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The Enduring Goal

The enduring success of the low-friction arthro-
plasty, advanced by Sir John Charnley as a solu-
tion for hip arthrosis, may be appreciated by the
fact that in 2016 almost 1.4 million primary and
revision hip and knee arthroplasty procedures
were performed in the United States, a num-
ber more than doubling on a global basis [1]
(Table 2.1). Improvements in surgical technique
and implant design over the last four decades
have resulted in total knee arthroplasty (TKA)
being deemed one of the most successful, con-
temporary orthopaedic procedures to effectively
relieve pain and allow patients to resume the
activities of their daily lives. The prevalence of
aseptic loosening attributed to ultra-high molec-
ular weight polyethylene (UHMWPE) wear
debris-induced osteolysis is in the single digits
in most knee series, with some reports describ-
ing prosthesis survival beyond 20 years [2-25].
Despite this obvious success, UHMWPE wear
is an inescapable consequence of total joint
articulation and is of contemporary concern
particularly as our population grays and life-
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style demands increase [26—44]. Appreciating
an orthopaedic triad where patient outcomes are
not only dictated by the implant but are highly
dependent on patient factors and technical pro-
ficiency assists the goal of avoiding total knee
arthroplasty revision.

The Triad: The Implant
The Evolution of UHMWPE

The UHMWPE used in joint arthroplasty compo-
nents results from polymerization of ethylene gas
into a fine resin powder of submicron and micron
size distribution. A number of resin mixtures
exist, but GUR 1020 and GUR 1050 are the prev-
alent polymers utilized in contemporary devices.
They are consolidated with the use of ram extru-
sion or compression-molding techniques.
Structurally, UHMWPE is made up of repeating
carbon-hydrogen chains that are arranged in
ordered (crystalline) and disordered (amorphous)
regions [45]. While UHMWPE has remained the
tibial insert and patellar component bearing
material of choice over the last four decades,
researchers are continually striving to increase its
in-vivo longevity through alterations to process-
ing and/or sterilization techniques.

Short- to mid-term clinical reports of
UHMWPE damage in the 1990s led to a review

J.V. Bono, R.D. Scott (eds.), Revision Total Knee Arthroplasty,

https://doi.org/10.1007/978-3-319-67344-8_2


https://doi.org/10.1007/978-3-319-67344-8_2
mailto:chris@orl-inc.com
mailto:seth@orl-inc.com

10

C.S.Heim and A.S. Greenwald

Table 2.1 Hip and knee arthroplasty procedures per-
formed in the United States in 2016

Primary Revision Total
Knees 759,600 89,000 848,600
Hips 492,900 58,400 551,300
Total 1,252,500 147,400 1,399,900

Data from Orthopaedic Network News [1]

Fig.2.1 A 5-year retrieval of a failed poly-II tibial insert
demonstrating a high component wear rate with infiltra-
tion of carbon fibers and polyethylene debris into sur-
rounding tissue

of manufacturing processes and determined that
inadequate quality control resulted in fusion
defects arising from incomplete polymerization,
voids, and foreign body inclusions [46-48].
Recognizing the direct impact of these variables
on the in-vivo degradation of the final parts,
orthopaedic device manufacturers addressed the
allowable tolerances for these components, and
these issues have not reappeared in the peer-
reviewed literature.

Previous attempts to improve UHMWPE per-
formance have included carbon fiber reinforce-
ment (Poly-II) [49] and polymer reprocessing by
hot isostatic pressing (Hylamer) [50]. The former
was withdrawn from the market because of an
unexpectedly high wear rate [S1] (Fig. 2.1), while
the latter has been linked to debris-induced osteo-
lytic response, especially when sterilized by
gamma irradiation in air [52] (Fig. 2.2). Heat
pressing was yet another attempt to improve the
finish of the articular surface, but was associated
with UHMWPE fatigue and early delamination
[53] (Fig. 2.3). These material innovations had

Fig. 2.2 A 3-year retrieval of a failed Hylamer-M tibial
plateau demonstrating an unexpectedly high wear rate
with corresponding wear and debris-induced inflamma-
tory tissue response

Fig.2.3 A 6-year retrieval of a heat-pressed tibial com-
ponent associated with polyethylene fatigue and early
delamination

checkered pasts as they moved from the labora-
tory to clinical application.

Gamma irradiation in air was the predominant
method of UHMWPE component sterilization,
and, to this day, represents the long-term standard
against which contemporary material improve-
ments are measured. In the early 1990s, an increas-
ing prevalence of tibial component failures
associated with debris-induced osteolysis raised
concerns over the long-term durability of contem-
porary devices [54, 55]. A clinical follow-up study
reported by Bohl et al. suggested that this may be
accounted for by the prolonged shelf storage prior
to implantation of UHMWPE components gamma
irradiated in air [56]. A 12-20% reduction in in-
vivo survival was noted for shelf storage ranging
from 4 to 11 years with a mean in-vivo time to
revision of 2.5 years (Figs. 2.4 and 2.5).
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Fig. 2.4 The influence of shelf storage on survival of a
prosthetic knee plateau following gamma irradiation in air
(from Bohl JR, Bohl WR, Postak PD, et al. The effects of

Fig. 2.5 A group 2 plateau implanted after 7.6 years of
shelf storage and retrieved 3.8 years after implantation.
Gross delamination and pitting, characteristics of fatigue
failure, are observed (from Bohl JR, Bohl WR, Postak PD,
et al. The effects of shelf life on clinical outcome for
gamma sterilized polyethylene tibial components. Clin
Orthop Relat Res. 1999;267:28-38, with permission)

Further, laboratory studies indicated that as shelf
storage increased, the amount of UHMWPE
exposed to high surface stresses during articulation
increased dramatically and was a contributing fac-
tor to early in-vivo polymer failure [57-59]
(Fig. 2.6).

The explanation for these observations lies in
the mechanics of the sterilization process, which
facilitates breakage of polymer chains by the
incoming gamma radiation, creating free radicals,
which preferentially combine with available oxy-
gen [60, 61] (Fig. 2.7). The onset of mass
UHMWPE component production and device
modularity resulted in extended component shelf
storage before use. This was not a previous con-

shelf life on clinical outcome for gamma sterilized poly-
ethylene tibial components. Clin Orthop Relat Res.
1999;267:28-38, with permission)

sideration, but ongoing shelf life oxidation offered
an explanation for mechanical compromise of the
polymer in-situ [58, 60, 62, 63] (Fig. 2.8). It was
also noted that in-vivo component oxidation
occurred, but to a lesser degree [64].

At this point, attempts to remove oxygen from
the sterilization process included the use of inert
gas and vacuum environments or by avoiding
gamma irradiation altogether through the use of
ethylene oxide (EtO) or gas plasmas [65-67].
Acetabular components sterilized by these tech-
niques demonstrated a reduction in UHMWPE
wear in hip simulation studies (Fig. 2.9). Today,
orthopaedic device manufacturers avoid the use
of an air environment when packaging UHMWPE
components, and sterilization dates are standard
on device package labeling.

It is now also quantitatively appreciated that
increasing the gamma radiation dose above the
2.5 Mrad level used in conventional UHMWPE
component sterilization encourages free radicals
to combine, creating cross-links between the
molecules of adjacent chains, which is further
enhanced in an oxygen-free environment [68—
70]. Figure 2.10 from McKellop and coworkers
[69] is descriptive of this phenomenon in a simu-
lator comparison of acetabular cup components
with the volumetric wear per million cycles dra-
matically reduced with increasing gamma radia-
tion exposure.

There are clinical reports attributed to Oonishi
and Grobbelaar, which describe in-vivo UHMWPE
wear reduction in acetabular components realized
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Fig. 2.7 Depicted polymer chain breakage following
irradiation in air and combination with oxygen facilitating
oxidative degradation of UHMWPE

through increased cross-linking [71-76]. However,
these studies employed large doses of gamma radi-
ation (>50 Mrad), which are known to cause poly-
mer embrittlement and yellowing. Wroblewski,
employing a chemically enhanced cross-linked
polymer, achieved similar findings both in-vivo
and in-vitro, when coupled with an alumina articu-
lation [77].

Shelf Storage Duration (Years)

These isolated studies pointed the way to a
new class of UHMWPEs, whose common denom-
inator was an appreciation of the importance of
increased cross-linking while minimizing oxida-
tive degradation to reduce wear. Initial methods
used to manufacture these moderately to highly
cross-linked UHMWPEs included (1) heating
above or below the melt temperature of the poly-
ethylene, (2) the type of radiation employed, (3)
the radiation dose level, (4) the sequence of step-
wise application, and (5) the endpoint steriliza-
tion. The one common factor is that radiation was
integrated into the manufacturing process. All
received U.S. Food and Drug Administration
510[k] clearance, allowing commercial distribu-
tion for both hip and knee components (Table 2.2).

However, changes in the mechanical proper-
ties of these materials, particularly in their
reduced resistance to fatigue crack propagation
(fracture toughness), raised concerns about their
long-term suitability in hip and knee components
where locking mechanisms offered foci for stress
risers [78-81] (Figs. 2.11, 2.12, and 2.13). Short-
term clinical reports for total hip arthroplasty
demonstrated a significant reduction in wear vol-
ume and rate for these polymers [82—87], which
supported the impressive preclinical hip simula-
tion laboratory data [§8-92]. However, the nega-
tive impact of extreme component positioning on
outcome was also demonstrated through case and
retrieval reports at this time [80, 93, 94].

An appreciation of the differing modes of
hip (abrasion and adhesion) and knee (pitting
and delamination) failure, confirmed through



Fig. 2.8 A 3-year retrieval of a fully oxidized, gamma
irradiated in air, UHMWPE tibial component demonstrat-
ing a circumferential white band indicative of polymer
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Fig.2.9 Hip simulator weight-loss comparison for aged
(25 days at 78 degrees Celsius in O,) compression-
molded cup components: (a) gamma irradiated in air; (b)
sterilized with ethylene oxide; and (¢) gamma irradiated
in a vacuum environment and use of barrier packaging.
(From Greer, Schmidt, Hamilton,*® by permission of
Trans Orthop Res Soc.)
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Fig.2.10 Mean acetabular cup wear rates versus gamma
dose level (from McKellop H, Shen FW, Lu B, et al.
Development of an extremely wear-resistant ultra-high
molecular weight polyethylene for total hip replacements.
J Orthop Res. 1999;17(2):157-167, with permission)

embrittlement after prolonged shelf life. Fusion defects
from incomplete consolidation are noted

Table 2.2 Moderately to highly cross-linked UHMWPEs

Manufacturer UHMWPE trade name
Biomet ArComXL
DePuy/]&]J Marathon

AltrX
Smith + Nephew XLPE
Stryker Crossfire

X3
Zimmer Durasul

Longevity

Prolong

Fig.2.11 A I-year conventional UHMWPE, primary ace-
tabular liner demonstrating crack initiation and propagation.
Failure initiated at a sharp edge of a locking point (from
Tradonsky S, Postak PD, Froimson Al, et al. A comparison of
disassociation strength of modular acetabular components.
Clin Orthop Relat Res. 1993;296:154—-160, with permission)
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Fig.2.12 A 10-month cross-linked UHMWPE, revision
acetabular liner demonstrating crack initiation and propa-
gation. The decision to retain the acetabular shell in an
almost vertical and anteverted position contributed to this
early failure, which was compounded by the decision to
use a 40-mm femoral head and a correspondingly thin
liner (from Halley D, Glassman A, Crowninshield
RD. Recurrent dislocation after revision total hip replace-
ment with a large prosthetic femoral head. J Bone Joint
Surg Am. 2004;86(4):827-830, with permission)

Fig.2.13 A 3-year failure of a constrained condylar con-
ventional UHMWPE tibial insert. Failure of the posterior
locking mechanism resulted in posterior component lift-
off (from Ries MD. Dissociation of an ultra-high molecu-
lar weight polyethylene insert from the tibial baseplate
after total knee arthroplasty. J Bone Joint Surg Am.
2004;86(7):1522-24, with permission)

conventional UHMWPE component retrieval
[95-97], also suggested that a universal, mod-
erately to highly cross-linked polymer may not
be appropriate. To counter the reported degra-
dation in material properties, ‘“enhanced”
UHMWPEs now have antioxidants, predomi-
nantly vitamin E, infused or blended into the

Table 2.3 Contemporary antioxidant-infused UHMWPEs

Manufacturer UHMWPE trade name
Biomet El

Corin ECIMA

DePuy Synthes AOX

DJO global E+

StelKast EXp

Zimmer Vivacit-E

resin powder during the manufacturing process
(Table 2.3). Laboratory studies have confirmed
the maintenance of UHMWPE mechanical
properties and wear resistance in addition to
prevention of oxidative degradation for these
polymers [98—105].

Contemporary peer-reviewed literature for the
moderately to highly cross-linked UHMWPEs in
total hip arthroplasty is reporting dramatic reduc-
tion of wear rate when compared to conventional
UHMWPE in mid- to long-term follow-up stud-
ies with metal femoral heads [106—-121]. Total
knee arthroplasty clinical reporting focuses on
aseptic loosening and mechanical failures rather
than wear rate, but again, in short- to mid-term
studies, these UHMWPEs are demonstrating effi-
cacy [122-126]. While short- to mid-term clinical
studies supporting the further advantages of the
antioxidant-infused UHMWPEs in total hip
arthroplasty are increasing [127-131], reporting
for total knee arthroplasty has just begun [132].
While the overall clinical gains of these enhance-
ments have been questioned [133], the passage of
in-vivo time will be, as has always been, the
defining factor in the continued use of these mod-
erately to highly cross-linked UHMWPEs with
or without antioxidants.

The Femoral Side

While the predominant focus for increasing the
in-vivo longevity of total knee arthroplasty is
alteration of the UHMWPE tibial insert, there are
alternative bearing options for the femoral com-
ponent as well. As example, oxidized zirconium,
marketed under the trade name Oxinium (Smith
+ Nephew, Memphis, TN) in the United States,
has the strength of metallic cobalt-chromium
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Fig. 2.14 Finite element analysis of tibial-femoral con-
tact areas and surface stresses of a contemporary mobile
bearing knee design at 0° extension. Poor mating of the
articulating surfaces is observed resulting in peripheral
contact with damaging stress levels

femoral components with the wear characteris-
tics of ceramics [134], as has been shown in labo-
ratory simulators for pairings with both
conventional and highly cross-linked UHMWPE
[135, 136]. The uniqueness of this material is that
it offers patients with metal hypersensitivity,
particularly to nickel, an implant option that has
been shown to be clinically equivalent to cobalt-
chromium femoral components [137-142].

The Tibial-Femoral Geometries

As knee designs have evolved, a growing appre-
ciation of the avoidance of round-on-flat geome-
tries through the ranges of knee flexion in favor
of round-on-curved surfaces emerged [54]. The
ability of a given design to minimize contact
stresses during walking gait contributes to
UHMWPE tibial component longevity [143].
With this, the trend toward more conforming
design geometries also has associated with it the
expectation that femoral component tolerances
be maintained during the manufacturing process.
Failure to achieve this can dramatically decrease
contact surfaces, elevate peak stresses, and, con-
current with articulation, is the harbinger of
material damage [144] (Fig. 2.14).

0 Contact Area [mm?]

0 Degrees Extension
0|=—= —
100
200
300
400
Belt Finished Precision Ground
I 40+ MPa [ Post Yield
[ ] SubYield == UHMWPE

Tensile Yield Strength

Fig. 2.15 A comparison of tibial-femoral contact areas
by surface stress range for belt finishing and computer-
aided precision grinding techniques of a single femoral
component design at 0° extension. The overall bar height
depicts the total contact area (from Heim CS, Postak PD,
Greenwald AS. Factors Influencing the longevity of
UHMWEPE tibial components. In: Pritchard D, editor.
Instructional Course Lectures, vol 45. Chicago, IL:
American Academy of Orthopaedic Surgeons; 1996, with
permission)

The attainment of femoral component toler-
ances has markedly improved with the use of com-
puter-aided precision grinding as a standard
finishing technique for metallic femoral knee com-
ponents. This is particularly beneficial where small
variations in surface contours have large effects on
contact areas and surface stresses (Fig. 2.15). The
implications of this technique have potentially far-
reaching consequences. As design specifications
are produced with tighter tolerances, the need for
precision manufacturing is imperative (Fig. 2.16).

The Wear Particles Produced

Conventional wisdom and our experience partic-
ular to hip arthroplasty suggest that osteolytic
response is associated with both particle size and
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Fig.2.16 Finite element analysis demonstrating the opti-
mization of tibial-femoral contact areas and surface
stresses resulting from quality controlled finishing of the
component demonstrated earlier in Fig. 2.14. It is appar-
ent that use of the conforming geometries has been
achieved with the resulting diminishment of peak contact
stresses
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debris volume. Laboratory hip simulator experi-
ments have shown that UHMWPE particle vol-
umes in various size ranges are dependent on
radiation dose [145] (Figs. 2.17 and 2.18). The
greatest potential for cytokine release, the first
step in the sequelae leading to osteolysis, follow-
ing macrophage debris encapsulation is at the
<1 pm level. Ingram et al. suggested that highly
cross-linked UHMWPE debris obtained from
scratched surface articulation was bioreactive
when placed in culture medium and appeared to
be volume dependent [146].

The influence of surface roughness was further
investigated by Scott et al. in a hip simulator com-
parison between conventional, EtO, and 10 Mrad
UHMWPE components [147]. As one appreciates
from Fig. 2.19, roughened surfaces have a nega-
tive influence on particle production where highly
cross-linked UHMWPEs are employed. This was
challenged by Muratoglu et al. in a study in which
retrieved femoral components were articulated in
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Fig. 2.17 Comparative volumes of acetabular particle
generation for different size ranges per million cycles for
conventional and highly cross-linked UHMWPE:s at 5 and
10 Mrads resulting from hip simulation. ECD, equivalent
circular diameter (from Ries MD, Scott ML, Jani

S. Relationship between gravimetric wear and particle
generation in hip simulator: conventional compared with
cross-linked polyethylene. J Bone Joint Surg Am.
2001;83(Suppl 2, Pt 2):116-122, with permission)
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Fig.2.18 Corresponding SEM visualization (10000x) of
particle distribution for (a) conventional and (b and c)
highly cross-linked UHMWPEs at 5 and 10 Mrads,
respectively, employing a 0.05-pm filter. The particles are
highlighted for appreciation (from Ries MD, Scott ML,

Fig.2.19 The influence
of smooth and roughened
femoral head surfaces on
particle generation for
conventional and highly
cross-linked UHMWPE
acetabular components
resulting from hip
simulation (from Good
V, Ries M, Barrack RL,
et al. Reduced wear with
oxidized zirconium
femoral heads. J Bone
Joint Surg Am.
2003;85(Suppl
4):105-110, with
permission)
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Jani S. Relationship between gravimetric wear and parti-
cle generation in hip simulator: conventional compared
with cross-linked polyethylene. J Bone Joint Surg Am.
2001;83(Suppl 2, Pt 2):116-122, with permission)

[ Smooth CoCr

[ Rough CoCr

Conventional
Polyethylene
EtO

10 Mrad Conventional 10 Mrad
Polyethylene
EtO



18

C.S.Heim and A.S. Greenwald

knee simulation against a highly cross-linked
UHMWRPE [148]. Further, retrieved oxidized zir-
conium femoral components have demonstrated
decreased surface roughness with time in-vivo,
suggesting another benefit of this cobalt-chro-
mium alternative for improving the long-term
viability of knee articulations [149-152].

The Triad: The Patient

Overenthusiastic patient use following total knee
arthroplasty has been cited as a factor influencing
failure [153-155]. Its occurrence, however, has
generally been described in singular case reports
in much the same way as failure attributed to
obesity. Series reports do not support a relation-
ship between increased body mass index and
device failure following arthroplasty [156-161].
Surgical preference, however, weighs in favor of
the lightweight patient as the ideal arthroplasty
candidate [162]. It is also known from both
physical laboratory testing and finite element
analysis that load magnitude in combination with
displacement are factors influencing UHMWPE
damage [163—170]. While a recommendation for
patient weight loss before surgery may be justi-
fied from these laboratory investigations, the
clinical reality of achieving this does not lie in the
patient’s or surgeon’s favor [171].

With the patient population pursuing total
knee arthroplasty getting younger and living lon-
ger, it is imperative that contemporary implant
bearing materials address these increasing
demands [172]. Clinical studies are now focusing
more on patient-reported outcomes and relating
them to comorbidities in an effort to align expec-
tations for both the patient and the surgeon
[173-175].

The Triad: The Surgery

The forces and torques that occur during walking
gait, particularly during toe-off, promote articu-
lation in the posteromedial quadrant of tibial
inserts [176-180]. Retrieved components of
failed knee arthroplasties demonstrate UHMWPE

Fig.2.20 UHMWPE tibial component retrieval showing
deformation and wear in the posteromedial portion of the
insert (from Swany MR, Scott RD. Posterior polyethylene
wear in posterior cruciate ligament-retaining total knee
arthroplasty: a case study. J Arthroplasty. 1993;8:439—
846, with permission)

damage patterns in this area [181-185]
(Fig. 2.20). Notwithstanding poor component
design, causal factors include overloading the
medial compartment, improper surgical correc-
tion or alignment of the bony structures, insuffi-
cient soft tissue balance and release, polyethylene
cold flow near the edge of the tibial plateau, and
surgical malrotation of the components [181—
185]. In addition, the dynamic effects of lift-off
and subsequent impact loading and unusual
patient kinematics further increase the potential
for posteromedial failures [186]. The influence of
surgical malrotation may be appreciated in
Fig. 2.21a, b, which demonstrate dramatic
changes in location, contact area, and peak
stresses for a PCL preserving knee in a laboratory
investigation [187].

The continual emphasis on templating and the
technological advances in computer-assisted and
robotic navigation systems, intraoperative sen-
sors as well as patient-specific instrumentation
offer the promise that component malalignment
may ultimately be minimized and patient satis-
faction increased [188—194]. Eliminating the out-
liers in component placement will contribute to
diminishing UHMWPE material damage in knee
arthroplasty, however, the best technology to uti-
lize in the achievement of this goal, is yet to be
defined [195-197].
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Fig.2.21 The distribution of contact stresses at the toe-
off position of walking gait for a left knee, PCL preserv-
ing design at (a) neutral rotation and (b) after the
application of a 16 N-m external torque, simulating delib-
erate component malalignment. A dramatic increase in

The Enduring Promise

The previous remarks have attempted to define
problems, solutions, and unknown performance
factors of bearing materials currently utilized in
total knee arthroplasty as they relate to the
implant, the patient, and the surgery. What is
important for the reader to appreciate is that this
is a continually evolving experience, which will
find advocacy or limitations, with the passage of
in-vivo time.

References

1. Orthopedic Network News. 28:3, Ann Arbor, MI:
Mendenhall Associates, Inc.; 2017.

2. Aglietti P, Buzzi R, De Felice R, et al. The Insall-
Burstein total knee replacement in osteoarthri-
tis: a 10-year minimum follow-up. J Arthroplast.
1999;14(5):560-5.

3. Berger RA, Rosenberg AG, Barden RM, et al.
Long-term  followup of the Miller-Galante

2 8 14 20 26
*1 MPa =1 N/mm? = 145 psi

peak contact stresses is observed, which is contributory to
component damage (from Morra EA, Postak PD, Plaxton
NA, et al. The effects of external torque on polyethylene
tibial insert damage patterns. Clin Orthop Relat Res.
2003;410:90-100, with permission)

total knee replacement. Clin Orthop Relat Res.
2001;388:58-67.

4. Blumenfeld TJ, Scott RD. The role of the cemented
all-polyethylene tibial component in total knee
replacement: a 30-year patient follow-up and review
of the literature. Knee. 2010;17(6):412—-6.

5. Buechel FF Sr, Buechel FF Jr, Pappas MJ, D’ Alessio
J. Twenty-year evaluation of meniscal bearing and
rotating platform knee replacements. Clin Orthop
Relat Res. 2001;388:41-50.

6. Buechel FF. Long-term followup after mobile-
bearing total knee replacement. Clin Orthop Relat
Res. 2002;404:40-50.

7. Cross MJ, Parish EN. A hydroxyapatite-coated total
knee replacement: prospective analysis of 1000
patients. J Bone Joint Surg Br. 2005;87(8):1073-6.

8. Epinette  J-A. Long lasting outcome of
hydroxyapatite-coated implants in primary knee
arthroplasty: a continuous series of two hundred
and seventy total knee arthroplasties at fifteen to
twenty two years of clinical follow-up. Int Orthop.
2014;38(2):305-11.

9. Ewald FC, Wright RJ, Poss R, et al. Kinematic total
knee arthroplasty: a 10- to 14-year prospective fol-
low-up review. J Arthroplast. 1999;14(4):473-80.

10. Gill GS, Joshi AB. Long-term results of cemented,
posterior cruciate ligament-retaining total knee



20

C.S.Heim and A.S. Greenwald

11.

12.

13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

arthroplasty in osteoarthritis. Am J Knee Surg.
2001;14(4):209-14.

Gill GS, Joshi AB, Mills DM. Total condylar knee
arthroplasty. 16- to 21-year results. Clin Orthop
Relat Res. 1999;367:210-5.

Goldberg VM, Kraay M. The outcome of the
cementless tibial components: a minimum 14-year
clinical evaluation. Clin Orthop Relat Res.
2004;428:214-20.

Gustke KA. The natural-knee system: 25 years of suc-
cessful results. Am J Orthop. 2010;39(6 Suppl):5-8.
Jordan LR, Olivo JL, Voorhorst PE. Survivorship
analysis of cementless meniscal bearing total
knee arthroplasty. Clin Orthop Relat Res.
1997;338:119-23.

. Kelly MA, Clarke HD. Long-term results of pos-

terior cruciate-substituting total knee arthroplasty.
Clin Orthop Relat Res. 2002;404:51-7.

Khaw FM, Kirk LMG, Morris RW, Gregg PJ. A
randomised, controlled trial of cemented versus
cementless press-fit condylar total knee replace-
ment. J Bone Joint Surg Br. 2002;84(5):658-66.
Melton JTK, Mayahi R, Baxter SE, Glezos C. Long-
term outcome in an uncemented, hydroxyapatite-
coated total knee replacement: a 15- to 18-year
survivorship analysis. J Bone Joint Surg Br.
2012;94(8):1067-70.

Pavone V, Boettner F, Fickert S, et al. Total condy-
lar knee arthroplasty: a long-term followup. Clin
Orthop Relat Res. 2001;388:18-25.

Park JW, Kim YH. Simultaneous cemented and
cementless total knee replacement in the same
patients: a prospective comparison of long-term out-
comes using an identical design of NexGen prosthe-
sis. J Bone Joint Surg Br. 2011;93(11):1479-86.
Rasquinha VJ, Ranawat CS, Cervieri CL, Rodriguez
JA. The press-fit condylar modular total knee system
with a posterior cruciate-substituting design. A con-
cise follow-up of a previous report. J Bone Join Surg
Am. 2006;88(5):1006—-10.

Ritter MA, Keating EM, Sueyoshi T, Davis KE,
Barrington JW, Emerson RH. Twenty-five-years and
greater: results after nonmodular cemented total knee
arthroplasty. J Arthroplast. 2016;31(10):199-202.
Rodriguez JA, Bhende H, Ranawat CS. Total condy-
lar knee replacement: a 20-year followup study. Clin
Orthop Relat Res. 2001;388:10-7.

Tarkin IS, Bridgeman JT, Jardon OM, Garvin
KL. Successful biologic fixation with mobile-
bearing total knee arthroplasty. J Arthroplast.
2005;20(4):481-6.

Watanabe H, Akizuki S, Takizawa T. Survival analy-
sis of a cementless, cruciate-retaining total knee
arthroplasty. Clinical and radiographic assessment
10 to 13 years after surgery. J Bone Joint Surg Br.
2004;86(6):824-9.

Whiteside LA. Long-term followup of the
bone-ingrowth Ortholoc knee system without
a metal-backed patella. Clin Orthop Relat Res.
2001;388:77-84.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Brander VA, Malhotra S, Jet J, et al. Outcome of hip
and knee arthroplasty in persons aged 80 years and
older. Clin Orthop Relat Res. 1997;345:67-78.
Diduch DR, Insall JN, Scott WN, et al. Total knee
replacement in young, active patients. J Bone Joint
Surg Am. 1997;79(4):575-82.

Duffy GP, Trousdale RT, Stuart MJ. Total knee arthro-
plasty in patients 55 years old or younger. 10-to 17-year
results. Clin Orthop Relat Res. 1998;356:22-7.

Duffy GP, Crowder AR, Trousdale RR, Berry
DJ. Cemented total knee arthroplasty using a mod-
ern prosthesis in young patients with osteoarthritis.
J Arthroplast. 2007;22(6):67-70.

Gill GS, Joshi AB. Total knee arthroplasty in the
young. J Arthroplast. 2004;19(2):255.

Hilton Al, Back DL, Espag MP, et al. The octo-
genarian total knee arthroplasty. Orthopedics.
2004;27(1):37-9.

Hofmann AA, Heithoff SM, Camargo M. Cementless
total knee arthroplasty in patients 50 years or
younger. Clin Orthop Relat Res. 2002;404:102-7.
Joshi AB, Markovic L, Gill GS. Knee arthroplasty
in octogenarians: results at 10 years. J Arthroplast.
2003;18(3):295-8.

Laskin RS. Total knee replacement in patients
older than 85 years. Clin Orthop Relat Res.
1999;367:43-9.

Long WIJ, Bryce CD, Hollenbeak CS, Benner RW,
Scott WN. Total knee replacement in young, active
patients: long-term follow-up and functional out-
come: a concise follow-up of a previous report.
J Bone Joint Surg Am. 2014;96(18):e159.

Meftah M, Ranawat AS, Sood AB, Rodriguez JA,
Ranawat CS. All-polyethylene tibial implant in
young, active patients: a concise follow-up, 10 to 18
years. J Arthroplast. 2012;27(1):10-4.

Meftah M, White PB, Ranawat AS, Ranawat
CS. Long-term results of total knee arthroplasty in
young and active patients with posterior stabilized
design. Knee. 2016;23(2):318-21.

Morgan M, Brooks S, Nelson RA. Total knee
arthroplasty in young active patients using a highly
congruent fully mobile prosthesis. J Arthroplast.
2007;22(4):525-30.

Nilsson KG, Henricson A, Norgren B, Dalen
T. Uncemented HA-coated implant is the optimum
fixation for TKA in the young patient. Clin Orthop
Relat Res. 2006;448:129-39.

Pagnano MW, Levy BA, Berry DJ. Cemented
all polyethylene tibial components in patients
age 75 years and older. Clin Orthop Relat Res.
1999;367:73-80.

Rubin LE, Blood TD, Defillo-Draiby JC. Total
hip and knee arthroplasty in patients older
than age 80 years. J Am Acad Orthop Surg.
2016;24(10):683-90.

Tai CC, Cross MJ. Five- to 12-year follow-up of
a hydroxyapatite-coated, cementless total knee
replacement in young, active patients. J Bone Joint
Surg Br. 2006;88(9):1158-63.



2

Implant Bearings in Total Knee Arthroplasty

21

43

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

. Tankersley WS, Hungerford DS. Total knee arthro-
plasty in the very aged. Clin Orthop Relat Res.
1995;316:45-9.

van der Ven A, Scott RD, Barnes CL. All-polyethylene
tibial components in octogenarians: survivorship, per-
formance, and cost. Am J Orthop. 2014;43(1):21-4.
Li S, Burstein AH. Ultra-high molecular weight
polyethylene. The material and its use in total joint
implants.J Bone Joint Surg Am. 1994;76(7):1080-90.
Tanner MG, Whiteside LA, White SE. Effect of
polyethylene quality on wear in total knee arthro-
plasty. Clin Orthop Relat Res. 1995;317:83-8.

Won CH, Rohatgi S, Kraay MJ, et al. Effect of resin
type and manufacturing method on wear of poly-
ethylene tibial components. Clin Orthop Relat Res.
2000;376:161-71.

Wrona M, Mayor MB, Collier JP, et al. The corre-
lation between fusion defects and damage in tibial
polyethylene bearings. Clin Orthop Relat Res.
1994;299:92-103.

Sclippa E, Piekarski K. Carbon fiber reinforced
polyethylene for possible orthopedic uses. ] Biomed
Mater Res. 1973;7:59-70.

Champion AR, Li S, Saum K, et al. The effect
of crystallinity on the physical properties of
UHMWPE. Trans Orthop Res Soc. 1994;19:585.
Busanelli L, Squarzoni S, Brizio L, et al. Wear in car-
bon fiber-reinforced polyethylene (poly-two) knee
prostheses. Chir Organi Mov. 1996;81(3):263-7.
Collier JP, Bargmann LS, Currier BH, et al. An
analysis of hylamer and polyethylene bearings
from retrieved acetabular components. Orthopedics.
1998;21(8):865-71.

Wright TM, Rimnac CM, Stulberg SD, et al.
Wear of polyethylene in total joint replacements.
Observations from retrieved PCA knee implants.
Clin Orthop Relat Res. 1992;276:126-34.

Collier JP, Mayor MB, McNamara JL, et al. Analysis
of the failure of 122 polyethylene inserts from unce-
mented tibial knee components. Clin Orthop Relat
Res. 1991;273:232-42.

Peters PC, Engh GA, Dwyer KA, et al. Osteolysis
after total knee arthroplasty without cement. J Bone
Joint Surg Am. 1992;74:864-76.

Bohl JR, Bohl WR, Postak PD, et al. The effects of
shelf life on clinical outcome for gamma sterilized
polyethylene tibial components. Clin Orthop Relat
Res. 1999;267:28-38.

Collier JP, Sperling DK, Currier JH, et al. Impact of
gamma sterilization on clinical performance of poly-
ethylene in the knee. J Arthroplast. 1996;11:377-89.
Currier BH, Currier JH, Collier JP, et al. Shelf life and
in vivo duration: impacts on performance of tibial
bearings. Clin Orthop Relat Res. 1997;342:111-22.
Heim CS, Postak PD, Greenwald AS. The influ-
ence of shelf storage duration on gamma irradi-
ated UHMWPE tibial components. Orthop Trans.
1998;22:149-50.

Collier JP, Sutula LC, Currier BH, et al. Overview
of polyethylene as a bearing material: comparison

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

of sterilization methods. Clin Orthop Relat Res.
1996;333:76-86.

Nusbaum HJ, Rose RM. The effects of radiation
sterilization on the properties of ultrahigh molecu-
lar weight polyethylene. J Biomed Mater Res.
1979;13:557-76.

Ries MD, Weaver K, Rose RM, et al. Fatigue
strength of polyethylene after sterilization by gamma
irradiation or ethylene oxide. Clin Orthop Relat Res.
1996;333:87-95.

Rimnac CM, Klein RW, Betts F, et al. Post-irradiation
ageing of ultra-high molecular weight polyethylene.
J Bone Joint Surg Am. 1994;76:1052-6.

Leibovitz BE, Siegel BV. Aspects of free radical
reactions in biological systems: aging. J Gerontol.
1980;35:45-56.

Fisher J, Reeves EA, Isaac GH, et al. Comparison
of aged and non-aged ultrahigh molecular weight
polyethylene sterilized by gamma irradiation
and by gas plasma. J Mater Sci Mater Med.
1997;8:375-8.

Greer KW, Schmidt MB, Hamilton JV. The hip
simulator wear of gamma-vacuum, gamma-air, and
ethylene oxide sterilized UHMWPE following a
severe oxidative challenge. Trans Orthop Res Soc.
1998;23:52.

McGloughlin TM, Kavanagh AG. Wear of ultra-high
molecular weight polyethylene (UHMWPE) in total
knee prostheses: a review of key influences. Proc
Inst Mech Eng. 2000;214:349-59.

Kurtz SM, Muratoglu OK, Evans M, et al
Advances in the processing, sterilization, and
crosslinking of ultra-high molecular weight poly-
ethylene for total joint arthroplasty. Biomaterials.
1999;20(18):1659-88.

McKellop H, Shen FW, Lu B, et al. Development
of an extremely wear-resistant ultra high molecu-
lar weight polyethylene for total hip replacements.
J Orthop Res. 1999;17(2):157-67.

Muratoglu OK, Bragdon CR, O’Connor DO, et al. A
novel method of cross-linking ultra-high-molecular
weight polyethylene to improve wear, reduce oxida-
tion, and retain mechanical properties. J Arthroplast.
2001;16(2):149-60.

Oonishi H, Kadoya Y, Masuda S. Gamma-
irradiated cross-linked polyethylene in total hip
replacements—analysis of retrieved sockets after
long-term implantation. J Biomed Mater Res.
2001;58(2):167-71.

Oonishi H, Kadoya Y. Wear of high-dose gamma-
irradiated polyethylene in total hip replacements.
J Orthop Sci. 2000;5(3):223-8.

Oonishi H, Clarke IC, Masuda S, et al. Study of
retrieved acetabular sockets made from high-
dose, cross-linked polyethylene. J Arthroplast.
2001;16(8):129-33.

Oonishi H, Clarke IC, Yamamoto K, et al.
Assessment of wear in extensively irradiated
UHMWPE cups in simulator studies. J Biomed
Mater Res. 2004;68(1):52-60.



22

C.S.Heim and A.S. Greenwald

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Grobbelaar CJ, de Plessis TA, Marais F. The
radiation improvement of polyethylene prosthe-
ses. A preliminary study. J Bone Joint Surg Br.
1978;60-B(3):370—4.

Yamamoto K, Masaoka T, Manaka M, et al. Micro-
wear features on unique 100-Mrad cups: two
retrieved cups compared to hip simulator wear study.
Acta Orthop Scand. 2004;75(2):134-41.
Wroblewski BM, Siney PD, Dowson D, et al.
Prospective clinical and joint simulator studies of
a new total hip arthroplasty using alumina ceramic
heads and cross-linked polyethylene cups. J Bone
Joint Surg Br. 1996;78(2):280-5.

Baker DA, Hastings RS, Pruitt L. Study of fatigue
resistance of chemical and radiation crosslinked
medical grade ultrahigh molecular weight polyeth-
ylene. J Biomed Mater Res. 1999;46(4):573-81.
Tradonsky S, Postak PD, Froimson Al, et al. A
comparison of disassociation strength of modu-
lar acetabular components. Clin Orthop Relat Res.
1993;296:154-60.

Halley D, Glassman A, Crowninshield RD. Recurrent
dislocation after revision total hip replacement with
a large prosthetic femoral head. J Bone Joint Surg
Am. 2004;86(4):827-30.

Ries MD. Dissociation of an ultra-high molecular
weight polyethylene insert from the tibial baseplate
after total knee arthroplasty. J Bone Joint Surg Am.
2004:86(7):1522-4.

Digas G, Karrholm J, Thanner J, et al. The Otto
Aufranc award. Highly cross-lined polyethylene in
total hip arthroplasty: randomized evaluation of pen-
etration rate in cemented and uncemented sockets
using radiosterometric analysis. Clin Orthop Relat
Res. 2004;429:6-16.

Heisel C, Silva M, dela Rosa MA, et al. Short-term
in vivo wear of cross-linked polyethylene. J Bone
Joint Surg Am. 2004;86(4):748-51.

Hopper RH Jr, Young AM, Orishimo KF, et al.
Correlation between early and late wear rates in
total hip arthroplasty with application to the perfor-
mance of Marathon cross-linked polyethylene liners.
J Arthroplast. 2003;18(7 Suppl 1):60-7.

Martell JM, Verner JJ, Incavo SJ. Clinical perfor-
mance of a highly cross-linked polyethylene at
two year in total hip arthroplasty: a randomized
prospective trial. J Arthroplast. 2003;18(7 Suppl
1):55-9.

Muratoglu OK, Ruberti J, Melotti S, et al. Optical
analysis of surface changes on early retrieval of
highly cross-linked and conventional polyethyl-
ene tibial inserts. J Arthroplast. 2003;18(7 Suppl
1):42-7.

Sychterz CJ, Orishimo KF, Engh CA. Sterilization
and polyethylene wear: clinical studies to sup-
port laboratory data. J Bone Joint Surg Am.
2004:86(5):1017-22.

Bragdon CR, Jasty M, Muratoglu OK, et al. Third-
body wear of highly cross-linked polyethylene in a
hip simulator. J Arthroplast. 2003;18(5):553-61.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

McEwen HMJ, Farrar R, Auger DD, et al. Reduction
of wear in fixed bearing total knee replacement using
crosslinked UHMWPE. Trans Orthop Res Soc.
2003;28(2):1428.

Kurtz SM, Pruitt LA, Jewett CW, et al. Radiation
and chemical crosslinking promote strain hard-
ening behavior and molecular alignment in
ultra high molecular weight polyethylene dur-
ing multi-axial loading conditions. Biomaterials.
1999;20(16):1449-62.

Muratoglu OK, Bragdon CR, O’Connor DO, et al.
Aggressive wear testing of a cross-linked polyethyl-
ene in total knee arthroplasty. Clin Orthop Relat Res.
2002;404:89-95.

Muratoglu OK, Merrill EW, Bragdon CR, et al.
Effects of radiation, heat and aging on in vitro wear
resistance of polyethylene. Clin Orthop Relat Res.
2003;417:253-62.

Bradford L, Baker DA, Graham J, et al. Wear and
surface cracking in early retrieved highly cross-
linked polyethylene acetabular liners. J Bone Joint
Surg Am. 2004;86(6):1271-82.

Bradford L, Kurland R, Sankaran M, et al. Early
fallure due to osteolysis associated with contempo-
rary highly cross-linked ultra-high molecular weight
polyethylene. A case report. J] Bone Joint Surg Am.
2004;86(5):1051-6.

Blunn GW, Joshi AB, Minns RJ, et al. Wear in
retrieved condylar knee arthroplasties. J Arthroplast.
1997;12(3):281-90.

Jasty M, Goetz DD, Bragdon CR, et al. Wear of poly-
ethylene acetabular components in total hip arthro-
plasty. An analysis of one hundred and twenty-eight
components retrieved at autopsy or revision opera-
tions. J Bone Joint Surg Am. 1997;79(3):349-58.
Landy MM, Walker PS. Wear of ultra-high-
molecular-weight polyethylene components
of 90 retrieved knee prostheses. J Arthroplast.
1988;3(Suppl):S73-85.

Shibata N, Tomita N. The anti-oxidative properties
of alpha-tocopherol in gamma-irradiated UHMWPE
with respect to fatigue and oxidation resistance.
Biomaterials. 2005;26(29):5755-62.

Ries MD, Pruitt L. Effect of cross-linking on the
microstructure and mechanical properties of ultra-
high molecular weight polyethylene. Clin Orthop
Relat Res. 2005;440:149-56.

Teramure S, Sakoda H, Terao T, Endo MM, Fujiwara
K, Tomita N. Reduction of wear volume from ultra-
high molecular weight polyethylene knee compo-
nents by the addition of vitamin E. J Orthop Res.
2008;26(4):460-4.

Oral E, Malhi AS, Wannomae KK, Muratoglu
OK. Highly cross-linked ultrahigh molecular weight
polyethylene with improved fatigue resistance for
total joint arthroplasty: recipient of the 2006 Hap
Paul award. J Arthroplast. 2008;23(7):1037—44.
‘Wannomae KK, Christensen SD, Micheli BR, Rowell
SL, Schroeder DW, Muratoglu OK. Delamination
and adhesive wear behavior of alpha-tocopherol-



2

Implant Bearings in Total Knee Arthroplasty

23

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

stabilized irradiated ultrahigh-molecular weight
polyethylene. J Arthroplast. 2010;25(4):635-43.
Vaidya C, Alvarez E, Vinciguerra J, Bruce DA,
DesJardin JD. Reduction of total knee replacement
wear with vitamin E blended highly cross-linked
ultra-high molecular weight polyethylene. Proc Inst
Mech Eng H. 2011;225(10):1-7.

Micheli BR, Wannomae KK, Lozynsky AlJ,
Christensen SD, Muratoglu OK. Knee simula-
tor wear of vitamin E stabilized irradiated ultra-
high molecular weight polyethylene. J Arthroplast.
2012;27(1):95-104.

Haider H, Weisenburger JN, Kurtz SM, Rimnac
CM, Freedman J, Schroeder DW, Garvin KL. Does
vitamin E-stabilized ultrahigh-molecular-weight
polyethylene address concerns of cross-linked poly-
ethylene in total knee arthroplasty? J Arthroplast.
2012;27(3):461-9.

Bitsch RG, Loudolt T, Heisel C, Ball S, Schmalzried
TP. Reduction of osteolysis with use of Marathon
cross-linked polyethylene: a concise follow-up, at a
minimum of five years, of a previous report. J] Bone
Joint Surg Am. 2008;90(7):1487-91.

Dorr LD, Wan Z, Shahrdar C, Sirianni L, Boutary
M, Yun A. Clinical performance of a Durasul highly
cross-linked polyethylene acetabular liner for total
hip arthroplasty at five years. J Bone Joint Surg Am.
2005;87(8):1816-21.

Engh CA Jr, Hopper RH Jr, Huynh C, Ho H,
Sritulanondha S, Engh CA Sr. A prospective, ran-
domized study of cross-linked and non-cross-linked
polyethylene for total hip arthroplasty at 10-year
follow-up. J Arthroplast. 2012;27(8):2-7.el.

Flatoy B, Rydinge J, Dahl J, Rohrl SM, Nordsletten
L. Low wear, high stability—promises of suc-
cess in a moderately cross-linked cup? Hip Int.
2015;25(3):199-203.

Garcai-Rey E, Garcia-Cimbrela E, Cruz-Pardos
A. New polyethylenes in total hip replacement:
a ten- to 12-year follow-up study. Bone Joint
J.2013;95(3):326-32.

Greiner JJ, Callaghan JJ, Bedard NA, Liu SS, Gao
Y, Goetz DD. Fixation and wear with contempo-
rary acetabular components and cross-linked poly-
ethylene at 10-years in patients aged 50 and under.
J Arthroplast. 2015;30(9):1577-85.

Hanna SA, Somerville L, McCalden RW, Naudie DD,
MacDonald SJ. Highly cross-linked polyethylene
decreases the rate of revision of total hip arthroplasty
compared with conventional polyethylene at 13
years follow-up. Bone Joint J. 2016;98-B(1):28-32.
Kurtz SM, Medel FJ, MacDonald DW, Parvizi J,
Kraay MJ, Rimnac CM. Reasons for revision of
first-generation highly cross-linked polyethylenes.
J Arthroplast. 2010;25(6):67-74.

Lachiewicz PF, Soileau ES, Martell JM. Wear and
osteolysis of highly cross-linked polyethylene at 10
to 14 years. The effect of femoral head size. Clin
Orthop Relat Res. 2016;474(2):365-71.

Mall NA, Nunley RM, Zhu JJ, Maloney WJ, Barrack
RL, Clohisy JC. The incidence of acetabular oste-

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

olysis in young patients with conventional versus
highly crosslinked polyethylene. Clin Orthop Relat
Res. 2011;469(2):372-8]1.

Nebergall AK, Greene ME, Rubash H, Malchau H,
Troelsen A, Rolfson O. Thirteen-year evaluation of
highly cross-linked polyethylene articulating with
either 28-mm or 36-mm femoral heads using radio-
stereometric analysis and computerized tomography.
J Arthroplast. 2016;31(9):269-76.

Ranawat CS, Ranawat AS, Ramteke AA, Nawabi D,
Meftah M. Long-term results of a first-generation
annealed highly cross-linked polyethylene in young
active patients. Orthopedics. 2016;39(2):e225-9.
Reynolds SE, Malkani AL, Ramakrishnan R,
Yakkanti MR. Wear analysis of first-generation
highly cross-linked polyethylene in primary total
hip arthroplasty: an average 9-year follow-up.
J Arthroplast. 2012;27(6):1064-8.

Samujh C, Bhimani S, Smith L, Malkani AL. Wear
analysis of second-generation highly cross-linked
polyethylene in primary total hip arthroplasty.
Orthopedics. 2016;9:1-5.

Surace MF, Monestier L, Vulcano E, Harwin SF,
Cherubino P. Conventional versus cross-linked
polyethylene for total hip arthroplasty. Orthopedics.
2015;38(9):556-61.

Thomas GE, Simpson DJ, Mehmood S, Taylor A,
McLardy-Smith P, Gill HS, Murray DW, Glyn-Jones
S. The seven-year wear of highly cross-linked poly-
ethylene in total hip arthroplasty: a double-blind
randomized controlled trial using radiostereometric
analsysis. J Bone Joint Surg Am. 2011;93(8):716-22.
Hodrick JT, Severson EP, McAlister DS, Dahl B,
Hofmann AA. Highly crosslinked polyethylene is
safe for use in total knee arthroplasty. Clin Orthop
Relat Res. 2008;466(11):2806—12.

Meneghini RM, Ireland PH, Bhowmik-Stoker
M. Multicenter study of highly cross-linked vs. con-
ventional polyethylene in total knee arthroplasty.
J Arthroplast. 2016;31(4):809-14.

Meneghini RM, Lovro LR, Smits SA, Ireland
PH. Highly cross-linked versus conventional poly-
ethylene in posterior-stabilized total knee arthro-
plasty at a mean 5-year follow-up. J Arthroplast.
2015;30(10):1736-9.

Minoda Y, Aihara M, Sakawa A, Fukuoka S,
Hayakawa K, Tomita M, Umeda N, Ohzono
K. Comparison between highly cross-linked and
conventional polyethylene in total knee arthroplasty.
Knee. 2009;16(5):348-51.

Paxton EW, Inacio MC, Kurtz S, Love R, Cafri G,
Namba RS. Is there a difference in total knee arthro-
plasty risk of revision in highly crosslinked versus
conventional polyethylene? Clin Orthop Relat Res.
2015;473(3):999-1008.

Callary SA, Field JR, Campbell DG. Low wear of
a second-generation highly crosslinked polyethylene
liner: a 5-year radiostereometric analysis study. Clin
Orthop Relat Res. 2013;471(11):3596-600.
Nebergall AK, Greene ME, Laursen MB, Nielsen
PT, Malchau H, Troelsen A. Vitamin E diffused



24

C.S.Heim and A.S. Greenwald

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

highly cross-linked polyethylene in total hip arthro-
plasty at five years: a randomised controlled trial
using radiostereometric analysis. Bone Joint J.
2017;99-B(5):577-84.

Salemyr M, Muren O, Ahl T, Bodén H, Chammout G,
Stark A, Skoldenberg O. Vitamin-E diffused highly
cross-linked polyethylene liner compared to stan-
dard liners in total hip arthroplasty. A randomized,
controlled trial. Int Orthop. 2015;39(8):1499-505.
Scemama C, Anract P, Dumaine V, Babinet A,
Courpied JP, Hamadouche M. Does vitamin
E-blended polyethylene reduce wear in primary total
hip arthroplasty: a blinded randomised clinical trial.
Int Orthop. 2017;41(6):1113-8.

Shareghi B, Johanson PE, Kirrholm J. Wear of
vitamin E-infused highly cross-linked polyethylene
at five years. J Bone Joint Surg Am. 2017;99(17):
1447-52.

Flament EM, Berend KR, Hurst JM, Morris MJ,
Adams JB, Lombardi AV Jr. Early experience with
vitamin E antioxidant-infused highly cross-linked
polyethylene inserts in primary total knee arthro-
plasty. Surg Technol Int. 2016;29:334-40.
Sakellarious VI, Sculco P, Poultsides L, Wright T,
Sculco TP. Highly cross-linked polyethylene may
not have an advantage in total knee arthroplasty.
HSS J. 2013;9(3):264-9.

Sheth NP, Lementowski P, Hunter G, Garino
JP. Clinical applications of oxidized zirconium.
J Surg Orthop Adv. 2008;17(1):17-26.

Ezzet KA, Hermida JC, Colwell CW Jr, D’Lima
DD. Oxidized zirconium femoral components
reduce polyethylene wear in a knee simulator. Clin
Orthop Relat Res. 2004;428:120—4.

Tsukamoto R, Chen S, Asano T, Ogino M, Shoji H,
Nakamura T, Clarke IC. Improved wear performance
with crosslinked UHMWPE and zirconia implants in
knee simulation. Acta Orthop. 2006;77(3):505-11.
Gascoyne TC, Teeter MG, Guenther LE, Burnell
CD, Bohm ER, Naudie DR. Vivo wear performance
of cobalt-chromium versus oxidized zirconium
femoral total knee replacements. J Arthroplast.
2016;31(1):137-41.

Hofer JK, Ezzet KAA. Minimum 5-year follow-up
of an oxidized zirconium femoral prosthesis used for
total knee arthroplasty. Knee. 2014;21(1):168-71.
Hui C, Salmon L, Maeno S, Roe J, Walsh W,
Pinczewski L. Five-year comparison of oxidized zir-
conium and cobalt-chromium femoral components
in total knee arthroplasty: a randomized controlled
trial. J Bone Joint Surg Am. 2011;93(7):624-30.
Inacio MC, Cafri G, Paxton EW, Kurtz SM, Namba
RS. Alternative bearing in total knee arthroplasty:
risk of early revision compared to traditional bear-
ings: an analysis of 62,177 primary cases. Acta
Orthop. 2013;84(2):145-52.

Innocenti M, Matassi F, Carulli C, Nistri L, Civinini
R. Oxidized zirconium femoral component for TKA:
a follow-up note of a previous report at a minimum
of 10 years. Knee. 2014;21(4):858-61.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Innocenti M, Carulli C, Matassi F, Carossino AM,
Brandi ML, Civinini R. Total knee arthroplasty in
patients with hypersensitivity to metals. Int Orthop.
2014;38(2):329-33.

Heim CS, Postak PD, Greenwald AS. Factors
influencing the longevity of UHMWPE tibial
components. In: Pritchard D, editor. Instructional
Course Lectures, vol. 45. Chicago, IL: American
Academy of Orthopaedic Surgeons; 1996.

Morra EA, Postak PD, Greenwald AS. Surface
stress: a factor influencing ultra-high molecu-
lar weight polyethylene durability in mobile-
bearing knee design. Orthopedics. 2007;30
(5 Suppl):35-8.

Ries MD, Scott ML, Jani S. Relationship between
gravimetric wear and particle generation in hip
simulator: conventional compared with cross-linked
polyethylene. J Bone Joint Surg Am. 2001;83(Suppl
2, Pt2):116-22.

Ingram JH, Fisher J, Stone M, et al. Effect of cross-
linking on biological activity of UHMWPE wear
debris. Trans Orthop Res Soc. 2003;28(2):1439.
Scott ML, Ries MD, Jani S. Abrasive wear in total
hip replacement: is crosslinked UHMWPE coupled
to ceramic heads the answer? Proc Am Acad Orthop
Surg. 2002;3:732.

Muratoglu OK, Burroughs BR, Christensen SD. In
vitro simulator wear of highly crosslinked tibias
articulating against explanted rough femoral compo-
nents. Trans Orthop Res Soc. 2004;29(1):297.

Good V, Ries M, Barrack RL, et al. Reduced wear
with oxidized zirconium femoral heads. J Bone Joint
Surg Am. 2003;85(Suppl 4):105-10.

Heyse TJ, Elpers ME, Nawabi DH, Wright TM, Haas
SB. Oxidized zirconium versus cobalt-chromium in
TKA: profilometry of retrieved femoral components.
Clin Orthop Relat Res. 2014;472(1):277-83.

Laskin RS. An oxidized Zr ceramic surfaced femoral
component for total knee arthroplasty. Clin Orthop
Relat Res. 2003;416:191-6.

Minoda Y, Hata K, Iwaki H, Tkebuchi M, Hashimoto
Y, Inori F, Nakamura H. No difference in in vivo
polyethylene wear particles between oxidized zir-
conium and cobalt-chromium femoral component in
total knee arthroplasty. Knee Surg Sports Traumatol
Arthrosc. 2014;22(3):680-6.

Lavernia CJ, Sierra RJ, Hungerford DS, et al.
Activity level and wear in total knee arthroplasty.
J Arthroplast. 2001;16(4):446-53.

Mont MA, Rajadhyaksha AS, Marxen JL, et al.
Tennis after total knee arthroplasty. Am J Sports
Med. 2002;30(2):163-6.

Seedhom BB, Wallbridge NC. Walking activities and
wear of prostheses. Ann Rheum Dis. 1985;44:838.
Benjamin J, Tucker T, Ballesteros PI. Obesity a
contraindication to bilateral total knee arthroplas-
ties under one anesthetic? Clin Orthop Relat Res.
2001;392:190-5.

Deshmukh RG, Hayes JH, Pinder IM. Does body
weight influence outcome after total knee arthro-



2

Implant Bearings in Total Knee Arthroplasty

25

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

plasty? A 1-year analysis. J Arthroplast. 2002;17(3):
315-9.

Griffin FM, Scuderi GR, Insall JN, et al. Total knee
arthroplasty in patient who were obese with 1 years
followup. Clin Orthop Relat Res. 1998;356:28-3.
Mont MA, Mathur SK, Krackow KA, et al.
Cementless total knee arthroplasty in obese patients.
A comparison with a matched control group.
J Arthroplast. 1996;11(2):153-6.

Spicer DD, Pomeroy DL, Badenhausen WE, et al.
Body mass index as a predictor of outcome in total
knee replacement. Int Orthop. 2001;25(4):246-9.
Wendelboe AM, Hegmann KT, Biggs JJ, et al.
Relationships between body mass indices and surgi-
cal replacement of knee and hip joints. Am J Prev
Med. 2003;25(4):290-5.

Vazquez-Vela Johnson G, Worland RL, Keenan J,
et al. Patient demographics as a predictor of the ten-
year survival rate in primary total knee replacement.
J Bone Joint Surg Br. 2003;85(1):52-6.

Blunn GW, Walker PS, Joshi A, et al. The domi-
nance of cyclic sliding in producing wear in
total knee replacements. Clin Orthop Relat Res.
1991;273:253-60.

Kawanabe K, Clarke IC, Tamura J, et al. Effects
of A-P translation and rotation on the wear of
UHMWEPE in a total knee joint simulator. J Biomed
Mater Res. 2001;54(3):400-6.

Rose RM, Goldfarb HV. On the pressure dependence
of the wear of ultrahigh molecular weight polyethyl-
ene. Wear. 1983;92:99-111.

Rostoker W, Galante JO. Contact pressure
dependence of wear rates of ultra high molecu-
lar weight polyethylene. J Biomed Mater Res.
1979;12:957-64.

Sathasivam S, Walker PSA. Computer model with
surface friction for the prediction of total knee kine-
matics. J Biomech. 1996;30(2):177-84.

Szivek JA, Anderson PL, Benjamin JB. Average
and peak contact stress distribution evalua-
tion of total knee arthroplasties. J Arthroplast.
1996;11(8):952-63.

Wimmer MA, Andriacchi TP. Tractive forces
during rolling motion of the knee: implications
for wear in total knee replacement. J Biomech.
1996;30(2):131-7.

Wimmer MA, Andriacchi TP, Natarajan RN,
et al. A striated pattern of wear in ultrahigh-
molecular-weight polyethylene components of
Miller-Galante total knee arthroplasty. J Arthroplast.
1998;13(1):8-16.

Booth RE Jr. Total knee arthroplasty in the obese
patient: tips and quips. J Arthroplasty. 2002;17(4
Suppl 1):69-70.

Robertson NB, Battenberg AK, Kertzner M,
Schmalzried TP. Defining high activity in arthroplasty
patients. Bone Joint J. 2016;98(1 Suppl A):95-7.
Issa K, Jauregui JJ, Given K, Harwin SF, Mont
MA. A prospective, longitudinal study of patient
activity levels following total knee arthroplasty strat-

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

ified by demographic and comorbid factors. J Knee
Surg. 2015;28(4):343-7.

Ledford CK, Millikan PD, Nickel BT, Green CL,
Attarian DE, Wellman SS, Bolognesi MP, Queen
RM. Percent body fat is more predictive of function
after total joint arthroplasty than body mass index.
J Bone Joint Surg Am. 2016;98(10):849-57.

Paxton EW, Torres A, Love RM, Barber TC,
Sheth DS, Inacio MC. Total joint replacement: a
multiple risk factor analysis of physical activity
level 1-2 years postoperatively. Acta Orthop.
2016;87:44-9.

Apkarian J, Naumann S, Cairns BA. Three-
dimensional kinematic and dynamic model of the
lower limb. J Biomech. 1989;22:143-55.

LaFortune MA, Cavanaugh PR, Sommer HIJ, et al.
Three-dimensional kinematics of the human knee
during walking. J Biomech. 1992;25:347-57.
Morrison JB. Function of the knee joint in various
activities. Biomed Eng. 1969;4:573-80.

Murray MP, Drought AB, Kory RC. Walking
patterns in normal men. J Bone Joint Surg Am.
1964:46:335-60.

Paul JP. Forces transmitted by joints in the human
body. Proc Inst Mech Eng. 1967;181:358.

Cameron HU. Tibial component wear in total
knee replacement. Clin Orthop Relat Res.
1994;309:29-32.

Eckhoff DG, Metzger RG, Vedewalle

MV. Malrotation associated with implant alignment
technique in total knee arthroplasty. Clin Orthop
Relat Res. 1995;321:28-31.

Fehring TK. Rotational malalignment of the femoral
component in total knee arthroplasty. Clin Orthop
Relat Res. 2000;380:72-9.

Lewis P, Rorabeck CH, Bourne RB, et al.
Posteromedial tibial polyethylene failure in
total knee replacements. Clin Orthop Relat Res.
1994;299:11-7.

Swany MR, Scott RD. Posterior polyethylene
wear in posterior cruciate ligament-retaining total
knee arthroplasty: a case study. J Arthroplast.
1993;8:439-46.

Dennis DA, Komistek RD, Cheal EJ, et al. Vivo
femoral condylar lift-off in total knee arthroplasty.
Orthop Trans. 1997;21:1112.

Morra EA, Postak PD, Plaxton NA, et al. The
effects of external torque on polyethylene tibial
insert damage patterns. Clin Orthop Relat Res.
2003;410:90-100.

Baumbach JA, Willburger R, Haaker R, Dittrich M,
Kohler S. 10-year survival of navigated versus con-
ventional TKAs: a retrospective study. Orthopedics.
2016:39(3):S72-6.

de Steiger RN, Liu YL, Graces SE. Computer navi-
gation for total knee arthroplasty reduces revision
rate for patients less than sixty-five years of age.
J Bone Joint Surg Am. 2015;97(8):635-42.

Gustke KA, Golladay GJ, Roche MW, Jerry GJ,
Elson LC, Anderson CR. Increased satisfaction after



26

C.S.Heim and A.S. Greenwald

191.

192.

193.

194.

total knee replacement using sensor-guided technol-
ogy. Bone Joint J. 2014;96(1):1333-8.

Miyasaka T, Kurosaka D, Omori T, Ikeda R, Marumo
K. Accuracy of computed tomography-based naviga-
tion-assisted total knee arthroplasty: outlier analysis.
J Arthroplast. 2016. [Epub ahead of print].

Nodzo SR, Carroll KM, Mayman DJ. Disposable
navigation for total knee arthroplasty. Am J Orthop.
2016;45(4):240-5.

Picard F, Deep K, Jenny JY. Current state of the
art in total knee arthroplasty computer naviga-
tion. Knee Surg Sports Traumatol Arthrosc.
2016;24(11):3565-74.

Todesca A, Garro L, Penna M, Bejui-Hugues
J. Conventional versus computer-navigated TKA:
a prospective randomized study. Knee Surg Sports
Traumatol Arthrosc. 2016. [Epud ahead of print].

195.

196.

197.

Dyrhovden GS, Fenstad AM, Furnes O, Gothesen
O. Survivorship and relative risk of revision in
computer-navigated versus conventional total knee
replacement at 8-year follow-up. Acta Orthop.
2016;24:1-8.

Gharaibeh MA, Solaya GN, Harris IA, Chen DB,
MacDessi  SJ.  Accelerometer-based, portable
navigation (KneeAlign) vs. conventional instru-
mentation for total knee arthroplasty: a prospec-
tive randomized comparative trial. J Arthroplast.
2017;32(3):777-82.

Steinhaus ME, McLawhorn AS, Richardson SS,
Maher P, Mayman DJ. Handheld navigation device
and patient-specific cutting guides result in similar
coronal alignment for primary total knee arthro-
plasty: a retrospective matched cohort study. HSS J.
2016;12(3):224-34.



	2: Implant Bearings in Total Knee Arthroplasty
	 The Enduring Goal
	 The Triad: The Implant
	 The Evolution of UHMWPE
	 The Femoral Side
	 The Tibial-Femoral Geometries
	 The Wear Particles Produced

	 The Triad: The Patient
	 The Triad: The Surgery
	 The Enduring Promise
	References


