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Improvements in the processing of polyethylene have led to a dramatic reduction in wear rates in total
hip arthroplasty. This led to the adoption of modern highly cross-linked polyethylene in total knee
arthroplasty (TKA). However, the differences in modes of wear and failure between total hip arthroplasty
and TKA have tempered expectations regarding similar decreases in polyethylene-related complications
in TKA. We present a case of early catastrophic failure of a modern sequentially irradiated and annealed
highly cross-linked polyethylene insert only 5 years after contemporary cementless TKA.
© 2019 The Authors. Published by Elsevier Inc. on behalf of The American Association of Hip and Knee
Surgeons. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
Introduction

Historically, conventional polyethylene was irradiated in air,
which resulted in the production of free radicals prone to oxidation
and resultant highwear rates and revision due to osteolysis [1]. This
has been heavily studied in total hip arthroplasty (THA) as it is felt
that the differences in wear mechanisms between THA and total
knee arthroplasty (TKA) result in more benefit of improved wear
characteristics for THA bearings which primarily fail by head
penetration and osteolysis [2]. Alternatively, TKA inserts are most
susceptible to failure by pitting and delamination. Improvements in
processing of polyethylene, mainly increased cross-linking, over
the past 10-15 years have been translated into use in TKA and
resulted in minimized failure rates because of polyethylene wear
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[3-5]. However, there remains concern that polyethylene failure
mechanisms may not be solved by the modern highly cross-linked
polyethylene (HXLPE). Furthermore, the more complex sliding,
rolling, and pivoting motion of TKA may not translate into the
substantial polyethylene wear reduction that has been observed in
THA. In addition, when polyethylene wear does occur, it tends to be
a late mode of failure, generally greater than 10 years after primary
TKA [4,5]. We present a case of early catastrophic failure of a
modern sequentially irradiated and annealed HXLPE insert only
5 years after contemporary cementless TKA.

Case history

This case involves a 51-year-old female who presented with
right knee pain secondary to end-stage valgus osteoarthritis of the
right knee (Fig. 1). She had failed nonoperative management and
therefore elected to undergo TKA. This was performed with
cementless components with an anterior-lipped sequentially
irradiated and annealed polyethylene insert (X3; Stryker, Mahwah,
NJ) with the patella left unresurfaced (Fig. 2). Her immediate
postoperative course was uneventful. However, at 5 years post-
operative, she presented complaining of minor stiffness. On ex-
amination, she demonstrated increased varus-valgus instability
with firm endpoints throughout range of motion. Radiographically,
posteromedial polyethylene wear was noted on successive
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Figure 1. Preoperative standing (a) anteroposterior (AP) and (b) lateral right knee radiographs demonstrating valgus osteoarthritis.
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radiographs (Fig. 3). At 5-1/2 years postoperative, she had devel-
oped increasing feelings of instability and pain. Radiographically
she had completely worn through her polyethylene poster-
omedially and revision surgery was recommended (Fig. 3). At the
time of revision, her cementless components were well ingrown,
but posteromedial polyethylene wear was found to the point that
the medial femoral condyle was articulating on the tibial tray
causing intra-articular metallosis (Fig. 4). In addition, the entire
polyethylene surface demonstrated yellow discoloration consistent
with oxidation. Owing to the tibial component damage, total revi-
sion was performed, and at 1-month follow-up, the patient was
recovering well without complication or complaints (Fig. 5).
Figure 2. Four-week postoperative (a) AP and (b) lateral radi
Discussion

The preparation of polyethylene includes cross-linking with
irradiation and subsequent remelting or annealing to reduce free
radicals. Despite this, free radicals are never completely eliminated,
and in vivo oxidation still occurs, resulting in wear and osteolysis.
Remelting occurs above the polyethylene melting point while
annealing heats the polyethylene below the melting point.
Sequentially irradiated and annealed polyethylene (X3; Stryker,
Mahwah, NJ) consists of 3 rounds of irradiating and annealing the
polyethylene. It was developed with the goal of further reducing
free radicals without substantially affecting the mechanical
ographs demonstrating press-fit total knee arthroplasty.



Figure 3. Progression of postoperative standing radiographs at (a) 6 mo, (b) 14 mo, (c) 2 y, (d) 5 y, (e) and 5.5 y demonstrating progressive posteromedial polyethylene wear.
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properties. Sequentially annealed polyethylene was used in this
case, and interestingly, we found not only catastrophic failure at 5
years but also yellow discoloration consistent with oxidation. There
are concerns that annealed polyethylene demonstrates a greater
propensity for oxidation because of residual free-radicals [6-8]. This
case highlights the fact that because mechanisms of wear and
failure of polyethylene in THA and TKA are different, the immense
improvementwith newer preparations in THAmay not bemirrored
in TKA. Conventional polyethylene had been associated with good
long-term outcomes in TKA, but transition to modern HXLPE
demonstrated further improvement in failure because of wear and
osteolysis in some studies. Thiele et al. [4] reported a reduction in
the proportion of TKA failures because of polyethylene wear with
modern polyethylene (7% vs 25% historically). Similarly, Sharkey
et al. [5] found only 3.5% of revisions being performed for poly-
ethylene wear. However, when comparing directly rather than us-
ing historical controls, other studies have demonstrated no
difference in wear rates comparing conventional and modern
polyethylene in TKA [9-11].

When it comes specifically to sequentially irradiated and
annealed polyethylene in TKA, retrieval studies have demonstrated
various wear patterns and oxidation but rarely early catastrophic
failure [7,12,13]. MacDonald et al. [12] published the largest
retrieval study of sequentially annealed polyethylene in TKA and
most commonly found burnishing, pitting, and scratching.
Although they reported no cases of revision for polyethylene wear
at less than 9.5 years implantation time, they did note 7 cases of
delamination and 6 cases of posterior polyethylene fracture of their
retrieved liners [12]. Although it has been theorized that sequen-
tially annealing polyethylene improves on once-annealed poly-
ethylene by further removing free radicals and does not have the
same negative mechanical effects as remelting, a close look at the
data indicates this may not be the case. The polyethylene fractures
reported by MacDonald et al. [12] are similar to those reported by
Teeter et al. [14] in remelted HXLPE. Our case of early catastrophic
wear of sequentially annealed polyethylene further supports the
notion that the purported benefits of sequentially annealed poly-
ethylene may not represent an improvement in TKA.

It is well known that numerous factors outside of polyethylene
preparation can contribute to wear in TKA. These include surgical
factors such as alignment and knee balance, and patient factors
such as age, weight, and activity level. Our patient did not report
excessive strenuous activity, her BMI at surgery was 31.5 kg/m2, and
her postoperative weightbearing radiographs demonstrated
appropriate coronal alignment with a lateral distal femoral angle of
85� and a medial proximal tibial angle of 90�. Interestingly, despite
her preoperative alignment of valgus, the patient demonstrated
excessive tibial bearing wear posteromedially. An additional
consideration is this TKA was a newer TKA design with cementless
fixation, which used a 3D-printed titanium tray. However, on in-
spection, there did not appear to be substantial backside wear on
the tibial tray side of the polyethylene insert. Rather, thewear of the
polyethylene was on the proximal side which articulates with the
femoral component.

Summary

Attempts to minimize free radicals while maintaining structural
integrity and maximizing wear characteristics led to the introduc-
tion of sequentially irradiated and annealed HXLPE. Most reports in
the literature comparing sequentially annealed HXLPE with con-
ventional polyethylene have supported equivalent or improved
rates of wear and oxidation. However, we present a case of early
catastrophic wear, resulting in metallosis requiring revision at 5
years postoperative. Although there are theoretical benefits of
sequentially irradiated and annealed polyethylene, our case



Figure 4. Photographs at the time of surgery demonstrating (a and b) posteromedial polyethylene wear resulting in (c and d) metal-on-metal articulation and (e and f) intra-
articular metallosis.

Figure 5. Postoperative (a) AP and (b) lateral radiographs after revision total knee arthroplasty.
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suggests that further research is warranted before widespread
adoption in TKA. Alternative methods of improving oxidation
resistance such as vitamin-E infusion may provide oxidative sta-
bility without negatively affecting mechanical properties. However,
further research is required to determine these long-term
outcomes.

Acknowledgments

The project described was supported by the Indiana University
HealthdIndiana School of Medicine Strategic Research Initiative.

References

[1] Fehring TK, Murphy JA, Hayes TD, Roberts DW, Pomeroy DL, Griffin WL.
Factors influencing wear and osteolysis in press-fit condylar modular total
knee replacements. Clin Orthop Relat Res 2004;428(428):40.

[2] Oral E, Muratoglu O. The adult hip: hip arthoplasty surgery. In: Callaghan JJ,
Rosenberg AG, Rubash HE, Clohisy JC, Beaul�e PE, Valle Della CJ, editors. Basic
science of polyethylene. 3rd ed. Philadelphia: Wolters Kluwer; 2016.

[3] Griffin WL, Fehring TK, Pomeroy DL, Gruen TA, Murphy JA. Sterilization and
wear-related failure in first- and second-generation press-fit condylar total
knee arthroplasty. Clin Orthop Relat Res 2007;464:16.

[4] Thiele K, Perka C, Matziolis G, Mayr HO, Sostheim M, Hube R. Current failure
mechanisms after knee arthroplasty have changed: polyethylene wear is less
common in revision surgery. J Bone Joint Surg Am 2015;97(9):715.
[5] Sharkey PF, Lichstein PM, Shen C, Tokarski AT, Parvizi J. Why are total knee
arthroplasties failing today–has anything changed after 10 years?
J Arthroplasty 2014;29(9):1774.

[6] Currier BH, Van Citters DW, Currier JH, Collier JP. In vivo oxidation in remelted
highly cross-linked retrievals. J Bone Joint Surg Am 2010;92(14):2409.

[7] Reinitz SD, Currier BH, Van Citters DW, Levine RA, Collier JP. Oxidation and
other property changes of retrieved sequentially annealed UHMWPE acetab-
ular and tibial bearings. J Biomed Mater Res B Appl Biomater 2015;103(3):578.

[8] Currier BH, Currier JH, Mayor MB, Lyford KA, Collier JP, Van Citters DW.
Evaluation of oxidation and fatigue damage of retrieved crossfire polyethylene
acetabular cups. J Bone Joint Surg Am 2007;89(9):2023.

[9] Meneghini RM, Lovro LR, Smits SA, Ireland PH. Highly cross-linked versus
conventional polyethylene in posterior-stabilized total knee arthroplasty at a
mean 5-year follow-up. J Arthroplasty 2015;30(10):1736.

[10] Minoda Y, Aihara M, Sakawa A, et al. Comparison between highly cross-
linked and conventional polyethylene in total knee arthroplasty. Knee
2009;16(5):348.

[11] Hodrick JT, Severson EP, McAlister DS, Dahl B, Hofmann AA. Highly cross-
linked polyethylene is safe for use in total knee arthroplasty. Clin Orthop Relat
Res 2008;466(11):2806.

[12] MacDonald DW, Higgs GB, Chen AF, Malkani AL, Mont MA, Kurtz SM.
Oxidation, damage mechanisms, and reasons for revision of sequentially
annealed highly crosslinked polyethylene in total knee arthroplasty.
J Arthroplasty 2018;33(4):1235.

[13] Kop AM, Pabbruwe MB, Keogh C, Swarts E. Oxidation of second generation
sequentially irradiated and annealed highly cross-linked X3™ polyethylene
tibial bearings. J Arthroplasty 2015;30(10):1842.

[14] Teeter MG, McAuley JP, Naudie DD. Fracture of two moderately cross-linked
polyethylene tibial inserts in a TKR patient. Case Rep Orthop 2014;2014(3):
491384.

http://refhub.elsevier.com/S2352-3441(19)30166-9/sref1
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref1
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref1
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref2
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref2
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref2
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref2
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref3
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref3
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref3
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref4
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref4
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref4
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref5
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref5
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref5
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref6
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref6
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref7
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref7
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref7
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref8
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref8
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref8
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref9
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref9
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref9
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref10
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref10
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref10
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref11
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref11
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref11
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref12
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref12
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref12
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref12
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref13
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref13
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref13
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref14
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref14
http://refhub.elsevier.com/S2352-3441(19)30166-9/sref14

	Early failure of sequentially annealed polyethylene in total knee arthroplasty
	Introduction
	Case history
	Discussion
	Summary
	Acknowledgments
	References


