

liofemoral ligament

Greater

Femoral
trochanter

arcuate
ligament

Ischial Lesser B

tuberosity  trochanter
Lesser

A trochanter

Figure 1-2 - Anterior (A) and posterior (B) views of the ligaments comprising the
hip joint capsule (permissions from Callaghan JJ, Rosenberg AG, Rubash HE,
Clohisy J, Beaule P, DellaValle C. The Adult Hip: Hip Arthroplasty Surgery.
Wolters Kluwer Health; 2015)

The hip joint is surrounded by numerous muscles that act to dynamically stabilize the
joint through a large range of motion. The hip abductors (gluteus medius and gluteus

minimus) play a particularly important role in hip biomechanics. During single leg



stance, the hip abductors must generate a force 2.5 times the body weight to counter the
force of gravity and maintain a level pelvis. The summed forces of body weight and the
hip abductors creates a resultant joint reactive force in the hip joint, which is
approximately 3 times body weight during single leg stance and may be as high as 10
times body weight when lifting, running, or jumping (3) (figure 1-3). As the body’s
center of gravity is posterior to the axis of the hip joint in the sagittal plane, forces placed
on the joint from a position of hip flexion can lead to posteriorly directed force creating
torsion on the proximal femur that can be as high as 0.9 times body weight (3).

Ab - Abductor force
A - Abductor moment arm
B - Moment arm of body weight

JRF - Joint reaction force
W - Body weight

Figure 1-3 - Free body diagram of the joint reactive force (JRF) in the hip created
by the combined forces of body weight (W) and abductor force (Ab). (from Mirza
SB, Dunlop DG, Panesar SS, Nagvi SG, Gangoo S, Salih S. Basic science
considerations in primary total hip replacement arthroplasty. Open Orthop J 2010,
doi: 10.2174/1874325001004010169)

1.2 Hip Arthritis and Treatment Options

Arthritis is a term used to describe inflammation in a joint. Arthritis of the hip can be the
product of a number of pathologic processes including autoimmune diseases,
osteonecrosis, infection, hereditary disorders, congenital disorders, and osteoarthritis. Of
these, osteoarthritis is the most common cause of arthritis, estimated to affect 27 million
people in the United States (4). Osteoarthritis is characterized by the deterioration of
articular cartilage and formation of new bone at the joint surfaces (5). Older age is a

strong risk factor for development of osteoarthritis, but other risk factors include female



gender, obesity, low bone density, muscle weakness, and joint laxity (6). With no current
treatments available to slow, stop or reverse the process of osteoarthritis, medical
management focuses on treatment of symptomatic patients with both nonsurgical and
surgical modalities. Recent recommendations by the American College of Rheumatology
for nonsurgical treatment of symptomatic hip osteoarthritis include participation in
cardiovascular and/or resistance based exercises, aquatic exercises, weight loss,
participation in self-management programs, manual therapy with supervised exercises,
psychosocial interventions, thermal agents, use of walking aids, oral acetaminophen, oral
non-steroidal anti-inflammatories, tramadol, and intraarticular corticosteroid injections
(7). However, should nonoperative treatment fail to adequately control symptoms and a
patient’s function is significantly impaired, surgical intervention with total hip

arthroplasty (THA) would be indicated (8).

1.3 Total Hip Arthroplasty

The mainstay of surgical treatment for osteoarthritis of the hip is total hip arthroplasty
(THA) (9). Although there were prior attempts at design and implantation of THA, it was
the low friction THA introduced and refined by Sir John Charnley in the 1960°s that
revolutionized surgical treatment of symptomatic hip arthritis(10,11). In this technique, a
metal femoral stem was fixed into the femoral medullary canal and a high-density
polyethylene acetabular cup was fixed into the acetabulum with an acrylic bonding agent.
Survivorship analyses have demonstrated excellent long-term results at up to 35 years
(11-13). Though the initial indications for THA proposed by Charney were more limited,
they have expanded to younger, higher demand patients with improvements in implant
design, fixation techniques and surgical technigues. In fact, a 1995 consensus statement
published by the National Institute of Health (NIH) in the United States noted that THA
was an option for “nearly all patients with diseases of the hip that cause chronic

discomfort and significant functional impairment (15).”

1.3.1 Implant Design

THA replaces the abnormal articular surfaces of the proximal femur and acetabulum with

artificial bearings fixed to the host bone. On the femoral side, the native femoral head and



a portion of the femoral neck are removed and, after appropriate preparation of the bone,
a metallic stem is inserted into the femoral medullary canal. This stem has a neck, on
which a spherical femoral head is attached via a conical trunnion and bore press fit taper
connection, commonly referred to as a Morse taper. On the acetabular side, the native
acetabular cartilage is removed through a reaming process and replaced with either a
monobloc polyethylene hemispherical cup or a metallic hemispherical shell, in which a
modular bearing surface is attached. Due to the modular capability of modern implants,
multiple bearing surfaces are available for THA articulation. These include cobalt
chromium (CoCr) or ceramic femoral heads and CoCr, ceramic, and ultra-high molecular
weight polyethylene (UHMWPE) acetabular liners. The most commonly utilized THA
bearing design is a CoCr femoral head that articulates with an UHMWPE acetabular liner
(figure 1-4). This modularity of implants allows for adjustment of various parameters that

can restore normal hip biomechanics.

Acetabular Cup \
Polyethylene Insert

Metal Femoral Head

Femoral Stem g

Figure 1-4 - The components of a common THA design, in this case a metal femoral
head articulating on a modular polyethylene acetabular liner (Permissions from
Total Hip Arthroplasty (THA). OrthopaedicsOne Clerkship. In: OrthopaedicsOne -
The Orthopaedic Knowledge Network. Created Dec 13, 2010 21:12. Last modified
Dec 14, 2010 09:10 ver.3. Retrieved 2018-06-17, from

https://www.orthopaedicsone.com/x/-oDY Ag)



1.3.2 Implant Fixation

Fixation of THA components can be achieved with either a cemented (Polymethyl
methacrylate) or cementless technique (figure 1-5). Modern cement fixation as
introduced and studied by Charnley (10,16) relied not on adherence of the acrylic
polymer to bone, but rather on the formation of a cast of the inner surface of the bone
which would allow distribution of forces from the hip joint evenly over a large surface
area. Cementing technique has evolved over time (17) to enhance penetration into
cancellous bone and improve density and uniformity of the cement mantle. These modern
cementing techniques include vacuum mixing of cement, sustained pressurization during
filling, retrograde canal filling, debridement of the endosteal bone with pulse lavage, use
of a distal canal plug, and centralizers. Fixation with modern cementing techniques has
demonstrated excellent survivorship (18) and remains an ideal fixation method in older
patients with poorer bone quality. Cementless fixation has become the most commonly
used method of implant fixation in THA (19). This technique requires both immediate
mechanical stability of the implants within the bone (acetabulum or femoral canal) as
well as intimate contact between the implant surface and the bone. If stability is achieved
with implant displacement relative to the bony surface less than 150 um, long term
biologic fixation can occur between the implant and host bone, with greater motion
leading to fibrous connective tissue growth without osseous integration with the implant
(20). Implants with porous coating induce a bony ingrowth into the metal surface pores
on the implant surface, whereas plasma spray or grit blasted implants allow for bony
ongrowth on the implant surface. This fixation technique is preferred in younger patients
with bone quality suitable for biologic ingrowth or ongrowth, as this may impart a more

sustainable fixation interface compared to cemented techniques in this patient population.



A Cementless B Cemented

C Hybrid D Reverse hybrid

Figure 1-5 - Examples of different methods of fixation in THA, including fully
cementless (A), fully cemented (B), hybrid fixation (C) and reverse hybrid fixation
(D). Note that the blue regions represent bone cement. (permissions from Pivec R,
Johnson AJ, Mears SC, Mont MA. Hip arthroplasty. Lancet Lond Engl.
2012;380(9855):1768-1777. doi:10.1016/S0140-6736(12)60607-2)

1.3.3 Implant Positioning

Proper implant position is essential to restore normal hip biomechanics, reduce the risk of
complications and improve survivorship in THA. The goals of proper implant position
are to restore leg length, femoral offset, and femoral and acetabular version. Alterations
of these parameters are predominantly achieved by proper femoral stem and acetabular

component placement. However, they can also be changed through the modular



components of a THA, specifically the length and size of the modular femoral head

bearing or the size, offset, or version of the modular acetabular bearing surface.

On the femoral side, the major parameters to consider in implant placement and design
are length, offset, version and head-to-neck ratio. Restoration of leg length is achieved
through the depth of insertion of the femoral component, the length of the femoral neck,
and the length of the femoral head. Leg length is important for normal gait mechanics.
Offset refers to the distance between the center of the femoral head and the long axis of
the femoral stem, and is predominantly a product of the stem design. However, if a longer
or shorter femoral head is utilized, horizontal offset is increased or decreased,
respectively. Restoration of offset and length is essential to properly tension the hip
abductors muscles and restore the normal vector of force produced with their contraction.
Inadequate restoration of abductor tension can increase the risk of prosthetic dislocation.
The native femoral neck is anteverted relative to the distal femoral transepicondylar axis
approximately 10-15 degrees (3), and represents ideal neck version for the implanted
femoral component. Excessive changes to version, either anteversion or retroversion, can
lead to impingement of the femoral neck on the acetabular component during range of
motion and lead to prosthetic dislocation. The ratio of the size of the femoral neck to the
femoral head has major implications in motion and stability. Though the femoral neck
diameter is typically a fixed parameter, the ratio can be altered by changing the size of
the modular femoral head. When the head-to-neck diameter ratio is increased, the range
of motion allowed prior to impingement of the neck on the acetabular rim is increased
(figure 1-6). Furthermore, as femoral head diameter increases, the distance that center of
the femoral head must travel to dislocate from the acetabulum (the “jump distance”) is
increased (figure 1-7). Both increased femoral head diameter and head-to-neck diameter

ratio reduce the risk or prosthetic dislocation.
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Figure 1-6 - Increasing the head-to-neck ratio increases the impingement free range
of motion in THA constructs (permissions from Malik A, Maheshwari A, Dorr LD.
Impingement with total hip replacement. J Bone Joint Surg Am. 2007;89(8):1832-
1842. doi:10.2106/JBJS.F.01313)

Figure 1-7 - As femoral head diameter increased, the distance the femoral head

must travel to dislocate, or the “jump distance” increases. (Permission from Cho
YJ, Nam DC, Jung K. Arthroplasty in Femoral Head Osteonecrosis. Hip Pelvis.
2014;26(2): 65-73. d0i:10.5371/hp.2014.26.2.65)

On the acetabular side, the major parameters to consider during implantation are the
center of rotation, version, and inclination. The center of rotation of the hip should be
restored by medial placement of the acetabular component. If the hip center of rotation is
lateralized, this has the effect of increasing the lever arm of body weight and an increase

in the resultant joint reactive force. Acetabular version and inclination can have an impact
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on stability and impingement. Excessive anteversion or retroversion of the acetabulum,
much like the femoral component, can lead to neck/acetabulum impingement and
prosthetic dislocation. Excessive vertical placement of the acetabular component may
lead to increased risk of dislocation, excessive edge loading of the implant and wear (21),
whereas excessive horizontal placement can lead to decreased hip flexion and risk of
anterior impingement and dislocation (22). However, optimal acetabular implant version
and inclination remains controversial, with recommendations ranging from 0°-30° of

anteversion and 30°-50° of inclination (22).

Implant position has a major impact on hip joint biomechanics and stability, as noted
above, however it also plays a major role in the wear on the polyethylene bearing surface
and should be considered when deciding on a THA construct. Increasing femoral head
size leads to increased total surface area contact between the femoral head and
polyethylene liner, leading to increased volumetric wear (23). Relatively vertical
acetabular component positioning can cause the femoral head to articulate with the edge
of the polyethylene liner superiorly, increasing contact stress over decreased contact area

and increasing wear (24).

1.3.4  Implant Longevity

THA has proven to be an very successful procedure with excellent long term survivorship
(25). However, despite improvements in fixation techniques and bearing surfaces, the rate
of revision THA has not decreased (26). In the United States, substantial increases in both
primary and revision THA procedures are projected, with an estimated 174% increase in
primary THA and 137% increase in revision THA by 2030 (27). The most common
causes for revision THA are dislocation (17.3%), mechanical loosening (16.8%),
mechanical problems (13.4%), infection (12.8%), and osteolysis (5.7%) (28). Although
poor implant alignment and fixation have been implicated in mechanical loosening, it is
now appreciated that wear of UHMWPE at the articular surface leads to a macrophage-
mediated inflammatory cascade that stimulate osteolysis and is a leading cause of implant
loosening (26-28) . Highly crosslinked polyethylene (HXLPE) was developed to improve
the wear characteristics of acetabular liners (32) and reduce revision surgery related to

wear and subsequent osteolysis. When compared to conventional UHMWPE acetabular
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liners, HXLPE has proven to be successful in terms of wear and osteolysis (30-37) .
However, mechanical properties of the implant are compromised at the expense of
improved wear properties, specifically fatigue crack propagation resistance (29,38-40).
Irradiation used to create polyethylene cross-linking leads to the formation of free
radicals (44). These free radicals can react with oxygen species in vivo, leading to
polymer chain scission, recrystallization and ultimately increased brittleness (42-46). To
stabilize these free radicals, implant manufacturers utilize thermal treatments such as
remelting above or annealing below the material melting point. Remelting more
effectively removes free radicals at the expense of mechanical properties, where
annealing less effectively removes free radicals but maintains mechanical properties (50).
Furthermore, certain manufacturers utilize irradiation for implant sterilization, which can
reintroduce or increase free radicals in the finished implant. Recent reports of mechanical
failure of certain HXLPE acetabular liners at the rim of the implant (51-58) have raised
concerns about the possibility of decreased mechanical properties on the longevity of

these bearing surfaces (figure 1-8).

Figure 1-8 - Example of a failed HXLPE acetabular liner at the rim of the implant
(permissions from Tower SS. Rim Cracking of the Cross-Linked Longevity
Polyethylene Acetabular Liner After Total Hip Arthroplasty. J Bone Joint Surg
Am. 2007;89(10):2212. doi:10.2106/IBJS.F.00758)
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1.4 Research Objectives

Projections indicate a likely significant increase in the volume of THA procedures being
performed in the coming years (27,59,60), driven by both an aging population as well as
a shifting threshold for surgery towards younger patients (60). Given the anticipated
increase in surgical volume as well as the significant costs and morbidity (26,28,61)
associated with revision surgery, improving implant longevity remains imperative.
Although HXLPE has improved polyethylene wear and wear-related revision surgery in
THA (30-37) , concern exists that in vivo oxidation and reduced mechanical properties
may create a new clinical problem, supported by reports of catastrophic failure of
HXLPE acetabular liners, particularly at the implant rim (51-58). Prior implant retrieval
studies have found oxidation of HXLPE acetabular liners at the rim and articular surface
as well as degraded mechanical properties of the articular surface (42-45). However,
little is known about the mechanical properties of retrieved HXLPE liner rims after in
vivo exposure. Pilot studies have been performed to validate a non-destructive method of
assessing the mechanical properties of retrieved HXLPE acetabular liner rims (62),

though the studies were initially limited to a single type of HXLPE liner.

The aim of this masters project is to better understand the role that free radical
stabilization processes and in vivo oxidation have on the mechanical and physical
properties of retrieved HXLPE liner rims after long term in vivo use. A previously
validated mechanical testing method will be utilized to investigate if in vivo changes
occur in the mechanical properties of HXLPE liners. Furthermore, physical properties of
these liners will be assessed for evidence of oxidation and changes in the microstructure
of the HXLPE that may impact their mechanical properties. This combination of testing
methods may help in elucidating a possible mechanism of in vivo failure of HXLPE

acetabular liner rims.
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Chapter 2

2  Highly Cross-Linked Polyethylene: The Impact of Free
Radical Stabilization on Implant Properties

2.1 Introduction

Total hip arthroplasty (THA) has proven to be an extremely successful surgical procedure
in producing significant pain reduction and improved physical function in patients with
end stage arthritis of the hip(1). Sir John Charnley was the first to introduced UHMWPE
into his low friction THA design in 1962 (2), and it remains the most common bearing
surface used in THA today. However, the success of conventional UHMWPE has been
limited by the long term material wear, which can lead to instability, osteolysis, aseptic
implant loosening and need for revision surgery (3-5). Furthermore, demand for THA in
young and active patients has also increased the demand for a more durable bearing
surface (6). These factors facilitated the development of highly cross-linked polyethylene
(HXLPE) bearing surfaces. Clinical and in vitro studies have confirmed a significant
reduction in wear rates compared to conventional UHMWPE, along with a significant

reduction in osteolysis and wear-related revision surgery rates (7-13).

Cross-linking in UHMWPE is produced when the material is irradiated. Radiation energy
leads to bond cleavage in polyethylene chains and development of highly reactive free
radicals. In an inert environment, these free radicals combine to create the desired effect
of cross-linking. However, if free radicals are exposed to oxygen they can react and
create a cyclic, self-perpetuating oxidation cycle that leads to significant material
degradation and changes in the mechanical properties of the implant (14).

In order to reduce or eliminate the potential for oxidation and subsequent material
degradation, free radical stabilization processes were introduced to HXLPE production.
The first generation HXLPE implants underwent thermal stabilization through either
post-irradiation remelting or annealing. Remelting allows for complete mobilization of
polyethylene chains and elimination of free radicals, however the mechanical properties
of the material are decreased. Though annealing better maintains baseline mechanical

properties compared to remelted HXLPE, this process does not fully mobilize
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polyethylene chains, and though free radicals are significantly reduced they are not
completely eliminated. These residual free radicals can be oxidized when exposed to air
or oxygen rich joint fluid, leading to mechanical property degradation. Moreover, in vivo
oxidation of remelted polyethylene has been detected (15-19), leading to the discovery of
alternative mechanisms for in vivo oxidation in the absence of residual free radicals
(15,18,20-24). Second generation HXLPE liners have been introduced with new
stabilization processes, including thermal sequential annealing and antioxidant doping,
with the aim of improving the balance of wear, mechanical properties, and oxidative

stability.

Reports of mechanical failure of first generation HXLPE liners (25-32) along with
concerns regarding the oxidative stability and mechanical properties of first and second
generation HXLPE implants has led to both experimental testing and retrieval analysis to
better understand the behavior of these implants in vivo. Here, a review the literature
regarding the oxidative stability and mechanical properties of first and second generation

HXLPE implants is presented.

2.2 UHMWPE and the Development of HXLPE

UHMWPE is a linear polymer with a molecular weight of at least 3.1 million g/mol (33).
UHMWPE is a semi-crystalline material containing three phases: crystalline, amorphous,
and interphase (figure 2-1). The crystalline phase is characterized by well organized,
densely packed lamellae whereas the amorphous phase is fairly disorganized. In
orthopaedic implants, UHMWPE molecular weight typically ranges from 3.5 -7.5
million g/mol composed of an approximately 50% crystalline phase (34). The crystalline
lamellae of UHMWPE are intertwined within the amorphous regions, and the lamellae
can connect via short tie molecules. A larger number of these tie molecules are present in
UHMWPE compared to lower molecular weight counterparts, imparting a significantly
increased wear resistance and toughness (14). The interplay and organization of these
phases in UHMWPE impart the desirable characteristics needed in arthroplasty bearing

surfaces.
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Figure 2-1 - Representation of the three major phases of UHMWPE: Crystalline
phase, amorphous phase, and the third interphase. (Permission from Pezzotti G.
Raman spectroscopy of biomedical polyethylenes. Acta Biomater. 2017 Jun 1;55:28-
99. DOI: 10.1016/j.actbio.2017.03.015)

In order to produce medical grade UHMWPE implants, a number of precise
manufacturing processes must take place. Ethylene gas is converted to polymer form as a
powder or resin using a converter and following ASTM standard F648 and 1SO standard
5834-1 (35). The resin is then consolidated by either ram bar extrusion, compression
sheet molding, or direct compression molding techniques under elevated temperatures
and pressures. The final implant is then fabricated by machining the consolidated
material into its final component shape and size. Each of these phases in manufacturing,
many of which are proprietary, has the potential to change the chemical and
microstructural properties of UHMWPE. Once the final implant has been machined, it
requires packaging and sterilization. Up until the 1990’s, UHMWPE implants were
sterilized using 25-40 kilogray (kGy) of gamma irradiation in the presence of air (36).
Studies implicating polyethylene wear particles as a major contributor to osteolysis led to

investigations into the role of radiation and air exposure on polyethylene properties.
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Radiation sterilization imparts significant energy into polyethylene chains which can lead
to the cleavage of C-C and C-H covalent bonds, forming highly reactive free radicals. In
an inert environment without other reactive species, free radicals in the amorphous
regions can recombine to form cross-links within the polyethylene chains, whereas those
formed in the crystalline region remain trapped (20). These remnant free radicals are long
living and if are exposed to oxygen can form alkyl free radicals, leading to a self-
perpetuating oxidation process known as Bolland’s cycle (figure 2-2) (37). This oxidation
cycle leads to chain scission and a reduction in the molecular mass of UHMWPE, with a
subsequent increased proportion of the crystalline phase (36,38) through the development
of thin crystalline lamellae in the amorphous region (14). The end result is an increase in
material brittleness, most notably in the subsurface region of the implant 1-2mm below
the outer surface. This increased brittleness could potentially increase the risk of fatigue
damage (36).

v CHy— GH—CH s CHy— CH— CHzowr
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Ketones, alcohols, carboxylic acids, esters

Figure 2-2 - Bolland’s cycle demonstrating the oxidation of hydrocarbons such as
polyethylene (Permission from Costa L, Bracco P. Mechanisms of Cross-Linking,
Oxidative Degradation, and Stabilization of UHMWPE. In: Kurtz SM, editor.
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UHMWPE Biomaterials Handbook (Third Edition), Oxford: William Andrew
Publishing; 2016 [p. 467-87.)

Prior to this discovery, the oxidative process occurred during implant storage on the shelf
prior to implantation due to sterilization of the implant in air and storage in oxygen
permeable packaging. Manufacturers transitioned to oxygen barrier packing and
sterilization with new methods including gamma irradiation in an inert environment or
sterilization in gas plasma or ethylene oxide. It was soon discovered that wear rates in gas
plasma and ethylene oxide were nearly twice that of gamma air sterilized implants (39—
41) which led to the discovery that radiation induced cross-linking played a significant
factor in wear properties. Furthermore, gamma inert sterilized implants retrieved after in
vivo time continued to demonstrate evidence of oxidative degradation due to residual free
radicals and in vivo exposure to oxygen (42). These discoveries led to the development of

the first generation of highly cross-linked polyethylene implants.

2.3 The Impact of Radiation Cross-Linking and
Thermal Stabilization on HXLPE Properties

First generation HXLPE was developed to take advantage of the wear-reducing
properties imparted by crosslinking while reducing or eliminating the potential for
oxidative degradation and minimize the impact on mechanical properties. Gamma or
electron beam radiation is utilized to create cross-linking in polyethylene at variable
doses depending on implant manufacturer. McKellop et al (43) discovered that crosslink
density and crystallinity increases with increased doses of radiation, and wear rates are
reduced up to radiation doses of 200 kGy. Saturation of cross-linking occurs at
approximately 100 kGy (44). However, radiation cross-linking decreases ductility, which
manifests as a reduction in elongation to failure, toughness, and fatigue crack propagation
resistance (45), with tensile and fracture toughness continuing to decline at radiation
doses beyond 100 kGy (43,46,47). For these reasons, a dose of approximately 100 kGy
represents an acceptable balance between crosslink density, wear reduction, and

maintenance of important mechanical properties in HXLPE.
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In order to maintain the wear-reducing benefits of cross-linking while minimizing the
potential for oxidative degradation, two major thermal free radical stabilization processes
were developed as part of the first generation of HXLPE bearings. The first, known as
remelting, involves heating irradiated polyethylene to some temperature above its melting
point (~ 137° C) whereas the second, known as annealing, involves heating irradiated
polyethylene to a temperature below its melting point. Both then undergo a cooling and
recrystallization process. The desired outcome in both of these processes is to mobilize
free radicals within the crystalline region to allow cross-linking and termination of free
radicals and thus avoid the potential for oxidation (14,20). When polyethylene is
remelted, the rigid crystalline regions are able to mobilize and free radicals present in
these regions can reconnect or cross-link, leaving undetectable levels of free radicals
(48). Chain mobility and reformation of crystallites during the recrystallization process is
limited by the presence of crosslinks, therefor the total crystallinity after remelting is
reduced (45). As the strength of UHMWPE is dependent on its relative crystallinity,
remelted HXLPE demonstrates decreased ultimate strength, yield strength, and fatigue
resistance (14,45). When polyethylene is annealed, not all crystalline lamellae are melted
and as such, not all free radicals are stabilized. The relative crystallinity of annealed
HXLPE remains nearly unchanged, as do the mechanical properties (49,50). Though
differences exist in the physical and mechanical properties of first generation HXLPE
liners based on thermal free radical stabilization process, both have demonstrated
superior surface wear characteristics, in vitro and in vivo, compared to conventional
UHMWPE THA bearings (9).

2.4 The Impact of Oxidation on First Generation
HXLPE Acetabular Liners

2.4.1  Oxidation and Mechanical Properties of HXLPE Acetabular
Liners in Experimental Models

A number of experimental studies have been performed to assess the oxidative stability

of both types of first generation HXLPE bearings. Oxidation index (Ol), the most

common way polyethylene oxidation is reported in the literature, is assessed by Fourier

transform infrared spectroscopy (FTIR) and is the gold standard for assessment of
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oxidation. The Ol is calculated from FTIR by normalizing the absorption peak of
carbonyl groups, formed from the oxidation of polyethylene chains, against an internal
reference absorption peak for the polyethylene. McKellop et al (43) demonstrated, in an
accelerated aging study, that remelted HXLPE THA bearings demonstrated no evidence
of oxidation whereas untreated HXLPE liners demonstrated significant subsurface
oxidation. A number of other studies directly compared annealed and remelted first
generation HXLPE liners utilizing different aging protocols (38,51,52). These studies
found evidence of significant oxidation in annealed liners with no detectable evidence of
oxidation in remelted liners. Annealed liners also demonstrated increased wear rates
compared to remelted liners (51,52). Although remelted HXLPE liners have shown
undetectable levels of free radicals and no evidence of oxidation in these accelerated
aging studies, recent studies have demonstrated that remelted HXLPE liners do indeed
have the potential to oxidize. Medel et al (21) performed a cyclic loading and accelerated
aging experimental study on remelted and annealed HXLPE. Annealed HXLPE
demonstrated significant evidence of oxidation after aging with evidence of delamination
after aging and cyclic loading. Remelted HXLPE samples had minimal or no oxidation
when the material was subjected to either cyclic stress or artificial aging steps alone, but
significant increases in oxidation and crystallinity were found when the implants were
subjected to consecutive cycles of aging and cyclic stress. Oral et al (22) exposed
remelted HXLPE to synovial fluid lipids and accelerated aging stress. Despite the
implants lacking detectable free radicals, the author found that exposure to squalene can
lead to significant oxidation, with an Ol as low as 0.1 leading to a loss of crosslink
density by nearly one half. In another experiment by Oral et al (20), remelted HXLPE
demonstrated increased oxidation and decreased crosslink density with increasing levels
of radiation after accelerated aging, with wear rates increasing with an Ol as low as 0.1
and a drastic increase with Ol above 1. Similarly, Fung et al (23) found a strong positive
correlation between maximum OI and average initial transvinylene index (TVI), the
byproduct of radiation exposure in polyethylene. Furthermore, it was found that the
oxidation index at which mechanical properties were compromised to below ASTM
minimum requirements was below one for remelted HXLPE regardless of the amount of

radiation used for cross-linking.
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2.4.2  Oxidation and Mechanical Properties of Retrieved Annealed
HXLPE Acetabular Liners
Retrieval studies have provided great insight into the behavior of first generation HXLPE
acetabular liners after time in vivo and have confirmed a number of findings from
experimental studies. Wannomae et al (53) assessed 14 retrieved annealed and 12
retrieved remelted liners with in vivo times up to three years. Samples were taken from
non-articulating regions near the rim. The remelted liners exhibited no detectable
oxidation, whereas the annealed liners demonstrated evidence of oxidation in the
subsurface region, with Ol ranging from range 0.22 to 5.81. Remelted liners had no
significant change in crystallinity compared to controls, while annealed liners showed a
significant increase in crystallinity, especially when the Ol was greater than 1.0. A strong
correlation was found between oxidation and crystallinity but only a weak correlation for
oxidation and in vivo time. This study suggested that remelting was a superior free radical
stabilization technique compared to annealing as it led to a reduced the risk of in vivo

oxidation and structural property changes.

Currier et al (54) evaluated 12 annealed HXLPE liners with in vivo time up to 5.3 years
for oxidation and evidence of degradation at the rim and articular surface. There was
evidence of significant oxidation, with the most marked oxidation at the implant rim, and
a strong relationship between rim oxidation and in vivo time. Rim cracking was also
noted to correlate to in vivo time, with the crack rating correlating to oxidation. Rim
delamination was found to correlate only with in vivo time when taking into account
signs of impingement. The authors concluded that annealed HXLPE THA liners oxidize
in vivo to a significant enough degree to compromise mechanical properties and lead to
fatigue damage, especially in the setting if impingement of the femoral neck on the

acetabular rim.

A number of retrieval studies led by Kurtz (55-57) have assessed annealed HXLPE liners
with in vivo times up to 8 years for oxidation and mechanical property changes. These
studies demonstrated that these liners preferentially oxidize at the rim and the unloaded
regions of the articular surface, indicating that the femoral head may play a protective

role from exposure to molecular oxygen in synovial fluid at the loading region of the
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articular surface. Furthermore, in vivo time was found to correlate to oxidation of the
unworn articular surface and the rim, but did not correlate with oxidation values at the
worn regions. These studies assessed the mechanical properties of the articular surface
and found no appreciable correlation between in vivo time and mechanical behavior. It is
evident from these studies that oxidation of annealed HXLPE liners occurs preferentially
in regions exposed to larger amounts of synovial fluid turnover. Additionally, the
mechanical properties of the implants, though only tested along the articular surface, did
not appear to be impacted by in vivo time. However, rim mechanical properties were not

tested, despite being the region of greatest oxidation.

MacDonald et al (15), in a large retrieval study assessing oxidation and articular surface
mechanical properties of 80 annealed HXLPE acetabular liners with in vivo time ranging
from 0 to 10.3 years, found moderate oxidation at the rim in annealed liners with over
half of these liners demonstrating severe rim oxidation (O1>3). Rim oxidation did
correlate with in vivo time. Oxidation was also found at the articular surface and was
found to correlate with a reduction in ultimate load in this region of the implant. These
findings imply that in vivo oxidation of annealed HXLPE THA liners leads to a
compromise in the mechanical properties, as found in the testing of the articular surface
of these implants. However, rim mechanical properties were not tested and it is unclear if
a similar change in mechanical properties occurs in this region given the sharp elevations

in oxidation with in vivo time.

2.4.3  Oxidation and Mechanical Properties of Retrieved Remelted
HXLPE Acetabular Liners
Retrieval studies of first generation remelted HXLPE acetabular liners, in corroboration
with the above experimental studies, have provided insight into additional mechanisms of
in vivo oxidation of HXLPE implants. Though a number of experimental and some early
retrieval studies pointed to remelted HXLPE liners being resistant to oxidation, recent
studies have indicated that these liners show measurable levels of oxidation after in vivo
service time. Currier et al (16) reviewed 50 remelted HXLPE acetabular liners with in
vivo times for evidence of oxidation, finding detectable levels of oxidation (Ol > 0.1) in

22% of retrieved inserts after an average of over 2 years in vivo, with a positive
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correlation between oxidation and in vivo time. Another retrieval analysis (17) of 11
remelted HXLPE liners with in vivo time of 2 weeks to 7.2 years, also found evidence of
subsurface articular surface oxidation after in vivo exposure, though ex vivo time after
surgical removal was not controlled. MacDonald et al (15), in the above noted study, also
assessed oxidation and articular surface mechanical properties of 160 retrieved remelted
HXLPE liners with in vivo time ranging from 0 to 11.4 years. Results demonstrated
detectable levels of oxidation at the articular surface with a positive correlation to in vivo
time, however no such relationship was found at the rim or backside of the liner and no
significant changes in articular surface mechanical properties were noted. Muratoglu et al
(18) assessed oxidation, crystallinity and crosslink density of 34 remelted HXLPE liners
after removal and shelf aging (ex vivo) time. Shelf aged control remelted liners
demonstrated no evidence of oxidation at 7 years. Low but detectable oxidation was
found at the rim of retrieved implants immediately after surgical removal, and after shelf
aging both rim and articular surface oxidation increased and were correlated with ex vivo
time, but not in vivo time. In spite of this finding of low oxidation, cross link density
significantly decreased and crystallinity significantly increased with ex vivo time for both
the articular surface and rim. Rowell et al (19) evaluated a number of different retrieved
implant types, including remelted HXLPE acetabular liners, for oxidation and cross link
density after surgical removal and accelerated aging. Half of the retrieved remelted
HXLPE acetabular liners demonstrated evidence of in vivo oxidation, which increased in
the subsurface region with accelerated aging. Retrievals without measurable in vivo
oxidation showed oxidation after ex vivo accelerated aging (figure 2-3), with subsurface
peaks in the articular surface region and at the surface of unloaded regions. Acetabular

rim oxidation was noted to increase with accelerated aging as well.

The evidence compiled by these retrieval and experimental studies in remelted HXLPE
liners has led to multiple hypotheses for their loss of oxidative stability despite a lack of
detectable free radicals after manufacturing, including radiation dose and TVI (20,23),
cyclic mechanical stress at the implant surface (15,18,21) and oxidation of synovial lipids

that have diffused into the polyethylene in vivo (18,22,24).
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Figure 2-3 - Accelerated aging of retrieved HXLPE liners with various free radical

stabilization techniques demonstrates loss of oxidative stability in both remelted and

annealed liners. (Permissions from Rowell SL, Reyes CR, Malchau H, Muratoglu

OK. In vivo Oxidative Stability Changes of Highly Cross-Linked Polyethylene

Bearings: An Ex vivo Investigation. J Arthroplasty. 2015;30(10):1828-1834.
doi:10.1016/j.arth.2015.05.006)

2.4.4

First generation HXLPE liners have proven to be effective in reducing surface wear in
vivo (9). However, a number of mechanical failures of these liners (25-32) have raised

concerns about implant longevity (figure 2-4). Nearly all of these mechanical failures

Mechanical Failure of First Generation HXLPE Acetabular
Liners

have occurred in first generation remelted HXLPE liners, though one report of annealed

HXLPE fracture has been reported (25), and there has been evidence of annealed liner
rim delamination (54,57) associated with impingement.



30

Tower et al (26) reported on the mechanical failure of four remelted liners from a single
manufacturer after in vivo times ranging from 7 to 27 months. In all cases, acetabular
components were malpositioned vertically. Analysis of the failed implants exposed
severe cracking or failure was at the rim with damage evident at the superior aspect
where the polyethylene engages the locking mechanism. Cracking was found to begin at
the outer edge of the implant and propagate towards the articular surface. Polyethylene
thickness at the site of crack propagation was less than 4mm for each implant.
Mechanical properties were nearly identical to control samples, though lower than non-
crosslinked reference polyethylene. Moore et al (27) and Waewsawangwong and
Goodman (28) reported on a mechanical failure in a remelted HXLPE liner with a similar
fracture pattern with polyethylene thickness in no greater than 3.3mm at the site of rim
fracture. Ast et al (29) reported on a single case of a retrieved, fractured remelted HXLPE
liner in a vertically oriented acetabular component with polyethylene thickness of 2.2mm
at the site of rim fracture. In this study, a review of 74 FDA reported cases of liner
fracture in remelted HXLPE implants from the same manufacturer was performed.
Average in vivo time was 27 months. The majority of cases revealed fracture at the
implant rim, with polyethylene thickness < 3.7mm in 61 of 72 cases and <4.7mm in 70

of 72 cases.
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Figure 2-4 - Example of a retrieved fractured remelted HXLPE liner at the implant
rim. (Permissions from Moore KD, Beck PR, Petersen DW, Cuckler JM, Lemons
JE, Eberhardt AW. Early Failure of a Cross-Linked Polyethylene Acetabular Liner:
A Case Report. J Bone Joint Surg Am. 2008;90(11):2499-2504.
doi:10.2106/JBJS.G.01304)

Duffy et al (30) analyzed the physical properties and oxidation in a case of a retrieved,
fractured remelted HXLPE liner. The implant fractured along the rim in the region of an
elevated 10-degree lip, which was found to be impinging during range of motion of the
hip. The implant demonstrated no evidence of oxidation, and the transvinylene index and
crystallinity were normal for the radiation dose applied for cross-linking. Furmanski et al
(31) performed an extensive analysis of 4 retrieved, fractured remelted HXLPE liners
from four different manufacturers. Crystallinity of the liners was found to be within
expected baseline range, and there was no evidence of oxidation (O1<0.1). In these
samples, all fractures initiated on the outer surface of the liners at a region of stress
concentration or material discontinuity. Finite element analysis further confirmed that the
peak magnitude of the maximum principle tensile stress occurred near the sites of

observed crack initiation with values at or above the yield stress of the polyethylene.
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Not all reported cases of mechanical failure of HXLPE liners have occurred in remelted
liners. Hara et al (25) reported a case of liner rim fracture in an annealed HXLPE liner
design with a 15 degree elevated lip (figure 2-5). The fracture initiated at the junction of
the liner rim and acetabular component dome and propagated towards the articular
surface near, but not at, the elevated lip. Polyethylene thickness was no less than 7.4mm
throughout the liner. Oxidation was significant along the liner rim (Ol = 2.34) and present

but low at the articular surface (Ol = 0.465).

IOLIDISO]

>
=
=
@
.
o
-

Inferior

Figure 2-5 - Example of a retrieved fractured annealed HXLPE liner at the implant
rim. (Permissions from Hara D, Nakashima Y, Yamamoto T, et al. Late failure of
annealed highly cross-linked polyethylene acetabular liner. J Mech Behav Biomed
Mater. 2013;28:206-212. doi:10.1016/j.jmbbm.2013.08.003)

From these studies, it is evident that mechanical failure generally occurs at the implant
rim and is a multifactorial problem. A number of potential risks for rim mechanical
failure have been proposed including vertical cup orientation with edge loading, femoral
neck impingement, polyethylene thickness at the rim below 4.7mm, raised polyethylene
rims without metal support, stress concentrators along the outer surface of the rim from
notches or locking mechanisms, and the decreased mechanical properties of remelted
highly cross-linked polyethylene (25-32,50). Though there is theoretical risk for
embrittlement of the implant rim associated with oxidation, research in this area is

lacking.
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2.5 Second Generation HXLPE: Sequential Annealing
and Antioxidant Stabilization

A second generation of HXLPE liners has been developed in an attempt to maintain the
superior wear resistance provided by cross-linking while improving oxidative stability
mechanical properties (14), and includes sequentially annealed and vitamin-E infused
HXLPE.

2.5.1 Sequentially Annealed HXLPE

Sequentially annealed polyethylene was proposed as a way to produce a highly cross-
linked polyethylene with the material properties of annealed liners but with little to no
residual free radicals (58). In this process, sequential low dose radiation crosslinking (30
kGy) is followed by thermal annealing, and the process is repeated three total times for a
total dose of 90 kGy, a dose thought to maximize cross-linking while maintaining
mechanical properties. The low dose of radiation is thought to leave cross-links far
enough apart to allow sufficient chain mobility for free radicals to mobilize and be
extinguished during the annealing phase (59). The implants are then gas plasma

sterilized.

Experimental investigation confirmed the potential benefits of sequentially annealing
over single annealing used in first generation HXLPE. Dumbleton et al (58) and Wang et
al (60) published on accelerated aging of sequentially annealed compared to single
annealed HXLPE and other UHMWPE formulations. Before aging, free radical
concentration in the single annealed HXLPE was shown to be over seven times higher
and crosslink density was less than half compared to the sequentially annealed HXLPE.
Furthermore, oxidation after accelerated aging was found in the subsurface of single
annealed HXLPE (OI=1.1), with minimal oxidation (O1=0.05) and maintained
crystallinity found in the sequentially annealed HXLPE. Mechanical testing demonstrated
the ultimate tensile strength and the amount of material elongation of sequentially
annealed HXLPE were higher than that in the single annealed HXLPE, despite the higher
cross-linking found in the sequentially annealed material, with no changes in these

properties after accelerated aging for the sequentially annealed HXLPE. Wear and
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mechanical failure rates in hip simulator analysis was found to be lower in the
sequentially annealed compared to single annealed HXLPE liners (58). A number of

clinical studies (61-66) found excellent wear rates for sequentially annealed HXLPE.

Retrieval analysis of sequentially annealed THA liners has been limited thus far but has
provided important insight into the oxidative stability and mechanical properties of these
implants after in vivo exposure. In the same study by Rowell (19) noted previously,
sequentially annealed HXLPE liners were assessed for oxidation and crosslink density
after surgical removal. Oxidation was found at both the implant rim and articular surface,
and accelerated aging induced significant increases in oxidation and pre-oxidation
products (hydroperoxides) in both regions, along with a significant reduction in crosslink
density. Though the levels of oxidation at retrieval were low, this study suggests a
potentially significant loss of oxidative stability in vivo, likely do to the presence of
residual free radicals. Reinitz et al (67) assessed 65 sequentially annealed acetabular
liners with in vivo time ranging from 1 month to 6.4 years. Oxidation trends in these
liners were similar to gamma sterilized UHMWPE, with two of the 65 liners
demonstrating subsurface white bands along the rim and articular surface with
significantly elevated oxidation indices and decreased crosslink density. Kurtz et al (68)
directly compared oxidation and mechanical properties of 185 retrieved single and
sequentially annealed HXLPE liners with in vivo time under five years. Oxidation was
found along the rim and articular surface in both groups, however the oxidation was
significantly lower for the sequentially annealed liners with the most pronounced
difference between groups found at the liner rim. Articular surface wear and mechanical
properties were similar, and both groups demonstrated a 10% rate of liner rim damage.
However, the damage mode of the liner rims in the sequentially annealed group was
predominantly burnishing and scratching with no evidence of delamination or subsurface
cracking, whereas in the single annealed group there were several samples with rim

delamination and subsurface cracking.

Ultimately, sequentially annealed HXLPE liners appear to be an improvement on first
generation HXLPE acetabular liners, with mechanical properties that are superior to

remelted HXLPE and reduced oxidative potential compared to single annealed HXLPE.



35

However, retrieval studies do indicate that oxidative degradation does occur, with
residual free radicals likely a contributing factor. Long term retrieval studies are needed

to understand the clinical impact of these in vivo changes.

25.2 Antioxidant Stabilized HXLPE

A novel approach to free radical stabilization involves incorporation of antioxidants into
HXLPE, namely vitamin E (a-tocopherol), to act as a free radical scavenger while
removing the thermal treatment from HXLPE manufacturing, thus allowing for crosslink-
associated wear reduction while maintaining the superior mechanical properties of
conventional UHMWPE. Two common methods are used for vitamin E incorporation.
The first involves blending of vitamin E with UHMWPE powder, followed by
consolidation and radiation cross-linking. However, as the vitamin E actively scavenges
free radicals during the cross-linking process, the efficacy of radiation cross-linking is
reduced, though the concentration of vitamin E throughout the material is relatively
homogenous. The second process involves diffusion of vitamin E into cross-linked
polyethylene. This method does not impact the cross-linking process, however the
diffusion process creates heterogenous concentrations of vitamin E in the polyethylene,

requiring a homogenization process at elevated temperatures (69).

In vitro studies have confirmed that vitamin E stabilized HXLPE exhibits superior
mechanical properties compared to first generation HXLPE (70,71). Clinical studies have
demonstrated similar if not superior wear performance in vivo compared to conventional
UHMWPE and first generation HXLPE (69,72). The oxidative stability of vitamin E
stabilized HXLPE has been shown to be excellent in accelerated aging studies (72).
Retrieval analysis of these implants in THA remains fairly limited given the relatively
recent introduction of this material. Rowell et al (19) demonstrated superior oxidative
stability and cross link density in vitamin E stabilized HXLPE compared to other HXLPE
formulations after accelerated aging of retrieved implants. In another study of 12
retrieved vitamin E stabilized HXLPE THA liners with in vivo times ranging from 0.1 to
36.6 months, minimal oxidation was detected in all liners (maximum OI 0.154). The

material properties of retrieved liners were not significantly different from control liners.
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Vitamin E stabilized HXLPE liners appear to provide balance between wear, mechanical
properties and oxidative stability, however longer term studies and retrieval analysis are
needed to better understand the behavior of these implants after extended in vivo time in
THA.

2.6 Conclusions

The implementation of HXLPE in THA has proven to be highly successful, with a
significant reduction on wear rates compared to conventional UHMWPE. The thermal
stabilization techniques in the first generation of HXLPE were fairly effective at reducing
the free radical content of these implants, however mounting evidence revealing in vivo
oxidation of both remelted and annealed liners, combined with reports of in vivo
mechanical failure, raises concerns about the long-term utility of these implants. Second
generation stabilization techniques have looked to optimize the balance between cross-
linking, mechanical properties and long-term oxidative stability, and early results are
encouraging. However longer-term clinical studies and retrieval analysis are needed to

assure long term clinical safety and success.
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Chapter 3

3  Thesis Outline and Summary

In chapters one and two of this thesis, the success of total hip arthroplasty (THA) in
reducing pain an improving function in patients with arthritic conditions of the hip has
been outlined. Improving the longevity of THA implants remains essential, as revision
surgery carries significant patient morbidity and financial costs, and demand for THA
continues to increase in the setting of both an aging population and the increased use of
THA in younger patients. The introduction of highly cross-linked polyethylene (HXLPE)
into THA has improved polyethylene wear and reduced wear-related revision surgery.
However, thermal free radical stabilization techniques, used in the processing of HXLPE
to improve oxidative stability, alter the implant mechanical properties. Furthermore, in
vivo oxidation, known to degrade polyethylene mechanical properties, has been detected
in all forms of thermally stabilized HXLPE liners. Given these concerns and multiple
reports of HXLPE liner mechanical failures at the implant rim raise concerns about the

longevity of these implants.

In this thesis, impact of extended in vivo time on the mechanical and physical properties
of HXLPE acetabular liners will be assessed. To understand the mechanical properties, a
validated mechanical testing method will be used to assess retrieved HXLPE acetabular
liner rims. A number of different testing methods will then be used to determine the
extent of implant oxidation and changes in polyethylene physical properties after in vivo
exposure. Based on the current understanding of HXLPE mechanical properties and in
vivo oxidation, it is hypothesized that liners stabilized with thermal annealing will
demonstrate a significant reduction in mechanical properties, increased evidence of

oxidation, and an increase in relative crystallinity compared to those that are remelted.

In chapter four, the details of the testing methodology used to determine mechanical
properties, oxidation and crystallinity will be discussed along with evidence for use of

these methods on medical grade polyethylene.
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In chapter five, the results of the mechanical testing of retrieved HXLPE acetabular liner
rims after extended time in vivo will be discussed. In this study, retrieved HXLPE liners
all had an in vivo time of 4.5 years or greater. Implants were categorized by their thermal
free radical stabilization technique and included remelted, single annealed, or
sequentially annealed groups. The purpose of this study is to understand the impact of in
vivo time on HXLPE liner rim mechanical properties based on differences in thermal

treatments.

In chapter six, the results of oxidation and crystallinity assessment of HXLPE acetabular
liner rims will be discussed. All retrieved HXLPE acetabular liners in this study have an
ex vivo time of under one year to minimize the potential impact of shelf oxidation on
testing results. Oxidation and crystallinity are assessed at both the acetabular liner rim
and at the articular surface of the implant for comparison. The purpose of this study is to
assess for evidence of oxidation and subsequent changes in physical properties of
HXLPE liner rims after prolonged in vivo time and correlate these findings with the

measured mechanical properties above.

Finally, chapter seven will discuss the combined findings of the studies in this thesis, the
clinical relevance of these findings, and potential future research directions based on

these results.
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Chapter 4

4  Methodology for the Assessment of Physical and
Mechanical Properties of Highly Cross-Linked
Polyethylene

Ultra-high molecular weight polyethylene (UHMWPE) used as a bearing surface in total
hip arthroplasty (THA) has led to a long track record of success (1). However, implant
longevity may be compromised due to wear of conventional UHMWPE, leading to bone
resorption around the implant and subsequent implant loosening (2). The introduction of
highly crosslinked polyethylene (HXLPE) to improve wear characteristics of acetabular
liners (3) has proven to be highly clinically successful, with reduction in wear-related

revision surgery compared to conventional UHMWPE acetabular liners (4-10).

Improvement in wear resistance of HXLPE liners comes at the expense of the mechanical
properties of the liner (11). Radiation cross-linking of UHMWPE relies on the formation
of free radicals. These free radicals recombine in the amorphous region of UHMWPE in
order to create cross-linking. Radiation cross-linking decreases ductility, manifesting as
reduction in toughness and fatigue crack propagation resistance (12,13). Free radicals in
the crystalline regions are unable to recombine and become trapped, later able to react
with oxygen species and lead to polymer chain scission, recrystallization and ultimately
increased brittleness (13,14). One method of removing these free radicals is thermal
stabilization through remelting or annealing irradiated polyethylene. Remelting
effectively removes free radicals, however this results in decreased crystallinity and
subsequently decreased mechanical properties (13,15). Annealing leaves residual free
radicals while maintaining crystallinity and mechanical properties. Furthermore, certain
manufacturers utilize irradiation for implant sterilization, which can reintroduce or
increase free radicals in the finished implant (16) depending on the sterilization

environment and thermal stabilization technique.

In vivo oxidation of HXLPE acetabular liners has been demonstrated in liners stabilized
by annealing as well as remelting (17-26). The acetabular liner rim is particularly

susceptible to in vivo oxidation (23). Furthermore, radiation dose (14,27), cyclic
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mechanical loading (28) and biologic prooxidants (29,30) may play a role in oxidation of
HXLPE. With extensive in vivo oxidation, the mechanical properties of UHMWPE have
been shown to be severely compromised (31).

There have been a number of reports of mechanical failure of HXLPE acetabular liners at
the rim of the implant. A number of potential risks for these failures have been
identified, including the inherently reduced mechanical properties of HXLPE, mechanical
loading of the rim through impingement, thinner liners and unprotected liner rim designs
(32-39). Given the in vivo oxidative potential for both annealed and remelted HXLPE,
evidence of preferential oxidation of the acetabular rim, and the reduced mechanical
properties of HXLPE, it is suspected that oxidation and subsequent changes to the
polyethylene microstructure may contribute to these rim failures. However, to this point
there have been no studies directly assessing HXLPE liner rims for oxidative, structural
and mechanical property changes after prolonged in vivo time. It is hypothesized that
there will be evidence of increased oxidation, increased crystallinity and decreased
mechanical properties at the rim of acetabular HXLPE liners after extended in vivo
exposure, and that annealed acetabular liners will demonstrate significantly greater
oxidation and crystallinity along with worsened mechanical properties compared to

remelted liners.

4.1 Indentation Testing

Material hardness refers to the ability of a material to resist deformation. It is directly
related to the elastic modulus of a material (40). Depth-sensing indentation (DSI) is a
well-established hardness test utilized in the study of mechanical properties of
orthopaedic UHMWPE implants. DSI testing is generally performed by driving a hard
indenter tip of known geometry into the surface of a sample to be tested. This load can be
maintained on the samples surface for a fixed period of time (“dwell time”) if the

material demonstrates viscoelastic properties, as UHMWPE does, in order to allow creep-
like deformation to occur (41). A measurable deformation is created on the sample
surface. Depending on the indenter and test being utilized, either depth or area of the
indentation is measured. The Rockwell macrohardness indenter test measures indentation

depth, whereas the Brinell (Meyer) macrohardness indenters, Berkovich, Knoop and
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Vickers microhardness indenters and Berkovich nanohardness indenter utilize optical
measurement of the residual indentation area (42). While both microindentation and
nanoindentation DSI has been performed with orthopaedic UHMWPE retrieval studies
(40,43-45), microindentation was selected for use in this study for the following reasons.
Per the International Organization for Standardization (1SO) 14577, microindentation is
defined as a force applied of less than 2N and indentation depth greater than 0.2 um and
nanoindentation is defined by an indentation depth less than or equal to 0.2 um (46).
Given the difference in depth of indentation, microindentation testing provides a more
volume-average response of the material in testing whereas nanoindentation provides a
focal assessment of hardness along the material surface. In particular, microindentation
averages over the scale of crystalline and amorphous regions while penetrating below the
surface polymer. Nanoindentation testing of UHMWPE can demonstrate increased
variability due to surface roughness and polymer orientation due to wear or sample
preparation, as well as heterogeneity in crystalline and amorphous region distribution in
the sample (43,47). Microindentation testing has been established as a reliable method for
testing UHMWPE and compares favorably to nanoindentation for the purposes of this
study (41). Of the available microindentation testing methods, Vickers microhardness
test will be utilized for mechanical testing of HXLPE in this project due to its relative
insensitivity to surface conditions, ease and reproducibility of measurement due to the
constant indentation geometry. For this testing apparatus, a diamond indenter, in the form
of a square-based pyramid with an angle of 136 degrees between the opposite faces
(figure 4-1) is pressed onto the sample surface using a predefined force (F) between 25
and 1000 gram-force (gf) over a defined time period (dwell time) of 10 to 15 seconds
long per ASTM E384 standards (48). The load is removed and the deformation created in
the sample surface is measured using an optical microscope. The Vickers hardness

number (HV) is calculated as:

2F /1 136° F
HV=ﬁ(sm > )=1'854ﬁ

Where d is the mean diagonal length of the indentation in mm (d=(d1+d2)/2).
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Figure 4-1 — Vickers Microindentation with a square-based diamond tip indenter.
The Indenter is loaded into the sample surface with a predefined loading force and
dwell time, leaving a residual surface indentation. The resultant diagonal lengths (d:
and d2) can be measured under an optical microscope. (Courtesy TWI Ltd.
Hardness Testing Part 1 - Job Knowledge 74, https://www.twi-global.com/technical-
knowledge/job-knowledge/hardness-testing-part-1-074/ (accessed 24 June, 2018))

Prior studies have assessed the impact of oxidation on the mechanical properties of
orthopaedic UHMWPE implants as assessed with DSI. It has been well established that
residual free radicals produced in irradiated UHMWPE can react with oxygen species to
induce a sustained formation of oxidation products on polyethylene chains with
subsequent chain scission, decrease in molecular mass and an increase in crystallinity
(15). Though higher levels of crystallinity of unoxidized UHMWPE can confer improved
yield strength, increases in crystallinity due to oxidation decreases the ductility and
ultimate strength (31). DSI testing of retrieved and shelf-aged UHMWPE implants with
known oxidative damage demonstrated a strong positive linear relationship between

oxidation and indentation hardness (40,43).

The impact of cross-linking and oxidation of first generation HXLPE on DSI testing is
less well understood. Prior studies have demonstrated that HXLPE has decreased
indentation response compared to conventional UHMWPE as measured by DSI
(45,49,50). However, implant retrieval studies of both annealed and remelted HXLPE
have demonstrated detectable levels of oxidation, which has been shown to increase
indentation hardness (40,43). Furthermore, retrieved HXLPE liners with detectable but
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low levels of in vivo oxidation demonstrate significant increased oxidation with
accelerated aging, demonstrating the loss of oxidative stability in both annealed and
remelted HXLPE after even very short in vivo durations (21). In retrieved THA implants,
more marked oxidation has been observed at the implant rim, whereas the articular
surface remains relatively protected (23,25). Limited retrieval studies have been
performed (17,24-26,51) directly assessing the mechanical properties of these oxidized
HXLPE liner, especially at the rim where oxidation can be significant. There have been
no published studies, to our knowledge, assessing the impact of extended in vivo times on

mechanical properties of the acetabular rim of HXLPE liners.

4.2 Assessment of Oxidation

Total radiation, shelf time, in vivo service time, ex vivo oxygen exposure, mechanical
stress and biological contaminates have all been associated with oxidation of UHMWPE.
Fourier transform infrared spectroscopy (FTIR) has been proven to be a very effective
tool in measuring oxidation of biomedical polyethylene, and as such has become the
preferred technique to quantitatively assess oxidation of orthopaedic UHMWPE implants
(52).

FTIR passes infrared (IR) radiation through a sample (figure 4-2). The radiation from the
IR source is either absorbed by or passes through the sample. The radiation that passes
through the sample is transmitted onto a detector, providing information about the
wavelengths being absorbed by the sample as well as the quantity of the absorption.
Certain chemical structures absorb IR radiation at certain spectra. Therefore, the types of
chemical structures present in a sample can be determined based on the absorption

spectra from the tested sample.
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Figure 4-2 — Schematic diagram of an interferometer configured for Fourier
transform infrared spectroscopy (Courtesy Wikimedia Commons Public Domain,
https://commons.wikimedia.org/w/index.php?curid=25333405, accessed 02 July,
2018)

UHMWPE has a relatively simple chemical structure (figure 4-3). When IR radiation is
passed through the UHMWPE chains, the methylene groups demonstrate different
absorption peaks on the IR spectra based on the movement of bonds within these groups.
The 1370cm™ peak represents a wagging vibration of CH, groups in the amorphous
region, whereas the 2022cm™ peak represents twisting vibration of the CH2 groups in
both the crystalline and amorphous region (52). Prior studies have validated these
vibrational peaks as the ideal internal references for measurements of oxidation in
orthopaedic UHMWPE implants under various conditions (52-54). When UHMWPE
chains are degraded, characteristic absorption peaks are produced depending on the cause
of degradation. A terminal vinyl group, which produces an absorption peak at 910cm™, is
formed when polymer chains are broken. Transvinylene groups are formed in
polyethylene as cross-links after exposure to ionizing radiation and produce an absorption
peak at 965cm™. When polyethylene is oxidized, carbonyl groups are formed. These
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carbonyl groups such as ketones, esters and ethers have an absorption peak between

approximately 1710-1740cm, typically centered around 1720cm™ (55).

Figure 4-3 — Chemical structure of polyethylene. (Courtesy Wikimedia Commons
Public Domain, https://commons.wikimedia.org/w/index.php?curid=1018160
(accessed 02 July 2018))

When the oxidation peak is normalized against an internal reference, most commonly the
1370cm™ peak (52), an oxidation index (Ol) is produced. This value provides a
quantitative measure of the extent of polyethylene oxidation. Retrieved liners invariably
contain biologic contaminates, such as lipids and proteins, that have absorption peaks
near the carbonyl group and can subsequently artificially increase the Ol by up to 58% in
the articulating region from a depth of 0 to 200 um. These contaminates can be removed
with hexane or heptane boiling to improve the accuracy of conventional FTIR analysis
(56). Alternatively, Currier et al (23,57) demonstrated that these contaminates seem to
preferentially impact absorption around the 1738cm™ band, and as such developed a
modified oxidation index that did not depend on lipid extraction. This Dartmouth
Oxidation Index, or DOI, is based on the ketone peak at 1718cm™ where oxidation is
most prominent. The DOI can be converted to the Ol as recognized by the ASTM using
the equation Ol = DOI x 1.91 (23). Similarly, when the transvinylene peak absorption is
normalized against an internal reference, a transvinylene index (TV1) is produced. This
value quantifies the extent and homogeneity of radiation exposure of the polyethylene
and can be useful to understand both the oxidation values and mechanical properties of

the implant.
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As previously noted, HXLPE acetabular liners thermally treated by remelting and
annealing have been shown to undergo detectable levels of oxidation after in vivo
exposure (17-26), and oxidation tends to occur at higher levels in more exposed regions
of the implant such as the rim. It is important to note, as outlined in chapter two, that
these studies on retrieved HXLPE acetabular liners have shown mixed results regarding
the correlation between rim oxidation and in vivo time, indicating that in vivo oxidation is
multifactorial in nature. Furthermore, what has previously been considered a critical
oxidation for conventional UHMWPE implants to maintain mechanical integrity (57)
may differ from HXLPE due to differences in mechanical properties and the impact of
crosslinking (27,29).

4.3 Assessment of Crystallinity

UHMWPE is a semi-crystalline material containing three phases: crystalline, amorphous,
and interphase or tertiary phase. The crystalline phase is characterized by well organized,
densely packed lamellae whereas the amorphous phase is fairly disorganized. The

crystalline lamellae of UHMWPE are intertwined within the amorphous regions, and the

lamellae can connect via short tie molecules.

Radiation cross-linking in HXLPE leads to the formation of free radicals throughout
polyethylene chains. Free radicals present in the more mobile amorphous regions can
recombine to form crosslinks within the polyethylene chains, whereas those formed in the
crystalline region remain trapped (14) do to the rigid lamellar structure. Thermal
treatment to stabilize free radicals, either with remelting or annealing, is performed to
mobilize these free radicals and allow for chain reformation or cross-linking. When
polyethylene is remelted, the rigid crystalline regions are melted and able to mobilize,
allowing free radicals to crosslink, however the ability of polyethylene chains to mobilize
and reform into crystalline lamellae is compromised and the overall crystallinity remains
permanently reduced (13). When polyethylene is annealed, not all crystalline lamellae are
melted and as such, not all free radicals are exposed and stabilized. The relative
crystallinity of annealed HXLPE remains nearly unchanged. As the strength of
UHMWPE is dependent on its relative crystallinity (13), remelted HXLPE demonstrates

decreased ultimate strength, yield strength, and fatigue resistance (13,15) whereas
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annealed HXLPE mechanical properties tend to be preserved. Residual free radicals in
HXLPE can undergo oxidation when exposed to air or other sources of oxygen, such as
synovial fluid. This oxidation cycle leads to chain scission and a reduction in the
molecular mass of UHMWPE, with a subsequent increased proportion of the crystalline
phase through the development of thin crystalline lamellae in the amorphous region (15).
These changes have been associated with progressive embrittlement of the polyethylene
(58).

The relative proportion of crystalline phase in UHMWPE can be assessed by use of
Raman spectroscopy and has been well studied (59-63). Raman spectroscopy has also
been utilized in assessment of retrieved UHMWPE orthopaedic components to assess
changes in crystallinity (64-66), as well as a number of other physical properties of
polyethylene (67). Unlike other methods of assessing crystallinity, this method offers the
advantage of being non-destructive to the samples and can allow for further testing by
other means. Raman spectroscopy uses a monochromatic light source to illuminate a
sample. The photons interact with molecular vibrations within the sample’s chemical
bonds. If the light is scattered without exchanging energy with these molecular
vibrations, the energy is unchanged and is filtered out by the spectrometer. If the light
interacts with a molecule and energy is exchanged, the light changes frequency
depending on the extent of energy lost or gained in the photon, in order to maintain
constant energy in the system. These photons are then scattered onto a detector. Similar
to FTIR, various molecular bonds and bond vibrational states create characteristic
detectable shifts. The intensity of these frequency shifts at different wavelengths are used
to calculate the relative phases of amorphous, crystalline, and intermediate phases within
UHMWPE based on the following equations (65):

_ L1414
€ 0.46(I1293 + I1305)

(o4

L1305
X= —
L1293 + 1305

o;=1- (0(C+0Ca)
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Where | is the integrated area of each individual Raman band. The 1414 cm™ band
represents the orthorhombic crystalline phase, the 1305 cm™ band represents the
amorphous phase, and the combination of the 1293 cm™ and 1305 cm™* bands represent
an internal intensity standard (59,68).

In the assessment of the impact of in vivo time and oxidation on the mechanical
properties of HXLPE liner rims, the use of Raman spectroscopy will provide valuable
information about changes in polyethylene crystalline content, which is known to
increase with oxidation and directly impact the hardness of the material.

4.4 Summary

The advent of HXLPE liners has significantly improved the wear performance of modern
total hip arthroplasties, however reports of mechanical failure of these liners, frequently
at the liner rim, has raised concerns about the mechanical properties and material
degradation in vivo. Oxidation has been shown to occur in both annealed and remelted
liners, with preferential oxidation in unprotected or unloaded regions such as the implant
rim. Oxidation has been shown to decrease the molecular weight of polyethylene, with an
associated increase in density and crystallinity. However, there have been no studies
collectively assessing changes in mechanical properties, oxidation, and crystallinity at the

implant rim.

Depth sensing indentation is a validated method of assessing the hardness of medical
grade polyethylene. Hardness of polyethylene increases with increased oxidation. This
method will allow direct testing of the hardness of retrieved polyethylene liner rims after
in vivo service time. Fourier transform infrared spectroscopy is the gold standard method
of assessment of polyethylene oxidation after time in vivo. Raman spectroscopy allows
for a non-destructive assessment of the relative crystallinity of polyethylene and a

number of studies have validated this testing strategy.

It is hypothesized that both annealed and remelted retrieved HXLPE liners will
demonstrate FTIR spectroscopic evidence of oxidation at the implant rim after extended

time in vivo, with annealed liners demonstrating more extensive oxidation than remelted
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liners. Based on previously published literature, it is predicted that this oxidation will not
correlate with the extent of time in vivo. Furthermore, it is hypothesized that Raman
spectroscopy will reveal a concomitant increase in the crystallinity of the retrieved
HXLPE liner rims compared to controls secondary to in vivo oxidation, with annealed
liners demonstrating a greater increase than remelted liners. Finally, it is hypothesized
that microindentation testing will demonstrate that the hardness of retrieved HXLPE liner
rims will be increased after in vivo time compared to controls, with annealed liners
demonstrating a larger increase in hardness than remelted liners. It is anticipated that the
results demonstrate a positive correlation between hardness, oxidation index, and

crystallinity at the rim of retrieved HXLPE liners with extended in vivo service times.
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Chapter 5

5 A Comparison of Hardness Changes Between
Retrieved Highly Cross-Linked Polyethylene Bearings
with Different Free Radical Stabilization Techniques

5.1 Introduction

Since its introduction as a bearing surface in total hip arthroplasty (THA), Ultra-high
molecular weight polyethylene (UHMWPE) has been the bearing surface of choice in
modern THA designs to this day. However, the success of conventional UHMWPE has
been limited by the long-term material wear, which can lead to instability, osteolysis,
aseptic implant loosening and need for revision surgery (1-3). Furthermore, demand for
THA in young and active patients has also increased the demand for a more durable
bearing surface (4). These factors expedited the development of highly cross-linked

polyethylene (HXLPE) bearing surfaces.

UHMWPE is a semi-crystalline material containing crystalline, amorphous, and tertiary
phases. The crystalline phase is characterized by well organized, densely packed lamellae
whereas the amorphous phase is fairly disorganized (5). HXLPE is produced by
introducing gamma or electron beam irradiation to UHMWPE leading to cleavage of the
C-C and C-H covalent bonds which form highly reactive free radicals. In an inert
environment, free radicals in the amorphous regions can recombine to form cross-links,
whereas those formed in the crystalline region remain trapped (6). These remnant free
radicals can persist and then react with oxygen to form alkyl free radicals, leading to a
self-perpetuating oxidation process that leads to significant material degradation and

changes in the mechanical properties of the implant (7-9).

First generation HXLPE implants undergo a thermal free radical stabilization process to
reduce or eliminate residual free radicals through post-irradiation remelting or annealing.
When polyethylene is remelted, the rigid crystalline regions are able to mobilize and free
radicals present in these regions can reconnect or cross-link, leaving undetectable levels
of free radicals (10). The ability of polyethylene chains to mobilize and form into

crystalline lamellae is compromised secondary to the presence of crosslinks and therefore
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overall crystallinity is reduced after recrystallization (11) . As the strength of UHMWPE
is dependent on its relative crystallinity, this reduction in overall crystallinity in remelted
HXLPE results in decreased ultimate strength, yield strength, and fatigue resistance
(7,11). By comparison, when polyethylene is annealed, not all crystalline lamellae are
melted and, as such, not all free radicals are stabilized. Therefore, the relative
crystallinity of annealed HXLPE remains nearly unchanged, as do the mechanical
properties (12,13). Following the initial attempts to mitigate oxidation through the
annealing process, a second generation of HXLPE implants has utilized a sequential
annealing process to further reduce the amount of residual free radicals (14). Although
differences exist in the physical and mechanical properties of first generation HXLPE
liners based on the thermal free radical stabilization process, both techniques have
clinical and in vitro studies confirming a significant reduction in wear rates compared to
conventional UHMWPE, along with reduced osteolysis and wear-related revision surgery
rates (15-21).

While clinical performance and wear characteristics have been promising, there have
been a number of reports of mechanical failure of HXLPE acetabular liners, particularly
at the implant rim (22-29). Although the prevalence of HXLPE implant failure resulting
from rim fracture is low at this time, increased implant longevity (due to improved wear
characteristics) along with the implantation of an increasing volume of these liners in
younger higher-demand patients necessitates the investigation of the potential in vivo
changes in the mechanical properties of this material. In general, these infrequent
mechanical failures have largely been considered multifactorial. However, a number of
retrieval studies have found evidence of in vivo oxidation of first and second generation
annealed HXLPE acetabular liners, in particular at the implant rim (30-35). Similarly, in
vivo oxidation of remelted polyethylene has been detected despite a near absence of
detectable free radicals (30,36-39). Furthermore, oxidation at the implant rim has been
shown to correlate with in vivo time in annealed, but not in remelted liners. Though the
mechanical properties of retrieved HXLPE liners has been assessed on the articular
surface (30,33,34), mechanical properties of the implant rim after in vivo exposure have

not been well described. In addition, most retrieval studies have a limited number of
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implants with long in-vivo times, which may limit the ability to assess long term

oxidation and subsequent mechanical changes.

The purpose of this study is to explore the differences in the mechanical properties of
HXLPE acetabular liner rims after extended time in vivo between liners manufactured
with different free radical stabilization techniques. In addition, an assessment of changes
in mechanical properties of acetabular liners after extended in vivo time compared to
never implanted controls for liners manufactured with different free radical stabilization
techniques will be performed. Vickers microhardness, a form of depth sensing indention
(DSI), will be utilized in this study to assess acetabular liner rim mechanical properties.
Hardness has been shown to positively correlate with oxidation in UHMWPE implants
(40,41). Oxidation leads to an increased proportion of the crystalline phase, where the
end result is an increase in material brittleness that is associated with increased risk of
fatigue damage (8,42). Thus, if oxidation of the implant rim is occurring in vivo, an
increase in measured hardness with prolonged in vivo time would be expected. It is
hypothesized that single and sequentially annealed liner rims will demonstrate a greater

increase in hardness with in vivo service time than remelted liners.

5.2 Materials and Methods

A review of the implant retrieval laboratory (IRL) database was performed to obtain a list
of available HXLPE acetabular liners with in vivo times greater than 4.5 years.
Institutional review board approval was obtained for access to the retrieved implants and
associated patient data. All retrieved implants underwent an identical sanitation and
storage protocol including cleansing in a 10% bleach solution, fixation in 10% formalin
solution, and storage wrapped in gauze in a closed cardboard box stored in a clean, dry
and well-ventilated storage room at ambient temperature in room air. Inclusion criteria
included implants with in vivo time greater than 4.5 years, implants having undergone
thermal free radical stabilization during manufacturing, ability to identity the specific
HXLPE material of the implant, and an implant rim without significant damage from
removal with a suitable testing surface. Exclusion criteria included in vivo time under 4.5
years, conventional UHMWPE, implants lacking appropriate identifiers to confirm the

material, and implant rims with significant damage from removal and/or lacking a
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suitable rim surface for testing. A total of 55 implants were identified that met inclusion
criteria (table 5-1). Liners were divided into three groups based on free radical
stabilization technique: remelted, single annealed, or sequential annealed. Patient gender,
age, indication for revision, in vivo time and ex vivo time for each implant is provided in
appendix A. A total of 13 never implanted control liners were tested to assess for changes
from baseline properties after in vivo time. Control liners were obtained directly from
implant manufacturers and maintained in air impermeable post-manufacturing packaging
until the time of sample preparation and testing. The distribution of control liners by

manufacturer and HXLPE type can be found in table 5-1.

Microindentation hardness testing was performed along the rim surface of each
acetabular liner according to ASTM E384 using a Micromet 11 Vickers microhardness
tester (Buehler Ltd, Lake Bluff, IL). Testing was focused along the rim region only to do
the requirements of a flat surface for testing accuracy and the specific interest in rim
mechanical properties. Testing was performed in an independent laboratory in a blinded
fashion by a single operator under identical testing conditions. Calibration was performed
using a standard steel carbon sample with a known Vickers hardness number of 335-350
kgf/mm?. Each liner was mounted into the tester fixed in a plaster mold. A square-based
diamond indenter was used to apply a load of 0.0254 kgf into the flat surface of the rim
for a 10 second dwell time. The diagonal lengths (d1 and d.) of the resultant indentation
were measured using the micro-ruler on the machine’s microscope, measured at 40x
magnification (figure 5-1). Each rim was tested with 10 to 16 indentations. The Vickers

hardness (HV) for each sample was calculated using the following equation:

F
HV = 1.85445

Where d is the mean diagonal length of the indentation in mm (d=(d1+d2)/2). A mean

Vickers hardness and standard deviation was calculated for each sample.
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Figure 5-1 - Vickers Microindentation with a square-based diamond tip indenter.
The Indenter is loaded into the implant rim surface with a predefined loading force
and dwell time, leaving a residual surface indentation. The resultant diagonal
lengths (d1 and d2) can be measured under an optical microscope. (Courtesy TWI
Ltd. Hardness Testing Part 1 - Job Knowledge 74, https://www.twi-
global.com/technical-knowledge/job-knowledge/hardness-testing-part-1-074,
(accessed 24 June, 2018))

A comparison of sample characteristics based on thermal free radical stabilization group
was performed using SPSS (Version 25, IBM Corp, Armonk, NY). A post hoc power
analysis was performed using G*Power (Version 3.1.9.3, Faul, Erdfelder, Lang, and
Buchner, 2009). Independent sample t-test and analysis of covariance were used for
normal data distributions. Spearman’s rank-order correlations, Mann-Whitney U and

Kruskal-Wallis H tests were used for non-normal data distributions.

Table 5-1 - Summary of retrieval and control implant data

Manufacturer  Depuy Depuy Zimmer Smith & Stryker Stryker
Nephew
HXLPE | AltrX Marathon  Longevity XLPE Crossfire X3
Material
N (retrievals) 3 3 7 10 16 16
N (controls) 1 2 2 3 2 3
Stabilization | Remelted Remelted  Remelted  Remelted Single Sequentially
Method Annealed Annealed
Stock Material | GUR1020 GUR1050 GUR1050 GUR1050 GUR1050 GUR1020
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53 Results

Average age at the time of revision was 69 years and 60% of patients were male.
Indication for revision surgery were infection (22.6%), aseptic loosening (18.9%),
instability (18.9%), periprosthetic fracture (15.1%), revision of a recalled implant (9.4%),

recalcitrant pain (7.5%), implant malposition (5.7%), and trunnionosis (1.9%).

In vivo and ex vivo times for each thermal stabilization group are presented in table 5-2.
There was no statistically significant difference between groups for in vivo time (p=.184)

and ex vivo time (p=.484).

Table 5-2 - In vivo and Ex vivo Times (years) by thermal stabilization

Thermal Stabilization Remelted Single Sequentially
(n=23) Annealed Annealed
(n=16) (n=16)
In vivo Time, Mean 7.91 7.92 6.73
In vivo Time, Range 460-13.74 476-14.01 517-11.88
Ex vivo Time, Mean 3.90 4.00 2.52
Ex vivo Time, Range 0.25-11.60 0.33-8.61 0.69 - 5.09

Correlations of Vickers hardness with in vivo and ex vivo time for each thermal
stabilization group are presented in table 5-3. No correlation was found between in vivo
or ex vivo time and Vickers hardness in the single and sequentially annealed groups. No
statistically significant correlation was found between in vivo time and Vickers hardness
in the remelted group (figure 5-2), however a statistically significant correlation (p =.520,
p=.011) was found between ex vivo time and Vickers hardness in the remelted group
(figure 5-3).
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Table 5-3 - Correlation between Vickers Hardness (HV), in vivo and ex vivo time

Remelted Single Sequentially
(n=23) Annealed Annealed

(n=16) (n=16)
Hardness and In vivo Time
Spearman’s Rho (p) -.250 -.047 -.303
p-value 250 .863 .255
Hardness and Ex vivo Time
Spearman’s Rho (p) 520 .094 253
p-value 011 729 .345
HXLPE
Type
5.50 @ AltrX
: @ Longevity
@ Marathon
@ XLPE

p=-0.250, p=0.250

5.00

Vickers Hardness (kgf/mm2)

°
4.00 6.00 8.00 10.00 12.00 14.00

3.00

In Vivo Time (years)

Figure 5-2 - No statistically significant correlation was noted between Vickers
hardness and in vivo time for remelted HXLPE liner rims. No individual HXLPE

group disproportionately impacted the correlation results.
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p=0.520, p=0.011
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4.00
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.00 2.00 4.00 6.00 &.00 10.00 12.00

Ex Vivo Time (Y)

Figure 5-3 — A statistically significant correlation was noted between Vickers
hardness and ex vivo time for remelted HXLPE liner rims. No individual HXLPE

group disproportionately impacted the correlation results.

Analysis of covariance with ex vivo time as a covariate was performed to assess for
differences in Vickers hardness in retrieved liners by their thermal treatment. There was a
statistically significant difference in Vickers hardness between the free radical
stabilization groups (p<.0005, n? = 0.322). Post hoc analysis revealed that Vickers
hardness was statistically significantly lower in the retrieved remelted group compared to
both the single annealed group (p=.001) and sequentially annealed group (p<.0005).
There was not a statistically significant difference in hardness between retrieved single

and sequentially annealed groups (p=1).

Post hoc power analysis was performed to determine if the sample size was adequate to

detect a difference in hardness between groups. Based on the calculated effect (n? =
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0.322), total sample size of 55 and a significance level of 5%, the calculated power for

this sample analysis is 99.6%.

Hardness of retrieval liners was compared to control liners for changes in hardness from
baseline properties (figure 5-4). For remelted liners, there was a statistically significant
increase in hardness from control to retrieved liners by 0.40 kgf/mm? (95% CI 0.14 —
0.68, p=.007). One statistical outlier was noted in the remelted control liner group.
However, the statistical significance of the difference between the remelted control and
retrieval groups remained when both the outlier was excluded and when nonparametric
analysis was performed. No hardness difference was seen between control and retrieved

single annealed or sequentially annealed liners.

p <.0005

Sample
Grou
I p =.001 | P
50 H Control
p =.007 l ‘ M Retrieval
5.00
~
E
E
N
o
=
w 450 .
wvi
a
=
=]
=
[
I
2
@
ﬁ 4.00
s
3.50
1]
3.00 —
Remelted Single Annealed Sequentially Annealed

Thermal Free Radical Stabilization Group

Figure 5-4 - Comparison of hardness values for control and retrieved liner rims
grouped according to their thermal stabilization. Note that statistically significant
differences were found in Vickers hardness between retrieved remelted liner rims
compared to both single and sequentially annealed liner rims, as well as between

remelted control and retrieved liner rims.
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54 Discussion

With HXLPE well into the second decade of use in THA, assessment of this material
after long term implantation is important to understand its clinical performance and
identify potential concerns. The implant rim is an area of particular interest given the
numerous reports of HXLPE liner failures at the implant rim (22-29). Mechanical
properties of retrieved HXLPE liner rims has not been well characterized in the literature.
With an increasing volume of utilization and increased implant longevity, it is important

to characterize any implant mechanical property changes that may with in vivo use.

The results revealed a lower hardness in both the retrieved and control remelted liners
compared to single or sequentially annealed liners. It has been demonstrated that the
crystallinity of remelted liners is lower than that of annealed liners (12). As the strength
of UHMWPE is dependent on its relative crystallinity, remelted HXLPE demonstrates
decreased ultimate strength, yield strength, and fatigue resistance compared to
conventional UHMWPE (7,11,12). The hardness results within the control and retrieval
groups are consistent with the differences in crystallinity of the different HXLPE

materials.

The most significant finding of this study is that the retrieved remelted HXLPE liner rims
demonstrated an increase in hardness after in vivo time when compared to never
implanted control liners, after accounting for ex vivo time. In contrast, no significant
change in the hardness of the implant rim for single annealed and sequentially annealed
liners was found under the same conditions. Given that hardness has been shown to
correlate with oxidation (40,41), an increase in measured hardness with prolonged in vivo
time in implants prone to in vivo oxidation would be expected. These findings are
surprising given the higher prevalence of rim oxidation in annealed liners as found in
prior studies, as well as the association known to exist between hardness and oxidation as
noted above. In annealed HXLPE liners, oxidation has been shown to occur after in vivo
exposure with the highest levels detected at the implant rim, with greater oxidation
occurring in single compared to sequentially annealed liner rims (30-35,43). Though the
rim mechanical properties have not been well characterized, annealed liners do

demonstrate evidence of rim damage after in vivo time (32,34,43). Single annealed liners
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have demonstrated damage such as delamination consistent with material fatigue,
whereas sequentially annealed liners demonstrated evidence of burnishing or scratching
without evidence of fatigue damage (43). Remelted HXLPE liners have also shown
evidence of in vivo oxidation despite previously being thought to be oxidation resistant
(30,36-39). However, rim oxidation has generally been significantly lower in retrieved
remelted and sequentially annealed liners than single annealed liners. MacDonald et al
(30) assessed 80 retrieved annealed HXLPE liners with in vivo time ranging from 0 —
10.3 years and 160 retrieved remelted HXLPE liners with in vivo time ranging from 0 to
11.4 years. For annealed implants, the average oxidation index (OI) was 0.5 + 0.4 at the
articular surface and 3.7 £ 3.1 at the rim. The ultimate load at the articular surface of the
implant demonstrated a negative correlation with in vivo time at both the superior (p= -
0.239; p =.037) and inferior (p=-0.341; p = .003) surfaces, with a decrease of
approximately 10 — 15% after 10 years in vivo time. For the remelted liners, the average
Ol at both the rim and articular surface was 0.1 + 0.1, with positive correlation to in vivo
time for the articular surface (p = 0.205, p =.01), but not the rim (p=0.019, p=0.816).
Articular surface mechanical properties were not correlated with in vivo time (p=0.045;
p=0.590). Thus, oxidation and subsequently hardness would be anticipated to be greater

in the retrieved annealed liners rather than the remelted liners.

The increase in hardness of retrieved remelted HXLPE liners relative to controls
observed in this study may be due to the compromised mechanical properties of remelted
HXLPE relative to annealed HXLPE, exacerbated by even low levels of oxidation and
subsequent mechanical property degradation. Prior studies on conventional UHMWPE
demonstrated that Ol > 1 can impair mechanical behavior, with Ol > 3 considered
“critical oxidation” where mechanical integrity is considered completely compromised
(32,44). However, the threshold for oxidation to impact the mechanical properties of
HXLPE may be much lower. In studies assessing the role of radiation and lipid
absorption in oxidation of HXLPE, Oral et al (6,45) found that the mechanical properties
of remelted HXLPE became compromised at much lower oxidation indices than found in
conventional UHMWPE. With Ol values as low as 0.1, ultimate tensile strength and
cross-link density were shown to decrease rapidly along with an associated increase in

modulus of elasticity. They proposed that tie chains and the amorphous-crystalline
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linkages underwent oxidative degradation accounting for the sharp decrease in the
ultimate tensile strength with increasing oxidation, and that the increase in the elastic
modulus with the degradation of crosslink density occurred due to short chain
recrystallization secondary to chain scission (6). Similarly, Fung et al (46) demonstrated
the critical oxidation levels for numerous mechanical properties, including ultimate
tensile strength, to be less than 1 in remelted HXLPE liners, with the critical oxidation
value even lower for lesser levels of initial implant radiation. Given these findings, it is
possible that even low levels of in vivo oxidation along the implant rim in remelted
HXLPE liners could compromise the mechanical properties further and account for the

differences found in this study.

This study has several strengths. This study utilized the use of a relatively simple and
non-destructive method of mechanically testing THA liner rims using a microindentation
technique. This technique has previously been validated (47) in HXLPE liner rim testing.
By testing from the flat rim surface, alterations in the implant surface due to sample
preparation and damage to the liners prohibiting future study was avoided. This study
was appropriately powered to detect a difference in hardness in the retrieved liner rim
hardness values and between retrieved and control remelted liner rim hardness values.
Another strength was that this study included samples with a greater average in vivo time
than current retrieval studies, thus allowing for a long-term assessment of the impact of in
vivo use on implant mechanical properties. This study also has some limitations. This
study was limited to the assessment of hardness of HXLPE liner rims and do not directly
assess for oxidation, crystallinity, or other mechanical properties that may be impacted by
in vivo time. Due to accessibility, there were a limited number of controls for the single
and sequentially annealed liners, limiting the statistical analysis in these cohorts.
Furthermore, indentation testing was only performed at the rim surface, thus potentially
limiting the ability to assess for hardness changes within the material where subsurface
oxidation has been demonstrated to be greatest. In addition, an assessment of rim
mechanical properties was not performed based on evidence of fatigue damage,
impingement or liner orientation. Ex vivo time was not directly controlled for in sample
selection. However, ex vivo time was accounted for in the statistical analysis. Remelted

liners came from multiple manufacturers with differences in radiation doses which has
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been shown to influence oxidative stability and mechanical properties in in vitro studies
(6,46).

It has been demonstrated in this study that after extended in vivo time, remelted HXLPE
liner rims demonstrate a lower baseline hardness than single and sequentially annealed
liner rims. Remelted liners rims increase in hardness with in vivo service, whereas single
and sequentially annealed liner rim hardness remains relatively unchanged, when
compared to control specimens. Given the reports of liner rim fractures in remelted
HXLPE, these findings warrant further investigation. Assessment of rim microstructural
properties and in vivo oxidation after extended in vivo time may elucidate the cause of
these mechanical property changes and provide insight into the risk factors for rim

fracture with long-term use.
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Chapter 6

6  Effects of Free Radical Stabilization on Changes in
Mechanical and Structural Properties of Retrieved
Highly Cross-Linked Polyethylene Acetabular Liners

6.1 Introduction

UHMWPE used in biomedical polyethylene bearings is a semi-crystalline material
composed primarily of both a well-organized, densely packed lamellar crystalline phase
and a disorganized amorphous phase (1). The success of this material has been limited by
long-term in vivo wear and associated complications (2-4), leading to the development of
a more wear resistant highly cross-linked polyethylene (HXLPE). To create cross-linking
in UHMWPE, gamma or electron beam irradiation is used to create polyethylene chain
bond cleavages and free radicals which, in an inert environment, can recombine to form
cross-links within the polyethylene chains. However, due to the limited chain mobility
within the crystalline regions of polyethylene, free radicals in this region can become
trapped (5) and react with oxygen to form alkyl free radicals, leading to a self-
perpetuating oxidation process that leads to significant material degradation and changes

in implant properties (6-8).

Free radical stabilization processes were introduced to HXLPE production in order to
avoid free radical-induced material degradation. First generation HXLPE implants
underwent thermal stabilization through either post-irradiation remelting or annealing.
Remelting polyethylene allows the rigid crystalline regions to mobilize and free radicals
present in these regions to be neutralized by cross-linking, leaving undetectable levels of
free radicals (9). However, cross-linking reduces chain mobility, and as such the ability to
reform crystalline regions within the polyethylene is compromised and overall
crystallinity of the implant is reduced . This ultimately leads to a decrease in ultimate
strength, yield strength, and fatigue resistance (6,10). Alternatively, annealing does not
completely melt the crystalline phase leaving some residual free radicals. However, this
allows the crystallinity of annealed HXLPE to remain relatively unchanged from the
pretreatment state, and as such the mechanical properties are preserved (11,12). A second
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generation of HXLPE implants has utilized a sequential annealing process to further
reduce the amount of residual free radicals while maintaining mechanical properties (13).
Clinical and in vitro studies have found a significant reduction in wear rates, osteolysis
and wear-related revision surgery rates for all HXLPE compared to conventional
UHMWPE, despite their inherent differences (14-20).

Although wear properties are significantly improved in HXLPE compared to convention
UHMWPE, there have been a number of reports of mechanical failure of HXLPE
acetabular liners, particularly at the implant rim (21-28). To this point these failures have
largely been considered multifactorial. A number of retrieval studies have found evidence
of in vivo oxidation of first and second generation annealed HXLPE acetabular liners, in
particular at the implant rim (29-34). Furthermore, In vivo oxidation of remelted
polyethylene has been detected at both the articular surface and the implant rim despite
undetectable free radical concentrations (29,35-38). Even with evidence of in vivo
oxidation in all forms of first-generation polyethylene and cases of in vivo mechanical
failure at the implant rim, the mechanical properties of the implant rim after in vivo use is
not well described in the literature. The mechanical properties of retrieved HXLPE liner
rims have been previously assessed, identifying an increase in the hardness in remelted
liner rims after extended in vivo exposure, with no evidence of changes in hardness for
single or sequentially annealed liner rims. Increased hardness in polyethylene has been
associated with oxidation (39,40), and oxidation is known to increase the relative amount
of crystalline phase within polyethylene and increase the risk of od fatigue failure (7,41).
The purpose of the current study is to examine if there is evidence of oxidation or
microstructural changes in retrieved HXLPE liner rims after extended in vivo time that
could be associated with the mechanical property differences found in the mechanical
testing study previously performed. It is hypothesized that liners with increased rim
hardness after in vivo use will demonstrate evidence of detectable oxidation and a

subsequent increase in the crystalline phase in the rim.
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6.2 Materials and Methods

6.2.1 Implant Selection

A review of the implant retrieval lab (IRL) database was performed to obtain a list of
available HXLPE acetabular liners with ex vivo times less than one year to reduce to
potential impact of shelf oxidation on testing results. In addition, liners were obtained
from an outside institution which met the inclusion criteria for testing. Institutional
review board approval was obtained for access to the retrieved implants and associated
patient data. All retrieved implants from the IRL underwent an identical sanitation and
storage protocol including cleansing in a 10% bleach solution, fixation in 10% formalin
solution, and storage wrapped in gauze in a closed cardboard box stored in a clean, dry
and well-ventilated storage room at ambient temperature in room air. Outside institution
implants were processed and frozen within 30 days of extraction. Implants were placed in
10% formalin solution for 2-14 days, rinsed in water for 30 minutes, hand scrubbed with
mild soap, dried and stored in a -86°C freezer to prevent further oxidation. These samples
were considered to have no ex vivo time given the rapid storage in a dormant state. Both
groups of samples had similar cleansing and fixation techniques and both techniques of
storage are considered acceptable for property assessment (29,32,33). Inclusion criteria
included implants with ex vivo time of one year or less, implants having undergone
thermal free radical stabilization during manufacturing, ability to identity the specific
HXLPE material of the implant, and an implant rim without significant damage from
removal with a suitable testing rim surface for testing. Exclusion criteria included ex vivo
time over one year, conventional UHMWPE, implants lacking appropriate identifiers to
confirm the material, and implant rims with significant damage from removal and/or
lacking a suitable rim surface for testing. A total of 16 retrieved implants were identified
that met inclusion criteria (table 6-1). Patient gender, age, indication for revision, in vivo
time and ex vivo time for each implant is provided in appendix B. One control liner for
each type of HXLPE tested in the retrieval cohort was also assessed to observe any

changes after in vivo time compared to baseline properties, for a total of five controls.
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Table 6-1 - Summary of retrieval and control implant data

Manufacturer Depuy Zimmer Smith & Stryker Stryker
Nephew

HXLPE Material AltrX Longevity XLPE X3 X3

N (retrievals) 2 3 3 4 4

N (controls) 1 1 1 1 1

Stabilization Method Remelted Remelted Remelted Single Sequentially
Annealed Annealed

Stock Material GUR1020 GUR1050 GUR1050 GUR1050 GUR1020

Radiation Dose (kGy) 75 100 100 90 105*

*75 kGy cross-linking dose with 30 kGy for sterilization after thermal treatment

6.2.2  Microindentation Testing

Microindentation hardness testing was performed along the rim surface of each
acetabular liner according to ASTM E384 using a Micromet 1l Vickers microhardness
tester (Buehler Ltd, Lake Bluff, IL). Testing was focused along the rim region only to do
the requirements of a flat surface for testing accuracy and the specific interest in rim
mechanical properties. Testing was performed in an independent laboratory in a blind
fashion by a single operator under identical testing conditions. Calibration was performed
using a standard steel carbon sample with a known Vickers hardness number (HV) of
335-350 kgf/mm?. Each liner was mounted into the tester fixed in a plaster mold. A
square-based diamond indenter was used to apply a load of 0.0254 kgf into the flat
surface of the rim for a 10 second dwell time. The diagonal lengths (d1, d2) of the
resultant indentation were measured using the micro-ruler on the machine’s microscope,
measured at 40x magnification (figure 6-1). Each rim was tested with 10 to 16

indentations. The HV for each sample was calculated using the following equation:

F
HV = 1.854-4?

Where d is the mean diagonal length of the indentation in mm (d=(d1+d2)/2). A mean

HV and standard deviation was calculated for each sample.
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Figure 6-1 - Vickers Microindentation with a square-based diamond tip indenter.
The Indenter is loaded into the implant rim surface with a predefined loading force
and dwell time, leaving a residual surface indentation. The resultant diagonal
lengths (d1 and d2) can be measured under an optical microscope. (Courtesy TWI
Ltd. Hardness Testing Part 1 - Job Knowledge 74, https://www.twi-
global.com/technical-knowledge/job-knowledge/hardness-testing-part-1-074
(accessed 24 June, 2018))

6.2.3  Sample Preparation and Fourier Transform Infrared
Spectroscopy Analysis
Using a jeweler's saw, each liner had a section removed that included the implant rim
through the center of the articular surface to expose a vertical cross section of the implant
(figure 6-2). The saw was kept at low speed and generated minimal heat and friction
during sample preparation. Thin slices (~200 microns thick) were removed parallel to the
cross-sectioned surface, extending from the bearing side to the backside of the implant at
both the central portion of the articular surface and the rim regions. Each slice was then
boiled in hexane at a temperature of 69°C for six hours to extract absorbed esterified fatty

acids, and subsequently air dried.
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Figure 6-2 — Representative implant with removed cross section and indication of
locations assessed. Note that the blue arrows indicate the location and direction of
the FTIR scans performed both at the articular surface and the rim of the removed

cross sections.

The vertical sections from each region of the implant were then assessed for oxidation
using a Bruker Hyperion 2000 Fourier transform infrared (FTIR) microscope (Bruker
Daltonics Inc, Billerica, MA) attached to a Tensor Il spectrometer. Oxidation index (OlI)
values were calculated according to ASTM F2102 by integrating the area of the peaks
arising from the carbonyl groups from 1680 to 1775 cm™! and ratioing that area to the
area of the peak arising from the polyethylene, at approximately 1368 cm™. In order to
understand oxidation as a function of depth, line scans were collected using a 200 pum
square window at 200 pum intervals from the bearing side to the backside of the implant at

the central articular surface and from the top down 3mm into the bulk at the rim.

6.2.4  Raman Spectroscopy Analysis

Raman spectroscopy was used to assess for changes in the crystalline phase fraction of
polyethylene as it relates to oxidative changes. A Renishaw InVia Raman spectrometer
(Renishaw Plc, Gloucestershire, UK) equipped with a 514 nm laser, delivering
approximately 8 mw of power at the surface of the sample, was used in confocal mode
for the analysis. The cross section of the rim section was mapped near the top surface, at
the depth of maximum oxidation as detected with FTIR, and in the bulk of the material
using a 20X objective. If no detectable oxidation (oxidation index < 0.1) was noted by

FTIR, the sample was mapped 1 mm from the top surface. The mapping was carried out
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ina 50 um by 50 um area, collecting 121 data points. The data points from the map were
averaged and the averaged spectrum was baseline corrected. After restricting the peak
position and full width at half maximum to reasonable ranges, a spectral deconvolution
was performed using an automatic curve fitting routine in the Renishaw Wire 4.1
software package. Using previously described calculation methods for determining the
phase fraction of polyethylene, the fraction of the amorphous (ez) , crystalline («c), and
intermediate (i) phases of UHMWPE is determined based on the following equations
(42):

.= 11414
€ 0.46(I1593 + I1305)

I1305
Xy=
l1293 + 1305

o= 1 — (X +g)

Where | is the integrated area of each individual Raman band. The 1414 cm™ band
represents the orthorhombic crystalline phase, the 1305 cm™ band represents the
amorphous phase, and the combination of the 1293 cm™ and 1305 cm™ bands represent

an internal intensity standard (43,44).

6.2.5 Scanning Electron Microscopy

All 16 retrieved rim samples were examined by scanning electron microscopy (SEM)
using a Hitachi SU3500 Variable Pressure SEM (Hitachi Ltd, Tokyo, Japan). The
samples were given a light coating of gold to alleviate charging. The images were
collected using an accelerating voltage of 15 keV at two magnifications, 500X and
1000X. Each sample surface was examined for the presence of possible microcracks. If
microcracks were found, they were imaged. Representative areas on the rim surface of
the inner diameter (near the articular surface), middle and outer diameter of the rim of

each sample were imaged.
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6.2.6  Statistical Analysis

Statistical analysis was performed using SPSS (Version 25, IBM Corp,, Armonk, NY).
Spearman’s rank-order correlations were performed to assess for relationships between
variables where appropriate. Mann-Whitney U and Kruskal-Wallis H test were used to

assess for differences in means, where appropriate.

6.3 Results

Average age at the time of revision was 69.1 years and 68.8% of patients were male.
Indication for revision surgery were infection (31.3%), periprosthetic fracture (18.8%),
recalcitrant pain (18.8%), aseptic loosening (6.2%), instability (6.2%), revision of a
recalled implant (6.2%), implant malposition (6.2%), and trunnionosis (6.2%). In vivo
and ex vivo times for each thermal stabilization group are presented in table 6-2. There
was no statistically significant difference between groups for in vivo time (p=.295) and ex

vivo time (p=.539).

Table 6-2 - In vivo and ex vivo times (years) for each thermal stabilization group

Ex vivo Time, Range 0-0.73 0.33-1.00 0-0.84

Thermal Stabilization Remelted Single Sequentially
(n=8) Annealed Annealed
(n=4) (n=4)
In vivo Time, Mean \ 8.63 11.22 7.09
In vivo Time, Range \ 5.88-13.74 5.40-14.01 5.63-9.45
Ex vivo Time, Mean | 0.45 0.57 0.57
|

Rim oxidation as a product of depth in retrieved THA liners with detectable oxidation
(O1>0.1) is presented in figures 6-3 through 6-5. Average maximum rim oxidation for
retrieved and control liners is presented in table 6-3. Rim oxidation occurred in the
subsurface region when present. Representative optical images of liners with evidence of
oxidation from each thermal stabilization group is provided in figure 6-6, demonstrating

characteristic white bands in the subsurface region of the oxidized rim.
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Figure 6-3 - Oxidation Indices of remelted liner rims with detectable oxidation. Note
that all remelted control liners and remaining remelted retrieved liners

demonstrated Ol < 0.1 throughout the rim

Remelted liners demonstrated the lowest overall maximum rim oxidation, followed by
sequentially annealed and single annealed liners, respectively. Of the remelted liners,
25% (2/8) liners demonstrated a detectable level of rim oxidation (O1>0.1), with one liner
with in vivo time of 7.93 years demonstrating significant oxidation (Olmax = 1.89). The
control remelted liners did not demonstrate detectable rim oxidation. There was no

correlation between maximum rim oxidation and in vivo time.
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Figure 6-4 - Oxidation Indices of single annealed retrieved and control liner rims.

All samples, including the control liner, had a rim Ol > 0.1

All retrieved single annealed liners (4/4) demonstrated significant rim oxidation (Olmax

>1), with oxidation levels ranging from 1.04 — 5.07. The control single annealed liner

demonstrated detectable but low rim oxidation (Olmax = 0.2). There was a positive

correlation between maximum rim oxidation and in vivo time (p=.90, p=.037).
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Figure 6-5 - Oxidation Indices of sequentially annealed liner rims with detectable

oxidation. The control liner demonstrated low but detectable oxidation

Seventy-five percent (3/4) of retrieved sequentially annealed liners demonstrated
detectable levels of rim oxidation, with one liner with in vivo time of 6.79 years
demonstrating significant oxidation (Olmax = 3.96). All liners with evidence of oxidation
also had oxidation beyond the subsurface region into the implant bulk. The control
sequentially annealed liner demonstrated detectable but low rim oxidation (Olmax = 0.10).

There was no correlation between maximum rim oxidation and in vivo time.
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Figure 6-6 - Representative optical images of oxidized liner rim cross sections. (A)

Remelted liner rim with Olmax=1.89 and in vivo time of 7.93 years. (B) Single
annealed liner rim with Olmax=5.57 and in vivo time of 13.4 years. (C) Sequentially

annealed liner rim with Olmax=3.96 and in vivo time of 6.79 years

Detectable oxidation was found at the articular surface in 62.5% (5/8) of remelted liners,
with no liners exhibiting an Olmax > 1. All (8/8) single and sequentially annealed
retrieved liners demonstrated detectable articular surface oxidation. None of the
sequentially annealed liners exhibited an Olmax > 1. One single annealed liner with an in
vivo time of 13.4 years demonstrated significant articular surface oxidation (Olmax=2.65).

Oxidation was evident in the subsurface region, when present.
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Table 6-3 - Vickers Hardness, oxidation, and crystalline phase percentage data from

retrieved and control liner rims for each thermal stabilization group

Remelted

Retrievals (n=8)

Controls (n=3)

Vickers Hardness, Rim (kgf/mm?)

Average Rim Oxidation Index

Average Articular Surface Oxidation Index
Average Rim Crystalline Phase (%), at surface
Average Rim Crystalline Phase (%), at Olmax
Average Rim Crystalline Phase (%), at bulk

Single Annealed

3.87
0.32
0.19
35.7%
36.6%
36.9%

Retrievals (n=4)

3.64
0.01
0.02
34.4%
38.6%
38.2%

Controls (n=1)

Vickers Hardness, Rim (kgf/mm?)

Average Rim Oxidation Index

Average Articular Surface Oxidation Index
Average Rim Crystalline Phase (%), at surface
Average Rim Crystalline Phase (%), at Olmax
Average Rim Crystalline Phase (%), at bulk

Sequentially Annealed

4.72
3.50
1.00
46.7%
57.2%
44.1%

Retrievals (n=4)

4.46
0.19
0.21
41.6%
45.0%
41.7%

Controls (n=1)

Vickers Hardness, Rim (kgf/mm?)

Average Rim Oxidation Index

Average Articular Surface Oxidation Index
Average Rim Crystalline Phase (%), at surface
Average Rim Crystalline Phase (%), at Olmax
Average Rim Crystalline Phase (%), at bulk

4.65
1.24
0.30
35.0%
53.9%
48.3%

4.33
0.10
0.09
40.4%
42.4%
43.3%

*control sample crystalline phase % measured at surface, 1 mm, and 3 mm depths

The average orthorhombic crystallinity for retrieved and control liners at the rim surface,

region of maximum oxidation, and bulk is presented in table 6-3. Remelted liner rims

were generally composed of a lower percentage of crystalline phase than single or

sequentially annealed liner rims. Retrieved remelted liners demonstrated little difference

in the percentage of crystalline phase at the region of maximum oxidation when

compared to the material bulk (~3 mm deep), which was unaffected by oxidation, as well

as compared to the control liners. Table 6-4 compares the Vickers hardness, average rim

oxidation and crystalline phase percentage of retrieved remelted liners with detectable

and undetectable levels of rim oxidation. The crystalline phase percentage and hardness

were not appreciably different in the oxidized group when compared to the unoxidized
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group. There was no correlation between hardness and oxidation (p=.346) or hardness

and crystallinity at the subsurface (p=.947), or bulk (p=.573) of the implant.

Table 6-4 - Vickers Hardness, oxidation, and crystalline phase percentage data from
remelted retrieved and control liner rims based for samples with and without

detectible levels of oxidation

Retrieved Remelted Liners Olmax > 0.1 (n=2) Olmax < 0.1 (n=6)
Vickers Hardness, Rim (kgf/mm?) 3.89 3.86
Average Rim Oxidation Index 1.25 0.02
Average Rim Crystalline Phase (%), at surface 34.5% 36.2%
Average Rim Crystalline Phase (%), at Olmax 35.2% 37.0%
Average Rim Crystalline Phase (%), at bulk 34.9% 37.6%

In the single annealed retrieved liners, the average crystalline phase percentage in the
region of maximum oxidation was over 12% higher than the bulk of the rim as well as all
regions of the control liner. The average Vickers hardness was 5.8% higher in these
samples compared to the control liner. There was no correlation between hardness and
oxidation (p=.747) or hardness and crystallinity at the subsurface (p=.391), or bulk
(p=.104) of the implant.

In sequentially annealed liners, the average crystallinity in the region of maximum
oxidation was approximately 5% higher than the material bulk and 10% higher than all
regions of the control implant. The average hardness was 7.4% higher in the retrieved
liners than the control liner. There was no correlation between hardness and oxidation
(p=.285), but there was a positive correlation between hardness and crystallinity at the
subsurface (p=.90, p=.037) and bulk (p=.90, p=.037) of the implant. One liner (25%)
demonstrated Olmax>1 at the rim, with 3/4 (75%) having rim Olmnax<1. The single liner
rim with significant oxidation (Olmax=3.96) demonstrated a 17.9% higher crystallinity in
region of maximum oxidation compared to the deeper material bulk and 24.9% and 24%
higher than the control liner subsurface and bulk regions, respectively. Liner rims with an
Olmax<1 had nearly identical average crystallinity in the subsurface and bulk, with only
7% and 4.7% higher crystallinity compared to the control liner in these regions (table 6-
5).
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Table 6-5 - Vickers Hardness, oxidation, and crystalline phase percentage data from

sequentially annealed retrieved and control liner rims based on extent of oxidation

Retrieved Sequentially Annealed Olmax>1(n=1) Olmax<1(n=3) Control
Vickers Hardness, Rim (kgf/mm?) 4.75 4.62 4.33
Average Rim Oxidation Index 3.96 0.33 0.10
Average Rim Crystalline Phase (%), at surface 27.1% 37.7% 40.4%
Average Rim Crystalline Phase (%), at Olmax 67.3% 49.4% 42.4%
Average Rim Crystalline Phase (%), at bulk 49.4% 48.0% 43.3%

Scanning electron microscopy images of liner rims demonstrated significant variability in

surface topography. Only one samples, a remelted liner, demonstrated signs of
microcracking in the central portion of the rim surface (figure 6-7). No single or

sequentially annealed liners demonstrated evidence of microcracking on SEM.

5.00pm

Figure 6-7 - SEM image of a sample demonstrating evidence of surface
microcracking along the rim in a remelted liner with no detectable oxidation in the

middle of the rim

6.4 Discussion

Understanding the behavior of HXLPE acetabular liners after long-term implantation is
important to predict long-term clinical performance. The bearing surface of HXLPE has
been the focal point of most retrieval studies, however the implant rim is an area of
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particular interest given the numerous reports of HXLPE liner failures at the implant rim
(21-28). Oxidative changes have been identified in previously in single annealed,
sequentially annealed, and remelted HXLPE acetabular liners. However, associated

changes in mechanical and microstructural properties have not been well characterized.

Rim oxidation was markedly higher and more frequent in retrieved single annealed liners
compared to other thermal free radical stabilization techniques. Oxidation in this group
was correlated with in vivo time. A number of prior studies have confirmed the relative
lack of oxidative stability at the rim of single annealed HXLPE liners after in vivo use
(29,31-34). The liner rims in this cohort generally demonstrated a higher crystallinity in
the subsurface region, where oxidation was highest, compared to the crystallinity in the
unoxidized region of the rim as well as the control implant rim. It has previously been
shown that single annealed liners with evidence of articular oxidation demonstrated
increased crystallinity, especially when Olmax>1 (30). The results from this study
obtained along the implant rim demonstrate a similar trend, with the average crystallinity
of retrievals in the region of maximal oxidation being 12.1% and 15.5% higher than the
control liner subsurface and bulk regions, respectively. Sequentially annealed liner rims
demonstrated a relatively high frequency of detectable oxidation, though average
oxidation was lower than single annealed liners and only one liner demonstrated
significant oxidation with an Olmax>1. This is consistent with prior retrieval analysis with
evidence of rim oxidation in both sequentially and single annealed liners, with markedly
higher average oxidation in the single annealed liner rims (45,46). The average
crystallinity in the region of maximum oxidation was only 5.6% higher than the bulk of
the rim, but 11.5% higher than the subsurface region of the control liner. This is likely
due to the presence of oxidation in the deeper portions of the retrieved liners, leading to
an increase in crystallinity in this area. When Olmax>1 there was a sharp increase in
crystallinity in the region of maximum oxidation compared to the control liner and the
liners with Olmax<1. The changes in the crystallinity seen in both single and sequentially
annealed liners is most likely secondary to oxidation from the presence of residual free
radicals, with the higher oxidation seen in the single annealed liners due to higher levels
of residual free radicals after cross-linking. Both single and sequentially annealed liner

rims in this study demonstrated elevated hardness compared to their respective control
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liners, more so than demonstrated in the previous mechanical testing study. This may be
due to selection bias towards samples with longer in vivo times in this study, as well as
the much more limited number of samples and controls. A relationship between oxidation
and decreased mechanical properties of retrieved single annealed acetabular liners along
the articular surface has previously been established (29,34), however sequentially
annealed retrieved liners have not shown a similar decrease despite low but detectable
oxidation in the same region (45). It should be noted that the method of mechanical
testing performed in these studies assessed ultimate load through small punch testing
whereas this study tested indentation hardness. Though a general relationship between
tensile and hardness properties has been described, it can vary based on different material
properties (47), limiting direct comparison between these results and small punch test
results from these other studies. Despite detectable and sometimes significant oxidation,
the hardness increase for both groups in this study was less than 7.5% compared to

controls and no liners were revised for mechanical failure.

Remelted liners demonstrated the lowest frequency of rim oxidation, however two
samples were identified with evidence of rim oxidation, with one sample having
significant oxidation. Oxidation of remelted HXLPE liners has been identified previously
(29,35-38), including the rim of the implant (29,37,38), despite undetectable levels of
free radicals. The implant rim is exposed to lipid-rich synovial fluid, a potential in vivo
polyethylene oxidant (37,48,49). It is interesting to note that retrieved remelted liners
demonstrated no appreciable difference in crystallinity compared to the material bulk or
the control liners. Surface microcracking was found in only one remelted liner which had
no detectable level of rim oxidation. Crystallinity was equivalent in retrieved remelted
liners with Olmax>0.1 compared to those with no detectable oxidation. Furthermore, the
hardness of these samples was similar regardless of the presence of oxidation, and were
both elevated by ~6% compared to control liners. The previous mechanical testing study
demonstrated an increase in hardness of ~14% in this liner type after extended in vivo
time. Oral et al (5,48) found that the mechanical properties of remelted HXLPE became
compromised at Ol values as low as 0.1, with ultimate tensile strength and cross-link
density decreasing rapidly along with an associated increase in elastic modulus,

proposing that oxidation of tie chain molecules found in the amorphous region and short
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chain recrystallization secondary to chain scission would decrease the tensile strength and
elastic modulus, respectively (5). Fung et al (50) found critical oxidation for numerous
mechanical properties to be at Ol< 1 in remelted HXLPE liners. Though a significant
increase in hardness was found in the prior investigation, oxidation and a subsequent
increased crystallinity do not seem to be driving this change in hardness after in vivo
exposure based on the results of the current study. Given that remelted HXLPE
demonstrates inferior mechanical behavior compared to single or sequentially annealed
HXLPE due to reduced crystallinity (6,10,11) and that most of the reported mechanical
failures of THA liner rims occurred in remelted HXLPE liners (21-28), continued
investigation into the causes of this degradation in mechanical behavior is necessary to

determine its significance.

Oxidation of the articular surface was found in all retrieved single and sequentially
annealed liners and 62.5% of retrieved remelted liners. Articular surface oxidation levels
were highest in the single annealed liners (average Olmax=1) and lower in the sequentially
annealed (average Olmax=0.3) and remelted (average Olmax=0.2) liners. It has previously
been proposed that the femoral head may play a partially protective role against oxidation
of the articular surface in HXLPE acetabular liners by protecting the surface from
oxygen-rich synovial fluid (32,34), which is consistent with the lower overall extent of
oxidation seen in the articular surface compared to the rim in this study. However, 81.3%
of retrieved liners in this study demonstrating detectable articular surface oxidation
compared to 56.3% of liner rims. Alternative modes of oxidation have been discovered
including cyclic mechanical stress at the implant articular surface and oxidation of
diffused synovial lipids as noted above (29,37,51). It is likely that a combination of these
factors contributed to the frequency of articular surface oxidation seen in this study.

This study had a number of strengths. To our knowledge this is the first study to directly
assess the oxidation, microstructural and mechanical properties of retrieved HXLPE
acetabular liner rims, allowing for the direct assessment of the impacts of in vivo
exposure on implant rim properties and mechanical behavior. This study included
samples with greater average in vivo times than most current retrieval studies, allowing

for an assessment of the long-term impact of in vivo use on implant properties and
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behavior. This study utilized a validated (52), simple and non-destructive method of
mechanically testing THA liner rims using a microindentation technique. Ex vivo time
was also controlled for, reducing the risk of shelf oxidation in the retrieved samples. This
study also has some limitations. This study had a small sample size for each cohort,
limiting statistical analysis and study power. Samples were selected to maximize in vivo
time, making assessment of the impact of time on in vivo changes difficult. Remelted
liners came from multiple manufacturers with differences in radiation doses which has
been shown to potentially influence oxidative stability and mechanical properties (5,50).
Microindentation was performed along the rim surface, and given the limited depth of tip
indentation, the ability to asses mechanical properties in the subsurface region may be

limited and requires further experimental analysis.

This study has demonstrated the impact of prolonged in vivo exposure on the oxidative
stability, microstructural and mechanical properties of retrieved HXLPE acetabular liner
rims. In vivo exposure led to rim oxidation and increased crystallinity in single annealed
and some sequentially annealed liners. Remelted liner rims did not demonstrate a
significant difference in crystallinity, regardless of the presence of oxidation. Given the
significant change in mechanical properties of retrieved remelted HXLPE liners found in
the previously performed mechanical testing study, further investigation is needed to

determine the cause and clinical significance of these findings.
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Chapter 7

7 Discussion

7.1 Discussion and Conclusions

THA has proven to be an exceptionally successful surgical procedure in providing
significant pain reduction and improved physical function in patients with end stage
arthritis of the hip (1). Ultra-high molecular weight polyethylene (UHMWPE) is the
bearing surface of choice in modern THA designs. However, the success of conventional
UHMWPE has been limited by the long term material wear and the complications it
creates, such as osteolysis (3-5). Highly cross-linked polyethylene (HXLPE) bearing
surfaces have mitigated these complications, providing a significant reduction wear and
wear-related revision surgeries (6-12). The radiation used as part of the HXLPE cross-
linking process leads to polyethylene chain scission and formation highly reactive free
radicals that can oxidize and create to a self-perpetuating oxidation process. This
ultimately leads to significant material degradation and changes in implant properties
(13-15). Thermal free radical stabilization processes by means of remelting or annealing
were introduced to HXLPE production to reduce or eliminate these reactive species.
Remelting results in undetectable levels of free radicals but an overall decreased ultimate
strength, yield strength, and fatigue resistance (13,16,17), whereas annealing preserves
mechanical properties while leaving residual free radicals with oxidative potential
(18,19).

In chapter two of this thesis, the literature regarding in vitro testing and retrieval analysis
of the physical and mechanical properties of remelted and annealed HXLPE liners was
reviewed. A number of retrieval studies have found evidence of in vivo oxidation of
annealed HXLPE acetabular liners, in particular at the implant rim (20-25). Likewise, in
vivo oxidation of remelted polyethylene at both the articular surface and rim has been
detected despite undetectable levels of free radicals (20,26-29). Furthermore, there have
been a number of reports of mechanical failure of HXLPE acetabular liners at the implant
rim leading to revision surgery (30-37). Despite reports of mechanical failures and

evidence of in vivo oxidation, little is known about the mechanical properties of retrieved
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HXLPE liner rims subsequent to being in vivo (38). The purpose of this thesis was to
determine how different methods of thermal free radical stabilization impact the
mechanical and physical properties of retrieved HXLPE liners after prolonged in vivo

time.

In chapter four, the methodology used for this thesis was reviewed. For testing of
mechanical properties, depth sensing indentation (DSI) was selecged, specifically
Vickers microindentation. This test assesses the hardness of a material, a property that
increases with UHMWRPE oxidation. This method is simple, able to be performed without
sample destruction or alteration, and has the ability to measure larger regions accounting
for both crystalline and amorphous regions of the polymer within a single indentation.
Fourier transform infrared spectroscopy was chosen for the assessment of oxidation in
this thesis as it is the gold standard in biomedical UHMWPE oxidation assessment (39)
and would allow for direct comparison of the results to the current body of literature on in
vivo oxidation. Raman spectroscopy was chosen for assessment of the crystallinity in this
thesis as it has been previously validated for this purpose in biomedical UHMWPE (40-
44) and could be performed without destruction of the sample. Crystallinity increases
when UHMWPE is oxidized.

In chapter five, the results of the mechanical testing arm of this thesis are presented, with
the goal of determining if extended in vivo time lead to a change in the mechanical
properties of HXLPE liners based on the method of free radical stabilization. Based on
the current body of literature, it was hypothesized that annealed (single or sequential)
HXLPE liners would demonstrate rim mechanical property degradation as evident by an
increased hardness given the increased residual free radical content and likelihood of in
vivo oxidation, and that remelted HXLPE liners would not demonstrate a significant
change in hardness. These results, while accounting for the potential impact of ex vivo
time (which could lead to shelf oxidation), demonstrated that remelted liners had a
significant increase in hardness after extended in vivo time, whereas single and
sequentially annealed liners had minimal to no change, ultimately rejecting the

hypothesis.
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In chapter six, a subgroup of the retrieved HXLPE liners from the mechanical testing arm
was assessed for evidence of oxidation and changes in crystallinity that may explain the
hardness testing findings. A subgroup was selected with the highest in vivo times while
also having ex vivo times below one year to reduce the potential impact of ex vivo time, if
any, on the results. All three thermal free radical stabilization cohorts were assessed.
Given the current knowledge about how microindentation hardness correlates with
oxidation and crystallinity, it was hypothesized that there would be detectable oxidation
and subsequent increased crystallinity in remelted HXLPE liners. Though limited
evidence of detectable oxidation at the rim of retrieved remelted liners was found, there
was no appreciable change in the crystallinity of these samples. Furthermore, the single
and sequentially annealed liners exhibited more oxidation and increased crystallinity
despite having relatively stable hardness values in the mechanical testing arm. The
hypothesis regarding the association of hardness to oxidation and crystallinity in these
retrieved liner cohorts was rejected, though this should warrant a broader investigation

given the sample size and selection bias towards the most aged implants.

In conclusion, remelted HXLPE liners showed a degradation of mechanical properties, as
assessed by hardness, after in vivo exposure over 4.5 years. However, single and
sequentially annealed liners had relatively stable mechanical properties. In remelted
liners, these changes occur despite the samples being generally more oxidatively stable
and with no significant change in their crystallinity. Single and sequentially annealed
liners, on the other hand, demonstrated increased oxidation and crystallinity after
extended in vivo time but relatively stable mechanical properties. This is the first study to
our knowledge assessing both mechanical and physical properties of retrieved HXLPE
liner rims. Though it is likely that the mechanical failures seen in predominantly remelted
HXLPE liners is indeed multifactorial (19,30-37), mechanical property degradation of
remelted HXLPE liners does occur with long-term in vivo exposure and should be
considered a potential risk factor, though the mechanism of this degradation is not clearly
explained by oxidation and crystallinity changes.
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7.2 Future Directions

One of the next steps for DSI testing of retrieved HXLPE liners will be to determine an
objective, clinically significant threshold for changes in microindentation hardness for
liners processed with different thermal stabilization techniques. It is important to
determine to what extent hardness can change before mechanical failure is possible, and
if the amount of change in hardness differs based on how the implants were
manufactured. With the finding that remelted liners, with already inferior mechanical
properties compared to other HXLPE formulations, do indeed demonstrate mechanical
property degradation in vivo, another phase of this study should include assessment of
other physical properties of retrieved remelted liner rims with extended in vivo time.
Recent studies have found that the mechanical properties of remelted liners may be
compromised at significantly lower levels of oxidation than previously thought possible
(45,46), which may lead to more subtle changes in the microstructure of the polyethylene
resulting in mechanical property degradation. Given the paucity of literature in the
mechanical properties of the acetabular rim, determination of these rim properties in
retrieved HXLPE liners that mechanically failed would be extremely useful. There
remains the opportunity to assess the role of other factors on mechanical property
changes such as cross-linking radiation dose, variability in the implant rim morphology,
or testing the different regions of the implant rim which may be under different oxidative
and mechanical stresses. Additionally, the role of patient-specific factors on in vivo

property changes remains an area of interest and warrants further exploration.
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(Chapter 5)
Appendix A - Patient Data for Retrieved HXLPE Liners (Chapter 5)
ID Patient Patient Age  Manufacturer HXLPE  Thermal Indication Invivo  Exvivo
Gender Material  Stabilization for Revision Time Time
(Years) (Years)
H103 F 44.28 Depuy Marathon  Remelted Periprosthetic 4.6 11.6
Fracture
H354 F 91.71 Stryker Crossfire  Single Periprosthetic 4.76 8.61
Annealed Fracture
H137 F 83.89 Stryker Crossfire  Single Aseptic 4.85 6.72
Annealed Loosening
H1320 F 71.1 Stryker Crossfire  Single Aseptic 491 5.9
Annealed Loosening
H799 M 65.71 Stryker Crossfire  Single Aseptic 5 8.6
Annealed Loosening
H1335 M 43.73 Stryker X3 Sequentially  Undiagnosed 5.17 3.64
Annealed Pain
H1262 F 67.81 Stryker X3 Sequentially  Aseptic 5.18 3.92
Annealed Loosening
H1633 M 66.7 Stryker X3 Sequentially  Rejuvenate 5.2 2.29
Annealed
H1519 M 71.96 Stryker X3 Sequentially ~ Component 5.32 2.49
Annealed Malposition
H1486 M 66.45 Zimmer Longevity Remelted Aseptic 5.37 3.43
Loosening
H1997 M 65.77 Stryker Crossfire  Single Trunnionosis 54 0.58
Annealed
H140 M 68.98 Depuy Marathon  Remelted Periprosthetic 5.52 7.55
Fracture
H1872 M 46.99 Stryker X3 Sequentially  Infection 5.63 0.69
Annealed
H2008 M 67.85 Depuy AltrX Remelted Infection 5.88 0.57
H998 M 60.81 Stryker Crossfire  Single Aseptic 5.9 5.63
Annealed Loosening
H907 F 76.3 Stryker Crossfire  Single Infection 5.91 5.72
Annealed
H1631 F 73.64 Stryker X3 Sequentially  Undiagnosed 6.02 2.11
Annealed Pain
H784 M 68.37 Stryker Crossfire  Single Instability 6.07 6.26
Annealed
H1825 F 54.95 Stryker X3 Sequentially  Rejuvenate 6.14 1.02
Annealed
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Appendix B - Patient Data for Retrieved HXLPE Liners (Chapter 6)
Patient  Patient HXLPE  Thermal Indication Iq vivo E?( vivo
ID Manufacturer . A - Time Time
Gender Age Material  Stabilization for Revision
(Years) (Years)
H1988 | M 80.64  Stryker Crossfire ~ Sndle Periprosthetic 4451 (33
Annealed Fracture
H1941 | F g2l OMith& XLPE ~ Remelted  LerProsthetic a0, g4
Nephew Fracture
. Single -
H1859 M 78.73  Stryker Crossfire Instability 134 1.05
Annealed
H2010 | M 8579  Stryker Crossfie  Sndle Component 1207 038
Annealed Malposition
H1919 M 54.17  Depuy AltrX Remelted Instability 8.61 0.73
H1921 M 73.65  Zimmer Longevity Remelted Infection 8.56 0.57
H1924 F 70.8  Zimmer Longevity Remelted lF.)J;crj]lagnosed 7.48 0.69
H1910 | M 7604  Stryker X3 Sequentially - Undiagnosed 679  0.84
Annealed Pain
H1945 61.84  Stryker X3 Sequentially o\ venate 6.48 0.75
Annealed
H2008 67.85  Depuy AltrX Remelted Infection 5.88 0.57
H1872 46.99  Stryker X3 Sequentially . co ion 5.63 0.69
Annealed
. Single . .
H1997 M 65.77  Stryker Crossfire Trunnionosis 54 0.58
Annealed
Hoo25 | F 537 SMith& XLPE  Remelted ~ Ondiagnosed ;45 (3g
Nephew Pain
H2045 F 78.4  Zimmer Longevity Remelted Infection 8.3 0.25
2980 M 53 oMith& XLPE  Remelted  ~\SePUC 8.55 0
Nephew Loosening
3380 F 81 Stryker X3 Sequentially Infection 9.45 0

Annealed
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