1. Introduction
Total Knee Arthroplasty (TKA) is a highly effective intervention in ameliorating pain and
enhancing the function of a diseased knee (Levine et al. 2016; Gee 2012; "National Joint
Registry For England, Wales, Northern Ireland and Isle of Man" 2019; "Australian Orthopaedic
Association National Joint Replacement Registry" 2019; "Register of the Orthopaedic Prosthetic
Implants" 2017). However, TKA longevity is put at risk due to the wear of the polyethylene
(PE) insert ("National Joint Registry For England, Wales, Northern Ireland and Isle of Man"
2019; "Australian Orthopaedic Association National Joint Replacement Registry" 2019;
"Register of the Orthopaedic Prosthetic Implants" 2017). The Australian Orthopaedic
Association National Joint Replacement Registry (AOANJRR) ("Australian Orthopaedic
Association National Joint Replacement Registry" 2019) and the National Joint Registry for
England, Wales, Northern Ireland and Isle of Man ("National Joint Registry For England, Wales,
Northern Ireland and Isle of Man" 2019) report aseptic loosening to be the primary reason for
TKA revision, which is directly caused by PE wear particles (Gallo et al. 2013). Two of the
contributing factors to accelerated PE wear are PE type and its manufacturing process (Brown et
al. 2017) and increased surface roughness of the metal femoral component (Muratoglu et al.
2004).
For the first factor (PE types), conventional (CPE) and crosslinked polyethylene (XLPE) were
studied. Due to the success of XLPEs in total hip replacement, the number of XLPE inserts
implanted in knees has increased over the years ("Australian Orthopaedic Association National
Joint Replacement Registry" 2019). Though the wear properties of XLPE have been improved,
most recent short and mid-term studies except for Stavrakis et al., (Stavrakis et al. 2018) show no
clinically significant difference in surface damage (Muratoglu et al. 2003; Willie et al. 2008b),
oxidative change (MacDonald et al. 2018), risk or revision (Paxton et al. 2015), radiographic
outcomes (Meneghini et al. 2015; Minoda et al. 2009) and average surface deviation or volume
change (Liu et al. 2016) between XLPE and CPE inserts. However, in the study by Liu et al.,
(Liu et al. 2016) samples with different post-irradiation processes were included in the XLPE
group, with the majority being remelted samples. Remelted XLPE samples were said to have
reduced toughness and resistance to fatigue which could lead to more pitting, abrasion and
delamination(Sakellariou et al. 2013), whereas sequentially annealed XLPE inserts were
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considered to be more oxidatively stable, preserving crystallinity and mechanical properties of
the polyethylene (Medel et al. 2007). These differences could have affected the results seen
within the XLPE group. Therefore, for the current study only annealed XLPE and CPE inserts
were analysed and compared.
For the second factor (surface roughness), several laboratory tests have shown the association
between wear of PE and surface roughness of the femoral component (DesJardins, Burnikel, and
LaBerge 2008; Jaber et al. 2015; Affatato, Bracco, and Sudanese 2013; Ruggiero, Merola, and
Affatato 2017; Affatato, Merola, and Ruggiero 2019; Saikko, Vuorinen, and Revitzer 2016).
While in vitro tests give results under standardized test conditions, they do not mimic human
body conditions. An increased femoral component roughness was observed in many retrieval
studies, with an average time in vivo of 72 ± 54 months (Scholes et al. 2013; Kennard et al. 2017;
Heyse et al. 2014). However, there are very few ex vivo studies that have correlated this femoral
roughness change to the damage of the corresponding PE inserts. Scholes et al., investigated
retrieved TKAs, and found no correlation between the increased femoral component roughness
and a semi-quantitative scoring value obtained for PE surface damage (Scholes et al. 2013). In
contrast, Alvarez et al., found a linear trend for surface roughness of the retrieved unicondylar
femoral component and PE damage area value (calculated as the percentage of different damage
modes covering the total articular surface) (Alvarez 2012). The authors looked at nonconforming fixed unicondylar inserts which showed evident creep (which the authors termed
deformation) due to non-conformity. Given, the contrasting and limited information, the current
study aimed to better understand the relationship between formal roughness and PE damage ex
vivo in the two modern retrieved designs.
We performed a matched-pair analysis of retrieved TKA components. Damage scoring, 3D laser
scanning and 3D surface profilometry were used to analyze two different TKA designs. The aims
of the current study were to investigate if there was any difference in the damage score or
deviation values between the two PE insert types and to assess if there was any correlation
between the femoral roughness and deviation of the PE in both TKA designs.
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2. Materials and Methods
2.1 Retrieval process
Approval was obtained from the appropriate Research Ethics Committee (09/H0906/72) prior to
the retrieval analysis. Two specific designs, DePuy Sigma (n =40) (DePuy Inc, Warsaw, IN,
USA) and Stryker Triathlon (n =14) (Stryker Crop, Kalamazoo, MI, USA) were selected for the
current study. Nine retrieved Sigma were matched with nine Triathlon components from the
larger cohort for insert type (Cruciate retaining design, CR), bearing type (fixed bearing),
cemented fixation, time in vivo and age at revision. The patient and implant variables are given
in Table 1.
Explant Characteristics
Time in vivo
(months, m)
Age at revision
(years, y)
Sex
Side
Reasons for revision
Femoral component size PE insert size (number of
explants in the
combination)

Sigma (n=9)

Triathlon (n=9)

p-value

27 ± 10 (range, 13-36)

36 ± 23 (range, 13-79)

0.23

62 ± 9 (range, 42-72)

68 ± 12 (range, 53-85)

0.34

Male - 6
Female - 3
Left - 6
Right - 3
Pain/Stiffness - 3
Instability - 4
Malalignment - 2

Male - 5
Female - 4
Left - 4
Right - 5

4 - 3 (4), 3 - 3 (1),
2.5 - 3 (1), 5 - 4 (2)

N/A
N/A

Pain/Stiffness - 6
Infection - 3

N/A

5 - 4 (4), 4 - 4 (2), 5 5 (3)

N/A

Table 1: Patient and implant variables of the eighteen retrieved total knee components (mean ± standard
deviation)

The femoral components of both designs were made of Cobalt-chromium (CoCr) alloy. The
tibial PE insert of the Sigma cohort was fabricated from compression-molded GUR 1020,
sterilized with gamma irradiation and packaged in vacuum foil (CPE). In contrast, the PE insert
of the Triathlon cohort was compression-molded GUR 1020 that is sequentially irradiated and
annealed three times for a total dose of 90 kGy and then sterilized in gas plasma (XLPE) (Sisko
et al. 2017) (figure 1). CPE remains the gold standard for many tibial inserts, however XLPE is
known to have better wear and oxidative properties (Muratoglu et al. 2004) (Huot et al. 2010). It
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should be noted that size 4, 5 femoral component and size 4 PE insert were not the same for
Sigma and Triathlon cohorts (table 1). Reference (pristine) PE inserts of size 3, 4 for Sigma
cohort and size 4, 5 for Triathlon cohort were obtained. A brand-new femoral component
(reference) for the both cohorts were also obtained.

Figure 1: (a) Stryker Triathlon (Femoral component – Cobalt-Chromium (CoCr) alloy, Tibial Insert –
XLPE, Tibial baseplate – non-polished CoCr); (b) DePuy Sigma (Femoral component – CoCr alloy,
Tibial Insert – CPE, tibial baseplate – polished CoCr)

2.2 Radiographic analysis
The pre-revision radiographs of the studied patients were obtained to measure the posterior tibial
slope angle (PTSA), medial proximal tibial angle (MPTA) and tibiofemoral angle (TFA).
Radiographs were not available for 1 of the 9 patients for each of the cohorts.
PTSA was determined on a lateral view radiograph where a longitudinal axis (vertical line) is
drawn along the center of the tibial shaft and a horizontal axis (perpendicular line) is drawn
along the edges of the tibial implant. The resulting angle from the intersecting lines was
subtracted from 90° which represented the slope angle (figure 2a) (Dejour and Bonnin 1994).
MPTA was determined on an anterior-posterior view radiograph by measuring the medial angle
formed between the knee joint line of the tibia and a line passing through the center of the tibial
medullary canal (figure 2b) (Bach et al. 2001). Tibiofemoral angle (TFA) was defined as the
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angle between the femoral anatomical axis and the tibial anatomical axis (Petersen and Engh
1988). Anatomical axes of the femur and tibia were defined as a line drawn through two mid
points of the bone at a distance of 100 mm and 150 mm from the knee joint line (Sheehy et al.
2011). To assess the alignment, TFA value was subtracted from 180°; a negative value
corresponded to a varus alignment and a positive value corresponded to a valgus alignment
(figure 2c).

Figure 2: Measurement made on a DePuy component (a) PTSA (b) MPTA (c) TFA

2.3 Visual assessment and scoring of PE insert
The articular surfaces of the all the retrieved PE inserts were assessed using a non-contact vision
measuring system (Mitutoyo Quick Scope) at 25х magnification (50х lens and 0.5х zoom). The
surface was divided into ten regions; 0-3 regions represented the medial plateau, 4-7 represented
the lateral plateau and 8,9 the non-bearing surface (figure 3).
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Figure 3: The articular surface of the PE insert was divided into 10 different regions for damage mode
assessment

Each region was scored for seven different damage modes, adopting the method of Brandt et al
(Brandt et al. 2012). The seven damage modes were creep (surface deformation), pitting,
embedded debris, scratching, burnishing, abrasion and delamination. Each damage mode was
scored based on severity of damage (SS, severity score) and percentage area that the damage has
affected (AS, area score). An AS of 0,1,2,3…10 was assigned to each damage mode which
corresponded to a damage area of 0%, 0-10%, 10-20%, 20-30%.... 90-100%. In terms of SS, 0
represented no damage, 0.33 represented mild damage, 0.66, medium damage and 1, adverse
damage. The product of AS and SS gave the score of each region and the summation of all these
scores gave the overall component damage score. The maximum component damage score for
each PE insert would be 700 (maximum score of 10 for all seven damage modes for ten different
regions).

2.4 Surface deviation analysis of the tibial components
The articular surfaces of all inserts were scanned using a 3D laser scanner (NextEngine, Santa
Monica, CA). Five individual scans were taken for all the retrieved inserts and size-matched
pristine inserts at a 0° inclination at every 30° revolution. The undesirable (not the focus of
study) areas in the scans were removed and the five scans were aligned using three reference
points in the manufacturer`s software (NextEngine, ScanStudio, Ver 2.0.2). The final combined
model was a point cloud of ~250,000 points with a resolution of 63 micron (Stoner et al. 2013).
The xyz point cloud was converted into a mesh before exporting for further analysis. Processed
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3D models were imported into GOM inspect software (Hotfix 2, Rev. 113294, GOM Inspect
2018). The retrieved sample was aligned to the size-matched pristine model using an initial
alignment tool first and then a best-fit alignment tool (which uses a least-squares algorithm,
where the sum of squared distance between two scans are minimized and the scans are
realigned). After alignment, surface comparison between the two was made.
The average deviation (distance between the closest point pairs of the retrieved and pristine
sample) was calculated (Liu et al. 2016; Kurdziel et al. 2018). The term ‘deviation’ defines
dimensional changes between the surfaces due to wear and creep, as it is difficult to differentiate
between these two phenomena (Stoner et al. 2013). The regions of interest for the current study
were the medial and the lateral plateaus (figure 2). The deviations of these regions were
calculated.

2.5 Surface profilometry of the femoral components
Surface roughness measurements on the retrieved and pristine femoral components of the Sigma
and Triathlon cohorts were obtained using a non-contacting white light interferometric
profilometer (Newiew 5000, Zygo, Middlefield, CT, USA) as used in previous explant studies
(Scholes et al. 2013; Holleyman et al. 2015; Joyce et al. 2009). The measurements were obtained
at 20х magnification (2х zoom and 10х lens) providing an area of view of 317х238 µm. The
vertical resolution of the optical surface profilometer is less than 1nm. Before the analysis all the
explants were cleaned using isopropanol.
Only one roughness parameter Sq (root-mean square of the deviation in the peaks and valleys
from the mean line of the sampling area) was chosen to assess its correlation to the
corresponding PE deviation value. Most studies report Sa (mean of the deviations in peaks and
valleys from the mean line of the sampling area) when analyzing the changes in roughness of the
surface but in the current work Sq was chosen because it is more sensitive to large deviations
from the mean line (Gadelmawla et al. 2002; "BS EN ISO 4287 - 1998+A1-2009. Geometric
product specification (GPS) surface texture profile method terms, definitions and surface texture
parameters." 2009) than Sa. Fifteen roughness measurements were made at two different flexion
angles of approximately 30° and 60° so a total of thirty points were taken on each femoral
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condyle giving an aggregate of sixty points for each sample (figure 4). This matched the method
followed in a previous study (Chacko Rajan et al. 2019).

Figure 4: Representation of 60 roughness measurements made at two different flexion angles on the
femoral component with 30 measurements carried out on each condyle

2.6 Statistical analysis
The data collected was analysed using IBM SPSS version 25 (SPSS Inc., Chicago, IL, USA).
Throughout the current study, the mean values were calculated for all parameters along with
standard deviation (SD). Based on the distribution of retrieval data (assessed using histogram and
Kolmogorov Smirnov test) either t-test (parametric) or Mann-Whitney (non-parametric) tests
were carried out to compare the difference in the deviation and damage score between Sigma and
Triathlon cohort. Also, the difference in roughness values between reference and retrieved
femoral component for both cohorts. Sixty roughness measurements were obtained for each
reference and retrieved femoral component. A total of 60х9 = 540 values was measured for each
retrieved cohort. Correlation between deviations and roughness values were assessed using linear
regression analysis. The level of statistical significance was considered at p<0.05.
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3. Results
3.1 Radiographic analysis
No significant difference in tibial slope angle (PTSA), proximal tibial angle (MPTA) and
tibiofemoral angle (TFA) were found between the Sigma and Triathlon cohorts (table 2). There
was no correlation between the time in vivo and tibial slope angles or age at revision and tibial
slope angles; a similar pattern of correlation was also seen with the tibiofemoral angle for the
Sigma and Triathlon cohorts (results not presented).

Angle measured

PTSA
MPTA
TFA

DePuy Sigma
mean ± standard
deviation
(range)

Stryker Triathlon
mean ± standard
deviation
(range)

7.32° ± 6.14°
(1.06°-21.03°)
86.69° ± 2.93°
(82.25° ± 91.08°
173.01° ± 2.72°
(170.01°-176.92°)

4.57° ± 2.86°
(1.51°-10.55°)
87.84° ± 3.92°
(79.89°-91.86°)
173.59 ± 3.55°
(167.22°-177.65°)

p-value

0.38
0.51
0.71

Table 2: Slope angle and tibiofemoral angle of retrieved Sigma and Triathlon cohort

3.2 Visual assessment and scoring of PE insert
The average damage score observed for the Sigma (CPE) cohort (38.52 ± 24.28) was not
statistically significantly different to the Triathlon (XLPE) cohort (38.55 ± 20.80) (p = 0.98).
Burnishing was the most common damage mode observed on all the PE samples. No
delamination was observed. Embedded debris was only found in one Sigma (CPE) sample. Two
samples in the Sigma cohort were observed to have substantial damage in comparison to all the
other samples. The average score of the different damage modes for bearing surface, non-bearing
surface and total surface for Sigma (CPE) and Triathlon (XLPE) cohorts are given in table 3.
Average scores for the bearing surface were similar for both the cohorts with burnishing and
pitting being the two predominant damage modes in the Sigma (CPE) and burnishing and
scratching in the Triathlon (XLPE) cohort. There was more creep found in the bearing surface of
Sigma (CPE) than Triathlon (XLPE) cohort (Table 3). Perhaps surprisingly, the non-bearing
9

surface also showed damage modes with mild scratching seen in the Sigma (CPE) and
burnishing, pitting and deformation seen in the Triathlon (XLPE) cohort. No correlation was
found between damage score and time in vivo or damage score and age at revision for either of
the cohorts (results not presented).

Damage mode
Burnishing
Pitting
Scratching
Abrasion
Creep (surface
deformation)
Embedded
debris
Delamination
Total

Bearing surface (score)
p
Sigma Triathlon
value
20.47 ±
22.46 ±
0.55
14.76
10.12
10.24 ±
6.93 ± 4.85 0.22
15.99
6.28 ±
8.42 ± 9.68 0.60
8.14
0.80 ±
0.22 ± 0.66 1.00
2.42
0.55 ±
0.11 ± 0.23 0.01
0.37
0.03 ±
0.00 ± 0.00 0.73
0.11
0.00 ±
0.00 ± 0.00 1.00
0.00
38.38 ±
38.14 ±
0.98
24.23
20.39

Non-bearing surface (score)
p
Sigma Triathlon
value
0.00 ±
0.26 ± 0.28 0.05
0.00
0.00 ±
0.11 ± 0.23 0.44
0.00
0.15 ±
0.00 ± 0.00 0.44
0.34
0.00 ±
0.00 ± 0.00 1.00
0.00
0.00 ±
0.03 ± 0.11 0.73
0.00
0.00 ±
0.00 ± 0.00 1.00
0.00
0.00 ±
0.00 ± 0.00 1.00
0.00
0.15 ±
0.48 ± 0.57 0.16
0.34

Total
Sigma

Triathlon

p
value

20.47 ±
14.76
10.24 ±
15.99
6.42 ±
8.09
0.81 ±
2.42
0.55 ±
0.37
0.04 ±
0.11
0.00 ±
0.00
38.52 ±
24.28

22.72 ±
10.25

0.71

7.04 ± 4.99

0.22

8.42 ± 9.68

0.66

0.22 ± 0.66

1.00

0.15 ± 0.29

0.04

0.00 ± 0.00

0.73

0.00 ± 0.00

1.00

38.55 ±
20.80

0.99

Table 3: Damage score (mean ± standard deviation) of seven different damage modes on the articular
surface of Sigma (CPE) and Triathlon (XLPE) inserts

3.3 Surface deviation analysis of the tibial components
Different surface deviation patterns were observed in the Sigma and Triathlon cohorts. In the
Sigma cohort, a pattern was seen where deviation covered most of medial and lateral plateau
surface (figure 5a); a separate combination pattern was also seen where the deviation focused on
the center and on the posterior or anterior edges of the plateau (figure 5b). For the Triathlon
cohort, an asymmetric pattern was observed where the deviation was asymmetrically (center,
outer and inner edge) distributed across the medial and lateral plateau (figure 5c); separately, a
symmetric pattern was also seen where the deviation was symmetrically distributed across the
outer edges of the plateaus (figure 5d). The average medial plateau deviation was -0.13 ± 0.11
mm for the Sigma (CPE) cohort and -0.10 ± 0.04 mm for the Triathlon cohort (XLPE). The
average lateral plateau deviation was -0.11 ± 0.11 mm for the Sigma (CPE) cohort and -0.11±
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0.04 mm for the Triathlon cohort (XLPE). No significant difference was observed between the
medial or lateral plateau deviation of Sigma (CPE) and Triathlon (XLPE) (medial deviation, p =
0.45; lateral deviation, p = 0.96).
No correlation was found between deviation and time in vivo or deviation and age at revision for
both the cohorts (results not presented).

Figure 5: Two deviation patterns were found for the Sigma cohort (a) Entire surface (b) Combination.
Two different patterns were seen for the Triathlon cohort (c) Asymmetric (d) Symmetric. Blue area
indicates deviation below the original surface, green area indicates no deviation and yellow/red area
indicates deviation above the original surface
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3.4 Correlation between femoral component roughness and tibial deviation
The average Sq values of the medial and lateral condyles of the retrieved Sigma components
were 0.054 ± 0.040µm and 0.052 ± 0.034µm, respectively. The average Sq values of the medial
and lateral condyle of the reference Sigma femoral component were 0.044 ± 0.006µm and 0.034
± 0.06 µm, respectively. Similarly, the Sq value of the medial and lateral condyle of the retrieved
Triathlon components were 0.069 ± 0.206µm and 0.082 ± 0.183µm, respectively, while these
values for the reference Triathlon femoral component were 0.032 ± 0.007µm and 0.034 ±
0.009µm, respectively.
Only the average Sq value of the lateral condyle of the retrieved Sigma cohort showed a
significant difference (p<0.001) in comparison to its reference value.
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Figure 6: Surface deviation maps of DePuy Sigma PE (a) S1 (Entire surface pattern) (d) S6 (combination
pattern), Stryker Triathlon XLPE (g) T2 (asymmetric pattern) (j) T5 (symmetric pattern); surface
topography images of femoral component, DePuy Sigma (b) region on lateral condyle of S1 (c) region on
medial condyle of S1 (e) region of medial condyle of S6 (f) region on lateral condyle of S6, Stryker
Triathlon (h) region on the lateral condyle of T2 (i) region on the medial condyle of T2 (k) region on the
lateral condyle of T5 (l) region on the medial condyle of T5

The 3D surface profile of a region on the medial (figure 6 (c, e, i, l)) and lateral condyle (figure 6
(b, f, h, k)) of four samples, two from each cohort (DePuy Sigma CPE: S1, S6 and Stryker
Triathlon XLPE: T2, T5 ), is given in figure 6. A positive correlation was found between the
lateral plateau deviation and the lateral femoral condyle roughness of the Sigma cohort (figure
7a). However, the medial side did not show such a correlation (figure 7a). The medial and lateral
side of the Triathlon cohort did not show any correlation (figure 7b). An overall regression
analysis of the medial and lateral side of both the cohorts also showed no correlation (results not
presented).
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Figure 7: Correlation between femoral roughness and PE deviation of medial and lateral side of (a)
DePuy Sigma (b) Stryker Triathlon

4. Discussion
The difference in damage and deviation between the CPE and XLPE cohorts in TKA were
analysed in order to add to the limited literature available on this topic. Also, an ex vivo
correlation study between femoral roughness and deviation of PE was carried out which, to our
knowledge, has not been reported previously.
Concerning the different types of polyethylene, burnishing, pitting and scratching were observed
to be the primary modes of damage in the Sigma (CPE) and Triathlon (XLPE) cohorts.
Burnishing was the most common damage mode in both cohorts, this has also been observed in
previous studies (Stavrakis et al. 2018). The scratching damage seen in the non-bearing region of
the Sigma (CPE) cohort could be due to two samples that were retrieved due to malalignment,
which could have led to this damage. The damage was not from explantation but rather occurred
in vivo. There are previous studies that reported scratching in the non-bearing region of the PE
insert (Willie et al. 2008b; Liu et al. 2016). For the Triathlon (XLPE) cohort, the tibial insert
had a less-conforming rotatory-arc design which facilitates internal and external rotation
(Stoddard et al. 2013), and this could have led to damage on the non-bearing surface, seen in
most of the samples. There was less creep seen in the bearing surface of Triathlon (XLPE) than
Sigma (CPE) cohort. There are two possible reasons for this. First, XLPE has better creep
resistance than CPE. A clinical study of hips by Sato et al., 2012 stated that the creep of XLPE
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was 0.19 mm compared to 0.44 mm for CPE (Sato et al. 2012). Second, it could be due to the
reasons of revision. In the Sigma (CPE) cohort most of the samples revised for instability
showed creep. In these cases, there is a high chance of the femoral component to move off its
normal tracking path causing high contact stress in one particular area which leads to
deformation.
The two different deviation patterns observed in the Sigma (CPE) and Triathlon (XLPE) cohorts
could be caused by designs. For example, the Sigma PE inserts have a higher tibiofemoral
conformity which leads to greater contact area, thus there was more centrally focused deviation
was observed. In contrast, the PE insert design in the Triathlon cohort was a rotary arc design
which showed deviation in the outer, inner edges and at the center. It could also be due to size
mismatch between femoral component and the tibial insert, for example when a femoral
component of size 5 is matched with a tibial insert of size 4 or vice versa. In the current study,
we see this type of mismatch in seven samples of Sigma and four samples of Triathlon cohort
(table 1). The deviation pattern observed in the current study was not limited to the traditional
posterior sliding of the lateral femoral condyle on the lateral plateau and pivoting movement of
the medial femoral condyle on the medial plateau (Dennis et al. 2003). Similar deviation pattern
to the current study has also been observed in previous studies (Stoner et al. 2013; Anderson
2017). The surface deviation values on the medial plateau and the lateral plateau were not
statistically significantly different between the two cohorts. There was no significant difference
observed in the medial and lateral deviation values within the same design for both the cohorts
(Sigma, p - 0.19; Triathlon, p - 0.50). This lack of difference could be due to the short time in
vivo (32 ± 18 months). The finding of the current study corroborates other previous studies
(Meneghini et al. 2015; Willie et al. 2008a; Hinarejos et al. 2013) which also found no
significant difference between CPE (53 ± 13 months) and XLPE (32 ± 26 months) inserts after a
short time in vivo.
The only correlation seen ex vivo was between the lateral femoral condyle roughness and the
lateral plateau deviation of the Sigma cohort. This correlation could be due to the significant
difference observed in the roughness of the retrieved lateral femoral condyle in comparison to
the reference lateral femoral condyle. Alternatively, this correlation could be explained by the
two Sigma PE samples that were observed to have notable damage (figure 7a). The high standard
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deviation seen in the roughness of the Triathlon cohort was due to two samples which showed a
substantial anterior-posterior damage pattern.
There are several limitations to the current study. Since the current work is the analysis of failed
prostheses, they might not truly represent well-functioning TKAs. Only a small sample size with
short time in vivo was analysed, however these are modern designs and so the numbers available
at our center were limited. Having two different femoral designs might mask any difference in
the surface deviation or damage score between the CPE and XLPE inserts. However, several
studies have found that there was no distinction in the performance of two different femoral
designs (Luo et al. 2019; Lee et al. 2018; Hinarejos et al. 2016; Kim et al. 2015; Sharma 2018).
For the deviation analysis, the original dimensions of the tibial PE inserts were unknown,
however we compared the samples with pristine inserts of the same design from the same
manufacturer. With the 3D laser scanning technique, it was hard to differentiate between wear
and creep, whereas with the damage scoring method, a specific score for creep and other surface
damage modes could be obtained.

5. Conclusion
This is the first ex vivo study to correlate femoral roughness with the surface deviation of PE
inserts. There was no major difference in the damage score or deviation between the Sigma
(CPE) and Triathlon (XLPE) cohorts. No correlation was found between the roughness of
femoral components and deviation of PE inserts except on the lateral side of the Sigma cohort.
Retrieval studies help to give important insights into the performance of implants in the human
body.
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Appendix A
Study done to validate the accuracy of laser scanner
An intentional scratch was made on the nonbearing surface of a PE insert and scanned using the
laser scanner and compared with a reference insert in the GOM software. The average deviation
of the scratch was calculated to be -0.062 ± 0.010 mm (figure A.1 (i)). The depth of the scratch
was also measured using a two-dimensional (2D) contacting profilometer (Mitutoyo Surftest SJ210). The average depth of the scratch was found to be -0.071 ± 0.027 mm. The depth profile
obtained at two different positions of the scratch is shown in figure A.1 (ii, iii).

Figure A.1 (i) Deviation values shown at different positions of an intentional scratch on the nonbearing region of the component; depth profile obtained at (ii) position 1 (iii) position 2 of a scratch
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