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ARTICLE INFO ABSTRACT

Keywords: This paper investigates the surface damage modes found on bilateral tibial inserts (implanted for
Tibial insert 137 and 146 months). This paper also investigated whether posterior cruciate ligament (PCL)
Polyethylene

deficiency can be considered an external factor that worsen wear and contribute towards total
knee replacement (TKR) failure. Results show that pitting, scratching, and delamination were the
dominant wear features on both inserts and surface roughness was higher on lateral compart-
ments of both inserts. PCL deficiency contributed towards increased surface roughness in the
medial compartment of the left insert but was not the main factor leading to TKR failure. The
right insert showed oxidation index (OI) of 1.57, crystallinity of 88.95 %, microhardness of 5.55
+ 0.82 HV, and molecular weight of 30,975 g/mol. Meanwhile, the left insert exhibited OI of
2.99, crystallinity of 60.89 %, microhardness of 5.51 + 1.51 HV, and molecular weight of
295,246 g/mol. Our study concludes that long-term implantation leads to more severe oxidation
degradation of the inserts.
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1. Introduction

Total knee replacement (TKR) is a surgical procedure widely used for treating severe knee arthritis to relieve pain and improve
function in patients with advanced joint disease. However, the need for revision surgeries due to primary TKR failure remains a
concern, with the failure rate at around 6 % at 12 years post-operatively [1]. Recent studies found that the major causes of implant
failure are instability, alongside infection, aseptic loosening, stiffness, and polyethylene wear [2,3].

The primary cause of polyethylene wear in TKR was a combination of persistent oxidative degradation and mechanical stress, with
the former expediting the latter [4]. Oxidative degradation had been shown to worsen over longer implantation time [5], resulting in
changes in mechanical properties thus leading to further mechanical degradation. Previous failure analysis studies categorized wear
features into two groups: low-grade wear (burnishing, abrasion, and cold flow) and high-grade wear (scratching, pitting, metal
embedding, and delamination) [6]. High-grade wear, such as delamination, has been found in short (<5 years), medium (5-10 years),
and long (>10 years)-term retrievals [7].

On the other hand, previous literature reviews reported that 32 % of patients complained of knee instability accompanied by pain
and limited activity [8]. This factor is more common in knee replacement compared to hip replacement due to the relatively flat knee
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tibial surface as opposed to the ball-in-socket shape of the hip joint, which allows for a greater range of motion and a higher degree of
conformity between the articulating surfaces, resulting in smoother movement and reduced wear [9]. Instability can be explained as
abnormal displacement of the knee prosthesis, resulting in clinical failure [10]. Late instability after TKR can be caused by either
polyethylene wear alone or coupled with the integrity of surrounding ligaments, such as the posterior cruciate ligament (PCL) [10].
Previous studies have shown that PCL deficiency after primary TKR often results in instability thus leading to revision surgeries [11].

The bilateral tibial inserts in this study were retrieved due to wear (right insert) and PCL deficiency (left insert) which may lead to
instability. Therefore, this surface analysis study was done to explain the degradation that occurred during in vivo service and to
understand the impact of long-term implantation and whether PCL deficiency will influence surface damage in any way. These inserts
were retrieved from a senior female patient’s bilateral knee prostheses. Microscopy, spectroscopy, calorimetry, and microhardness
were implemented to gain information on the physical, chemical, and mechanical properties and degradation after their in vivo
service.

2. Materials and methods
2.1. Retrieved samples

The study investigated bilateral UHMWPE tibial inserts retrieved from a 75-year-old female patient who initially underwent pri-
mary bilateral knee replacement surgery in September 2007. Approximately a decade following surgery, the patient began to expe-
rience significant pain in both knees, exacerbated by movement and particularly acute during walking and directional changes. The
pain was more pronounced on the right side. Clinical evaluations revealed no signs of effusion or fluid accumulation around either
implant. The narrow gap between the tibial and femoral components, as marked by red arrows and lines in the radiographic analysis in
Fig. 1, indicated a reduction in insert thickness in both left and right tibial inserts pre-explantation. However, there was no loosening of
the implant-bone interface or misalignment occurred. The explanted prostheses were identified as cruciate-retaining conventional
UHMWPE models (NRG-Stryker), designed without the inclusion of a post.

2.1.1. Right-knee

The right knee implant was retrieved in February 2019, 11 years and 5 months after implantation. Mild coronal plane instability
was detected, but the range of motion remained within acceptable limits, and the PCL was intact. The revision procedure showed no
signs of loosening of the metal components, so only the UHMWPE tibial insert was replaced. Notable wear patterns were identified on
the insert’s medial and lateral articulating surfaces.

2.1.2. Left-knee

The left knee implant was removed in November 2019 after 12 years and 2 months of implantation. The clinical assessment found
more looseness in the front-to-back direction of the joint, which led to the joint bending backward more than normal. While the
metallic components of the implant remained securely fixed, the PCL was deficient. Thus, the metal component was removed alongside
the tibial insert to accommodate a posterior-stabilized implant system.

2.2. Surface evaluation (zoning)

The failure analysis of retrieved UHMWPE tibial inserts was performed by examining the surface morphology of the samples. This
study focused on the UHMWPE inserts used in knee joint applications, specifically looking at the interface between the femoral metal
and the polymer tibial insert. Over extended years of use, these inserts underwent noticeable changes in their surface characteristics.
This analysis aimed to evaluate the alterations in surface roughness and degradation of the UHMWPE samples, primarily attributed to
wear-related activities during their in vivo service.

Fig. 1. Radiographs pre-explantation of right knee a) front, b) lateral and left knee c) front, d) lateral.
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Surface analysis was done according to a zoning pattern used by Currier et.al [12] that built upon Wasielewski et al’s works. The
grid used in this study divided the sample into three zones (top, middle, bottom) for each medial-lateral compartments and a zone
between the medial-lateral compartments, as shown in Fig. 2. 3D Digital Microscope (Hirox, USA Inc.) was utilized to assess wear
degradation on the retrieved samples. This approach is expected to identify areas with higher surface roughness, indicative of wear
damage. Surface roughness was then quantitatively measured using a 3D Optical Surface Profiler (ZeGage, ZYGO, United States).
Multiple measurements were recorded at various points within each zone. The average values from these measurements were
compared between the left and right UHMWPE inserts and across different zones on the medial-lateral side.

Additionally, high-resolution 3D imaging gave detailed information about the surface profile of each measured area. Subsequently,
these identified areas will be examined in greater detail using a Scanning Electron Microscope (SEM) (JOEL JSM-6010 Plus/LV) to
characterize the wear damage further, focusing on areas with pronounced surface roughness in both the medial and lateral com-
partments for the left and right knee inserts.

2.3. Oxidation characterisation

It has been observed that oxidation in Ultra-High Molecular Weight Polyethylene (UHMWPE) can lead to a deterioration in its
mechanical characteristics, such as a reduction in toughness and a decline in wear resistance, which ultimately contributes to the
material’s degradation [13,14]. Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy (ATR-FTIR) (IRTracer-100
Fourier Transform Infrared Spectrometer) was employed to measure the extent of oxidative degradation in UHMWPE samples. This
technique involved analyzing the strength of the carbon-oxygen bonds. The analysis targeted the bulk region of the tibial inserts. The
samples’ thickness varied within a flexible range to ensure firm contact with the ATR crystal, which is critical for accurate readings.
The scanning spectrum captured transmittance data ranging from 500 cm ™! to 4000 cm . The Oxidation Index (OI) was calculated by
comparing the area under the carbonyl peak around 1700 cm ™ with a reference peak between 1330 cm ™! and 1390 cm ™! as shown by
the Equation (1) below:

A
Oxidation Index (OI) = “lcarbonyl .

reference

Equation (1): Oxidation index calculation [15]
2.4. Crystallinity measurement

The degree of crystallinity in UHMWPE is directly related to its mechanical strength and stiffness. A higher crystallinity usually
translates to increased hardness and wear resistance but can also lead to decreased toughness [16]. The crystalline regions provide
structural stability, while the amorphous regions allow for some flexibility. The degree of crystallinity was measured using Differential
Scanning Calorimetry (DSC) (Shimadzu DSC 60 Plus Standard model) by quantifying the heat of fusion needed to melt the polymer
[17]. The sample weight used was 5 mg, and the analysis was performed by purging nitrogen gas at a flow rate of 10 mL/minute. The
sample was then heated with an initial temperature of 30 °C at a rate of 10 °C/minute until it reached the final temperature of 250 °C
and subsequently kept at a constant temperature for 5 min before it was cooled down to 5 °C. The sample was kept at a constant
temperature for 5 min and then reheated back to 250 °C at the same rate as previously stated. The percentage of crystallinity was
measured by comparing the total heat of melting to the total heat of fusion. The initial heat of fusion for UHMWPE is 239 J/g [16].

Lateral Side Medial Side

Fig. 2. The grids used to divide the implant into zones for surface analysis [12].
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2.5. Molecular weight measurement

UHMWPE’s high molecular weight contributes significantly to its exceptional mechanical properties. The long polymer chains
increase entanglement, enhancing the material’s toughness and impact resistance. Higher molecular weight UHMWPE also tends to
have better wear resistance, which is crucial for applications like joint replacements [18]. Gel Permeation Chromatography (GPC) is a
well-established technique for separating and determining molecular weights of polymers, including UHMWPE. It provides valuable
data on the molecular weight changes due to mechanical degradation, oxidation, or other factors affecting the polymer’s integrity
[19]. This measurement was performed by GPC (Waters 2414 refractive index (RI) detector, Gentech Scientific, New York) analysis on
selected zones of the retrieved UHMWPE samples with recorded mass of 0.1 g. The UHMWPE samples were thinly sliced and dissolved
in Tetrahydrofuran at approximately 60 °C for seven days. The weight average molecular weight (Mw) and number average molecular
weight (Mn) were used to calculate the polydispersity index (PDI), which is defined as PDI = Mw/Mn [20].

2.6. Microhardness test

Microhardness is a mechanical test conducted to measure the hardness of the retrieved tibial insert at the microscopic level. This
test is commonly used in failure analysis studies of retrieved tibial inserts as it can provide valuable information about the material
properties and potential causes of failure [21-23,6]. A small indenter is pressed into the surface of the material being tested during a
microhardness test. A load of 98 mN was applied with a holding time of 15 s. The size and shape of the indentation were used to
calculate the material’s hardness as shown in Fig. 3. The equation for Vickers hardness (Hv) is shown below:

P

H, =1854.4 (dz

) kgf mm 2 2)
Equation (2): Equation for Vickers hardness [24]

3. Results and discussion

There were a few limitations that should be acknowledged. Firstly, the authors had no access to the patient’s full medical history
before revision surgery. Secondly, the original specifications of the UHMWPE tibial insert preceding implantation, such as its original
dimensions, mechanical and chemical properties, were unavailable. As such, this lack of knowledge prohibited authors from proposing
an in-depth relationship between underlying medical conditions and the state of the retrieved implant. Instead, this study will focus on
analyzing the bilateral tibial inserts’ surface damage and establishing the relationship, if any, between surface damage observed and
uneven load distribution due to instability under the influence of PCL integrity combined with the long-term implantation service. The
11 years 5 months right tibial insert’s and 12 years 2 months left tibial insert’s in vivo service in this study provided a realistic rep-
resentation of the mechanical loads and oxidative degradation that the tibial inserts underwent in the knee joint and therefore offered
valuable insights into the long-term performance of the implant.

UHMWPE tibial inserts from the bilateral knee prosthesis were received in a condition with significant damage on both right and
left inserts. General visual observation showed that the 11 years 5 months right tibial insert which was retrieved due to wear had more
severe macroscopic surface damage than the 12 years 2 months left tibial insert which was retrieved due to PCL deficiency. Previous
research has indicated that a lack of PCL may lead to instability, which is hypothesized to alter the load distribution on the knee and
influence the wear patterns of the polyethylene material in the implant [25,26]. In contrast, the normal PCL-intact knee is expected to
maintain more stable biomechanics with high-grade wear and oxidative degradation, as previously found in long-term failure analysis
studies [27]. The consistent compressive strain in PCL-intact knee contributes towards the more significant macro damage of the right
knee [28]. Thus, further analysis on a microscopic level was done to characterise the damage and confirm whether PCL integrity played
any role in the observed surface damage.

The inserts were analysed according to Currier zoning system [12]. There was visible damage in the middle zone of both lateral-
medial compartments of the right and left tibial insert, as shown in Fig. 5 and Fig. 4, as expected due to the distribution of Von Mises
(effective) stress on the surface of the tibial insert during normal knee joint movement which is concentrated at the middle zone [29].

P Indenter

Vs ‘

T specimen Pyramidal

| indentation

Side view Top view

Fig. 3. Schematic of microhardness indentation [24].
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Fig. 5. Wear modes found using 3D digital microscope on middle zone of the left tibial inserts medial compartment and lateral compartments.

This stands true regardless of the knee implant designs as supported by previous studies [12,30] and a more recent computational
model that showed wear concentrated in the middle zone of the tibial insert [31]. The retrieved tibial inserts’ conditions were further
analyzed by characterizing the morphological conditions. 3D optical microscope images of the 11 years 5 months right tibial insert in
Fig. 4 revealed small craters, known as pits, as the dominant wear modes found alongside patterns of deformation, recognized as creep
and ripple wear. On the other hand, microscopic analysis of the 12 years 2 months left tibial insert’s surface recorded multidirectional
scratches and pits of various sizes in both medial and lateral compartments as shown in Fig. 5. Notably, the lateral compartment
showed onset of delamination with visual signs of the polyethylene layer separation. In contrast, the medial compartment was
distinguished by a rippled, bumpy texture indicative of surface deformation. From these micrographs’ observation, the surface wear
damage on the 12 years 2 months left tibial insert from mechanical loading were less severe which can be contributed to the PCL-
deficiency induced instability, which can lead to altered gait characteristics and joint contact mechanics, thus affecting the distri-
bution of contact loads on the implant surface [32,33].

To further understand the extent of surface damage observed, surface roughness measurements of the retrieved tibial inserts were
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performed. The average surface roughness data in Table 1 showed a significant difference between the lateral-medial part for both
right and left tibial inserts. The average surface roughness of the lateral part (5.753 + 18.37) pm was higher than the medial part
(3.863 + 10.47) pm for the 11 years 5 months right tibial insert, and a similar trend was observed in the 12 years 2 months left tibial
insert where the average surface roughness of the lateral part (5.843 + 9.10) pm was higher than the medial part (4.181 + 9.73) pm.
The rough surface on the lateral part indicates the surface have undergone more wear than the medial part. The lateral compartment
often endures higher mechanical stress during activities as it compensates for gait and weight distribution variances, particularly
during dynamic activities such as turning and high flexion activities [26,34]. Additionally, although the dynamic load was higher in
the medial compartment, articular cartilage is anatomically thicker in the lateral compartment in both the femur and tibia [35]. These
factors could explain the increased wear and surface roughness laterally. The average surface roughness of lateral part of right and left
tibial inserts does not differ significantly, suggesting that the integrity of PCL might not significantly alter the distribution of stress
across the lateral compartment of the knee [28,36]. However, when examining the medial compartments, the surface roughness values
in the PCL-deficient 12 years 2 months left tibial insert are notably higher (4.181 + 9.73) pm compared to those in the PCL-intact 11
years 5 months right tibial insert (3.863 + 10.47) pm. Interestingly, an increase in surface roughness values in the bottom region of the
PCL-deficient left tibial insert was observed. This finding was supported by Deng et al. who found that PCL deficiency changes the knee
joint mechanics and cause instability, particularly evident in the posterior (bottom) region due to the posterior subluxation of the
medial tibial plateau [28]. These alterations lead to increased wear and surface damage in the medial compartment of the PCL-
deficient 12 years 2 months left tibial inserts, proven by higher surface roughness values compared to the PCL-intact 11 years 5
months right tibial insert.

Further morphological analysis was done to clarify whether the surface damage, in any way, was influenced by knee’s PCL integrity
and implantation time. 3D laser images in Fig. 6 (a-b) showed pits and scratches in the PCL-intact 11 years 5 months right tibial insert,
with the lateral part showing more severe surface damage than the medial part. Meanwhile, pits and scratches are found on the PCL-
deficient 12 years 2 months left tibial insert, with the lateral part showing higher damage than its medial part, as shown in Fig. 7(a-b).

SEM further characterized the surface damage to understand the wear features’ occurrence and implantation time. The SEM
analysis was performed on the middle zone, with higher surface roughness as more wear features contribute to the high surface ir-
regularities expected to be observed in this zone. The microscopic images of the SEM analysis for the right tibial insert and left tibial
insert are shown in Fig. 8 and Fig. 9 respectively. Previous failure analysis studies assessed the retrieved tibial insert for seven modes of
surface damage: pitting, scratching, delamination, third body debris, surface deformation, burnishing, and abrasion [37] to determine
the severity of surface damage. The SEM analysis revealed that delamination was the dominant wear mode across the lateral-medial
compartment of the right tibial insert with clear evidence of material detachment and pit formation, as illustrated in Fig. 8 (b-d).
Scratches were also present, as shown in Fig. 8 (a,f). Other wear features observed were creep in Fig. 8(a) and ripples in Fig. 8 (e),
characterized by its wave-like appearance and prominent only on the medial part.

On the other hand, the SEM analysis of the left tibial insert found that multidirectional scratch tracks are prominent across the
lateral-medial part, evidenced in Fig. 9 (a-f). At the same time, delamination was more dominant on the lateral part, as shown in Fig. 9
(a-c). Fig. 9 (b,d,f) showed pitting was found on the lateral-medial part of the left tibial insert. Like the right tibial insert, the left tibial
insert also possessed ripples only on its medial part, as indicated in Fig. 9 (d-f).

Delamination refers to separating large sheets of polyethylene from the underlying layers. It is typically observed in short (< 5
years), medium (5-10 years), and long (> 10 years) term retrievals of knee prostheses [7]. It is a severe type of wear and is often the
result of mechanical fatigue and oxidative degradation over time [38]. While abrasive and adhesive wear mechanisms predominantly
characterize retrieved acetabular hip liners, fatigue-worn surfaces are more commonly observed in knee tibial inserts [3,39]. Fatigue in
this context is defined as the progressive and localized micro-structural damage occurring from cyclic loading, with the ’fatigue life’
being the number of cycles needed to reach catastrophic material failure. It has been reported in previous studies that conventional
polyethylene has a fatigue life of approximately five million cycles, after which fatigue-related wear modes like delamination and
pitting become evident [13,39]. Given that the average gait cycle from walking activity of patient with total knee replacement (TKR) is
about 1.2 million cycles per year [40], the emergence of delamination and pitting in this study is expected due to the prolonged
duration of implantation of 11 years 5 months and 12 years 2 months which surpass the five million cycles threshold [41]. However, as
the patient was elderly with a knee condition, the patient may experience lower cyclic loading due to inactivity; thus, cyclic loading
might not be the major contributor to the delamination damage. Hence, oxidation may be the main factor leading to delamination
damage, which will be further investigated. Previous studies elaborate on this interaction, highlighting the compounded effects of
mechanical stress and oxidative processes on the integrity of the polyethylene material in the context of knee joint replacements
[13,14,42].

In addition to delamination, scratch tracks and pits were also detected on both tibial inserts’ surfaces, often resulting from the

Table 1
Surface roughness measurement of bilateral UHMWPE tibial inserts.
PE Tibial Insert Compartment Top Middle Bottom Average (pm)
Zone 1,2 3,4 5,6
Right Lateral 5.012 + 0.45 11.204 + 18.16 1.043 + 2.75 5.753 + 18.37
Medial 1.432 +0.51 8.693 +10.38 1.464 + 1.27 3.863 &+ 10.47
Left Lateral 3.207 + 2.98 11.879 £ 8.46 2.441 £ 1.50 5.843 + 9.10
Medial 2.859 + 3.14 7.021 £ 7.02 2.664 + 2.48 4.181 £ 9.73
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Fig. 6. 3D laser images taken for surface roughness measurement of right knee tibial inserts; a) lateral and b) medial compartment.

abrasive action of particulate debris entering the joint space. A study by Garabedian et al. analyzed the wear pattern on a retrieved
tibial insert and found that debris like bone, bone cement, and metallic particles are responsible for third-body abrasion of the
polyethylene mobile bearing surface [43]. These particles can drag across the surface of the polyethylene inserts, leading to scratching,
defined as hard particles’ linear abrasion, or marking of the surface. The contrast in scratch track patterns between the left and right
tibial insert showed that the PCL influences stress distribution and subsequent wear patterns across the tibial insert. These findings
support the hypothesis that the PCL deficiency resulted in inconsistent kinematics, leading to non-uniform scratches [44,45]. In
comparison, the intact PCL stabilizes, thus promoting even stress distribution across the tibial insert surface, reflected in the more
consistent scratch track pattern [46]. On the other hand, pitting was characterized by small, round indentations on the articulating
surface caused by the same type of abrasive action. Both scratching and pitting can increase the surface roughness of the inserts,
potentially leading to higher contact stresses and contributing to the formation of microcracks [47].

Ripples were observed on the medial part of both right and left tibial insert. This wear feature indicated significant alterations to the
UHMWPE structure, which suggested irreversible alterations exceeding the yield strength without removing material but may
potentially expedite implant failure [48]. This is consistent with our previous finding that the medial part of the tibial inserts showed
less damage than the lateral part. The wear mechanisms that control the formation of ripples are not well understood, but it has been
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Fig. 7. 3D laser images taken for surface roughness measurement of PCL-deficient left knee tibial inserts; a) lateral and b) medial compartment.

suggested that the ripple formation is associated with fatigue wear and strain-hardening mechanisms in the UHMWPE surface layer
[49]. Creep was also observed in right tibial insert and usually caused by progressive and time-dependent deformation of the UHMWPE
under sustained loads. This behavior is well-documented in polyethylene components subjected to the repetitive loading and
compressive strain like in knee joint dynamic of PCL-intact knee [14,28,42,50].

The surface damage analysis in this study observed delamination, pitting, and scratching as the dominant wear modes found on the
lateral-medial part of both right and left tibial insert. A study by Liza et al. (2011) on a retrieved UHMWPE tibial insert after 10 years of
service found that high-grade wear and oxidation degradation were present, with observations of surface delamination, scratch marks,
and pitting. These findings support the association of the wear features with oxidative degradation during long-term implantation and
the resultant wear mechanisms that contribute to the failure of the tibial insert. Thus, from the surface morphology observation, we
conclude that the effect of PCL integrity on wear-induced failure was minimal. Instead, the duration of implantation played a bigger
role as there was a difference of 7 months in the duration of implantation of right (11 years 5 months) and left (12 years 2 months)
tibial inserts. A previous study has shown that even a short 2-month difference in the duration of implantation can influence the extent
of wear and damage observed in knee implants due to the oxidative degradation experienced in vivo [51].

The oxidation process in UHMWPE tibial inserts can happen via residual free radicals within the UHMWPE insert, which act as sites
for oxidation, reacting with dissolved oxygen in bodily fluids. Subsequently, another mechanism proposes that free radical species
present in synovial fluid can initiate in vivo oxidation. The presence of carbonyl groups in UHMWPE indicates oxidative degradation,
with studies suggesting that lipids absorbed from synovial fluid can initiate and accelerate oxidation even without detectable residual
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Fig. 9. SEM images for the lateral part (a-c) and medial part (d-f) of the left tibial insert.

free radicals [23,52]. However, identifying the mechanisms involved in in vivo oxidation falls outside the scope of our research. For
this study, we will find evidence of oxidation by carbon bonding analysis using ATR-FTIR to correlate its role in inducing mechanical
degradation of the implant. Fig. 10 shows the ATR-FTIR for both the right and left tibial inserts, where various absorption bands were
identified, signalling the presence of oxidation products. The bands are characterized by specific wavenumbers indicative of different
chemical groups: 719 em ! (C-H bending monosubstituted), 1681 em!and 1703 cm™! corresponded to ketone (C = O) and amide (C
= 0) groups, respectively. The higher carbonyl groups (C = O) bands for the 12 years 2 months left tibial insert suggested a more severe
oxidative degradation experienced during the longer implantation duration. The carbonyl groups were formed due to the oxidative
degradation of UHMWPE and were a marker of oxidative degradation [53]. The ATR-FTIR spectra analysis confirmed that oxidation
had occurred in the bilateral tibial inserts and plays a role towards the degradation of the implant.

The oxidative degradation was further quantified by OI calculation. An OI value below 1 indicates low oxidation, between 1 and 3
signifies moderate oxidation, and values above 3 represent critical oxidation [54]. In this study, the 11 years 5 months right tibial
insert had an OI of 1.57, indicating moderate oxidation, while the 12 years 2 months left tibial insert exhibited a higher OI of 2.99,
approaching the critical threshold. Oxidation degrades polymer chains, altering the degree of crystallinity and affecting mechanical
properties, such as wear resistance and toughness [22]. As seen in conventional UHMWPE explants, the OI tends to increase with
longer in vivo periods as seen in the 12 years 2 months left tibial insert, correlating with greater degradation over time.
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Fig. 10. ATR-FTIR spectra for right and left explanted UHMWPE tibial insert.

To further understand the extent of oxidative degradation, DSC was performed to assess the thermal properties of the tibial inserts
after in-vivo service. Fig. 11 shows the degree of crystallinity acquired for both 11 years 5 months right and 12 years 2 months left tibial
insert are 88.95 % and 60.29 %, respectively, compared to 100 % crystalline UHMWPE. The crystallinity level was associated with
polyethylene’s wear resistance. It was notably lower in the 12 years 2 months left tibial insert, indicating a significant degradation of
the left insert in the additional 7 months in vivo duration compared to the 11 years 5 months right tibial inserts. This was supported by
a previous study that showed significant degradation can occur in a gap as short as 2 months [51]. These findings also aligned with
previous studies that have linked lower crystallinity to increased susceptibility to wear and surface damage, including scratching and
pitting [18,55,56] and further corroborated our surface analysis in the previous section. At higher crystallinity, the material’s structure
becomes more organized and tightly structured, which helps to block free radicals from moving around and slows down the material’s
oxidation process.

The melting temperature for the 11 years 5 months right tibial insert was 139.77 °C, which falls within the typical range for highly
crystalline UHMWPE of 130.00 °C — 140.00 °C [57,58]. This suggests that the material’s crystalline regions remained well-ordered,
requiring significant energy to transition from solid to liquid. Meanwhile, the left tibial insert showed a slightly higher melting
temperature of 142.49 °C, likely caused by oxidative cross-linking. Cross-linking increases the energy required for melting, despite the
lower crystallinity, by forming additional bonds between polymer chains [59]. In terms of melting temperature range, the 11 years 5
months right tibial insert had a slightly narrower range (20.76°C) compared to 12 years 2 months left tibial insert (21.61 °C). A broader
melting range as seen in the 12 years 2 months left tibial insert indicates more amorphous regions, suggesting some loss of structural
integrity after prolonged implantation [58,60].

Further analysis of the mechanical degradation was performed through molecular weight measurement through GPC. As shown in
Table 2, both tibial inserts experienced significant reduction in molecular weight compared to the medical-grade standard of 1.5 x 10°
g/mol [50]. The 11 years 5 months right tibial showed a molecular weight reduction of approximately 83.63 % at 245553 g/mol, while
the 12 years 2 months left tibial insert exhibited a more severe reduction of 97.94 % at 30975 g/mol, consistent with its longer im-
plantation time [51,61]. Molecular weight reduction due to mechanical stresses and oxidation during in vivo service leads to a
decrease in mechanical properties, which can further cause wear and deformation of the tibial insert.

The PDI further highlights these differences: the 11 years 5 months right tibial insert, with a PDI of 1.2, indicates a relatively narrow
molecular weight distribution, suggesting minimal degradation and molecular scission during its service life. This aligns with findings
that associate a narrower molecular weight distribution in UHMWPE with [21,62]. In contrast, the 12 years 2 months left tibial insert’s
PDI of approximately 2.3 reflects a broader molecular weight distribution which is often associated with significant oxidative
degradation and mechanical stresses. Research has shown that oxidative degradation can lead to an increase in molecular weight
variability, which subsequently affects the mechanical performance of UHMWPE [15,62].

A narrow molecular weight distribution, as seen in the 11 years 5 months right tibial insert, is often associated with superior
mechanical properties such as tensile strength and wear resistance. Conversely, the broader distribution observed in the 12 years 2
months left tibial insert may compromise mechanical performance, as the presence of lower molecular weight chains increases sus-
ceptibility to wear and fatigue [21,62]. These results showed how oxidative degradation altered the molecular structure of UHMWPE
tibial inserts, which can affect their long-term performance in vivo.

The mechanical property of the implants was further evaluated through a microhardness test of the tibial inserts. There was a
marginal difference in the Vickers Hardness (HV) values, with the 11 years 5 months right tibial insert showing a higher value of 5.55H
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Fig. 11. Heat flow vs temperature for a) right; and b) left UHMWPE tibial inserts.
Table 2
Molecular weight of UHMWPE tibial inserts from GPC analysis.

PE Tibial Insert Elution volume (ml) Retention time (min) Adjusted RT (min) Mn Mw [g/mol] Mp Mz MZ +1
Right 19.167 19.167 19.167 245,553 295,246 295,246 355,469 414,217
Left 24.167 24.167 24.167 13,660 30,975 4978 62,846 87,842

+ 0.82 HV compared to the 12 years 2 months left tibial insert’s hardness of 5.51 + 1.51 HV. The microhardness of unused UHMWPE
can vary depending on the specific manufacturing process and test conditions. The observed variations in melting temperature and
melting range suggested that oxidative degradation was occurring deeper within the material. This degradation was spatially
nonuniform, meaning surface hardness measurements may not always capture the full extent of material changes as the subsurface
region often experiences more severe degradation [63]. Although surface hardness between both inserts was relatively similar, this
underlying degradation can significantly weaken the material over time, thus contributing to the eventual failure of the tibial inserts.

4. Conclusion

This study reveals that the integrity of the posterior cruciate ligament (PCL) impacts the kinematics of the medial compartment, as
evidenced by higher surface roughness in the medial compartment of the PCL-deficient left knee. However, PCL integrity is not the
primary cause of wear-induced failure in the retrieved tibial inserts, as the major wear modes found in both right and left tibial inserts
were identical. The main wear features observed on both the 11 years 5 months right tibial insert and 12 years 2 months left tibial
insert were delamination, scratching, and pitting—indicative of oxidation-induced wear surface damage aligned with their long im-
plantation time. Thirdly, the additional 7 months in implantation time had a significant impact on the oxidative degradation of the 12
years 2 months left tibial insert, supported by its lower crystallinity, lower molecular weight, higher PDI and broader melting tem-
perature range. ATR-FTIR analysis confirmed oxidative degradation in both inserts, with higher carbonyl group peaks observed in the
left tibial insert, indicating more severe oxidative degradation which was further quantified by OI of 1.57 (11 years 5 months right
tibial insert) and 2.99 (12 years 2 months left tibial insert). These findings suggest that oxidation, rather than PCL integrity, is the main
contributor to the failure of UHMWPE knee tibial inserts. Surface damage and material changes due to oxidation are significant factors
in implant failure, emphasizing the need for enhanced oxidation resistance and mechanical durability in UHMWPE materials for
improved longevity of knee prostheses.
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