Table 5-9. Comparison of Rp in each zone of the 3 groups of components.
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Trochlear Zone
Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 Zone 6 p-value
Triathlon® | 114.13445.22 | 134.19483.76 | 103.86+22.47 | 125.74+35.72 | 135.38+36.36 | 135.38+36.36 | NS p=0.36
Sigm® 163.88+113.05 | 175.05+£119.49 | 166.58+39.02 | 139.55+41.64 | 136.53+71.74 | 137.82+47.19 | NS p=0.36
Genesis ™ | 103.78+39.93 | 89.03+37.25 114.95+39.15 | 90.04+16.06 | 87.72+39.54 | 163.73+36.74 | NS p=0.86
p-value NS p=0.55 NS p=0.16 Sig p=0.02 | NS p=0.057 NS p=0.10 NS p=0.56
Table 5-10. Comparison of Rsk in each zone of the 3 groups of components.
Trochlear Zone
Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 Zone 6 p-value
Triathlon® | 0.72+0.64 0.37+0.51 0.83+0.68 0.30+0.84 0.57+0.97 0.25+0.68 NS p=0.62
Sigm® 0.27+0.46 0.31+0.22 0.45+0.71 0.76+0.50 0.55+0.49 0.64+0.83 NS p=0.62
Genesis [ | 0.36+0.79 0.18+0.61 0.59+0.51 0.68+0.22 0.56+0.60 0.53+0.41 NS p=0.75
p-value NS p=0.41 | NS p=0.93 NS p=0.63 NS p=0.80 NS p=0.94 NS p=0.48




5.4 Discussion

The outcome of a TKA is influenced by a complex interplay of patient factors, surgical
technique, and implant design.'® Over the last several decades, there have been
substantial efforts to optimize implant design?®, and considerable improvements have
been achieved. In particular, while patellofemoral complications were some of the most
prevalent causes of revision?"22, improvements in design and technique have decreased
this significantly.? Nevertheless, anterior knee pain is still prevalent in up to 20%2* of
patients and is a cause of dissatisfaction following TKA.2® The prevalence of anterior
knee pain is observed equally in resurfaced and unresurfaced patellae®®, and therefore
patellar arthritis is unlikely to be the only cause. Abnormal patellofemoral kinematics,

which may be influenced by trochlear design, is likely an important factor.*

Abnormal biomechanics following joint arthroplasty can to lead to component surface
changes, such as plastic deformation, damage, and wear.?’-?® The mechanisms are varied
and may relate to increased compressive®, rotational®!, and shear forces.?”?® The main
purpose of the present study was to evaluate patellofemoral surface damage and wear,
with focus on the femoral trochlea, in three different modern implants. Comparison of
new, unused reference components from each group revealed increased roughness of the
Sigma® components compared to the Triathlon® components, but no difference between
the Sigma® and the Genesis 1™ components. The retrieved Sigma® and Triathlon®
components were significantly rougher than the new components, but this was not the
case for the Genesis 1™ components. Finally, in retrieved implants, we found increased
patellofemoral joint wear in Sigma® components compared with Triathlon® and Genesis

1™ components.

When analyzed according to the various zones of the trochlea, differences in wear were
significant in zones 2 and 3, which correspond the proximal trochlear groove and the
medial trochlea. The Sigma® group exhibited more wear than the Triathlon® or Genesis
1™ in both zones. Zone 2, corresponding to the proximal trochlear groove, is susceptible

to wear as the patella engages into the trochlea. Previous studies suggested that the
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amount of proximal extension of the trochlear groove can play a role in the wear in this
zone.* 8 Trochlear designs where this zone extends more proximally allow the patella to
engage and theoretically improve tracking.* %2 The finding of increased medial wear in
the trochlea in Sigma® components compared to Triathlon® and Genesis [1™
components is interesting. This may occur due to a more abrupt angle at the medial ridge
of the trochlea, and may predispose the component to more wear as the patella moves
medial to lateral through the flexion cycle.® In addition, it is likely that the specific areas
of wear depend on the rotational profile of the trochlea and well as the rotational
alignment achieved intra-operatively. Meijerink®* demonstrated that the coronal plane
orientation of the native and prosthetic trochlea varies, and in general, the sulcus of the
prosthetic trochlea is oriented more medially. The orientation of the groove has been
shown to affect patellar tilt* and therefore may affect patellofemoral contact.

The exact geometry of the prosthetic trochlea varies significantly between components of
different manufacturers. In a review of 14 femoral components, Dejour®® found
significant variation in lateral facet height, with some components having less than 5mm
lateral facet height. In contrast, previous cadaveric anatomical studies reported a lateral
facet height of 6.6+1.8mm.*” Reduced height may predispose to lateral patellar
subluxation or dislocation, whereas too steep of a lateral ridge may lead to increased
laterally-directed forces.®” 3 In addition, the exact depth of the trochlear groove varies
between components, and on average, is 3mm less than native knees.® Finally,
prosthetic trochlea position varies in the coronal plane and in general, rests 0.8—2.5 mm
more medial than in the normal knee.®® 3¢ Since information about the specifics of how
prosthetic trochlear design compares with native trochlear anatomy is still relatively

limited, identifying an optimal trochlear design remains challenging.

In addition to cadaveric biomechanical studies, clinical studies®* “° offer insights
regarding the functional outcomes of different trochlear designs. Support exists for
“patella-friendly” features intended to support the patella and reduce contact pressures.
Whiteside® retrospectively examined the outcomes of patients with short, narrow, and

shallow trochlear grooves to those with a wider, deeper, and longer groove (“patella
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friendly”), and found significantly better outcomes with the latter group. Andriacchi*
evaluated stair climbing function in two design groups that differed in the shape and
curvature of the femoral flange. The group with the non-anatomic trochlea, where the
trochlea is smaller radius, experienced an increase in knee flexion in late stance, resulting
in a substantial increase in quadriceps forces. It was hypothesized that the design of the
non-anatomic femoral trochlea causes the patella to track more anteriorly and inferiorly,
bringing about adverse biomechanical adaptations. These and other clinical studies help

clarify desirable features in trochlear design, but the optimal design is still unknown.

This study has a number of limitations. Firstly, while the groups were well matched based
on TV, age, and BMI, there was a higher proportion of males in the Triathlon® and
Genesis 1™ groups compared to the Sigma® group. While the effect of gender on
femoral component wear, to our knowledge, has not been explored, previous evidence
exists that male sex leads to higher damage scores on tibial polyethylene inserts.** In the
context of this study, the retrieved Sigma® components exhibited more wear, and
therefore this was unlikely to be a significant factor affecting the results. Secondly, in all
three groups, the retrieved components were compared to one reference component. This
analysis relied on the assumption that the individual reference components were a truly
representative sample. Since new, unused femoral components were used for reference,
this assumption was felt to be warranted. Another limitation is that while the surface
damage and wear on the femoral components was examined, having information
regarding the wear on both surfaces of the bearing couple (the patellar button), may
provide useful information regarding wear patterns. Particularly, since the patellar
polyethylene is a softer surface, any differences in wear would be expected to be greater
and more discernible. The strengths of this study is that this is the first to compare
trochlear wear between three modern femoral component designs. Furthermore, this was
done in an overall well matched sample, eliminating sources of bias. As such, this study

provides important information for improving our understanding of trochlear wear.

Despite modern TKA techniques and design, complications related to the patellofemoral

joint continue to be problematic.*? Physiologic patellofemoral kinematics are difficult to
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achieve and both surgical technique and implant design can potentially be limiting
factors. In the present study, we used the tribological characteristics of the patellofemoral
articulation to provide some evidence regarding contact mechanics. After short term
follow-up, some trochlear designs exhibited more wear than others. The etiology of
increased wear requires further investigation. Additionally, longer term retrieval studies

may provide further details on patellofemoral mechanics and wear patterns.
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Chapter 6

6 Discussion

Total knee arthroplasty (TKA) has proven to be a highly successful surgical procedure!
for the treatment of advanced osteoarthritis, and its demand has been increasing.?
However, complications involving the patellofemoral joint, particularly anterior knee
pain, maltracking, and instability continue to be problematic.® Resurfacing the patella has
not been the answer to address these complications. Other etiologies for patellofemoral
complications, such as abnormal patellofemoral loads or kinematics, and changes in

patellofemoral offset (PFO) may play important roles in these complications.

Traditionally, changes in patellofemoral offset (PFO) have been implicated as a potential
cause of adverse outcomes following TKA. Despite previous clinical®® and
biomechanical” 8 studies, this issue remains controversial among arthroplasty surgeons.
Chapter 2 examined the differences in patient-reported outcomes in knees with and
without post-operative changes in patellofemoral offset (PFO). We retrospectively
studied a large cohort of patients and used calibrated imaging to obtain absolute values of
change in PFO. This study found that in a large proportion of patients, the PFO is
changed post-operatively, however, most changes in our sample were small. These
changes did not have a significant effect on patient-reported outcomes. This study
suggests that there is some forgiveness with respect to post-operative patellofemoral

offset changes. Our results are in line with findings reported by Pierson® and Beldman®.

While the implications of changes in PFO were previously studied in terms of clinical
outcomes and modelled in cadaveric specimens, the effects on the tribology of the
patellofemoral joint following in vivo use has not been assessed. Specifically, it remains
unclear whether increased PFO leads to abnormal loading of the patellofemoral
compartment in vivo. Abnormal biomechanics following joint arthroplasty can to lead to
component surface changes, such as plastic deformation, damage, and wear.®*! To assess

for this possibility, in Chapter 3, we investigated the effect of changes in PFO on the
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tribology of the patellofemoral joint. Retrieved femoral components were examined
visually and by surface profilometry. We did not find any adverse effects on surface
damage or wear in knees with changed post-operative PFO compared to knees with
maintained or decreased PFO. This raises the possibility that the extensor mechanism
allows for some elasticity without a substantial effect on compressive forces, in
agreement with a previous modelling study*? showing that up to 2 mm of increased offset
did not increase extensor mechanism tension. The other possibility is that the small
changes in PFO in this study were not enough to cause wear on the hard surface of the

femoral component.

Despite improvements in component design, evidence shows that the prosthetic knee
continues to be a different kinematic environment than the native knee, and in general, is
subject to greater forces.'® Some argue that trochlear design plays a key part in TKA
kinematics.'* Since abnormal patellofemoral kinematics may contribute to anterior knee
pain and other patellofemoral complications®®, understanding which features of trochlear
design can contribute to increased patellofemoral loading and subsequent wear remains
important. In Chapter 4, we investigated the surface damage and wear characteristics of a
single trochlear design in both new and retrieved components to identify patterns of
surface damage and wear. This was done though visual analysis and profilometry of
retrieved femoral components. Interestingly, we found that even the surface of new,
unused femoral components, exhibits some minor surface markings. All retrieved
components showed visual evidence of surface damage. Surface topography through
profilometry did not reveal any asymmetrical wear or any zones that are particularly
loaded compared to other areas. Clearly, the results of this study are limited to the
particular trochlear design that was studied and generalizability to other designs is
limited. Nevertheless, the features of the present design appear to offer theoretical

advantages to the patellofemoral articulation without compromising the tribology.

Trochlear design has evolved substantially over time and certain features have been
termed “patella-friendly” based on improved outcomes.'* 16 Nevertheless, the exact

geometry of the trochlea varies between commonly used implants and the optimal design
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for in vivo use in still undetermined. Understanding the implications of trochlear design
on patellofemoral contact and wear remains important and may provide insights for
design optimization. The objective of Chapter 5 was to study patellofemoral joint contact
by analysing areas of joint wear and surface damage, with focus on retrieved femoral
component of three different modern designs. We found significantly increased wear in
the proximal and medial areas of the trochlea in one of the designs compared to the
others. This may relate to specific differences in design, such as the proximal extent of
the groove and the acuity of the angle of the medial ridge. It is likely that trochlear design
influences contact mechanics, which subsequently affects surface wear, and may have an
overall impact on long-term patient outcomes. The exact mechanisms of how this takes

place still require further investigation.
6.1 Future Directions

This thesis reported the wear and surface damage characteristics of the trochlea of
retrieved cobalt-chromium femoral components. While other studies previously evaluated
the femoral condyles” '8, we are not aware of previous studies evaluating the trochlea.
Therefore, this information is an important starting point and advances our understanding
of patellofemoral contact following in vivo use. This thesis, consistent with the trend in
previous studies'’?°, studied one element of the bearing surface in isolation. While such
studies are beneficial, future topographical studies should attempt to address and analyze
both bearing surfaces of the patellofemoral joint as a system. Such analysis may provide
more detailed information on the interaction between surface changes, component design,
and kinematics. In addition, further work should be aimed at obtaining more specimens
and extending the time-in-vivo period in order to reflect long-term changes over the life-
span of the implant. Finally, as alternative metal alloys and ceramics are increasingly
used for femoral components?, future research should be directed at evaluating the

tribology of these surfaces.
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We demonstrated that the post-operative patient-reported outcome scores used in our
studies were not adversely affected by post-operative changes in PFO. However, it is
possible that the sensitivity of these outcome scores may be the limiting factor in
establishing a correlation. This is termed as a “ceiling effect” and it has been described in
the past for patient-reported outcome scores.?? As such, functional outcome
measurements with improved resolution may be of importance for future clinical
research. Furthermore, while global assessment tools, such as the WOMAC or KSS, are
beneficial in giving information about the overall function of a knee, a more specific

patellofemoral outcomes score may be required to elucidate differences between patients.

Finally, in this thesis, we compared surface changes following in vivo use across
different femoral component designs. While such comparisons are beneficial, basic
information is still lacking regarding differences in the anatomy and kinematics of the
TKA trochlea and that of the native knee?3. Therefore, another important line of research
is to continue investigating and clarifying the differences between native patellofemoral
Kinematics to prosthetic kinematics.

6.2 Conclusions

The results from this thesis will contribute to our understanding of the patellofemoral
joint in TKA. We demonstrated that surgeons have some leeway with respect to
patellofemoral joint offset both in terms of patient clinical outcomes as well as the
tribology of the patellofemoral joint. The retrieval studies showed that with modern
femoral components, the tribology of the patellofemoral joint is affected by trochlear

design. The clinical implications of these findings require further investigation.
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Appendix A: Western Ontario and McMaster Universities
Arthritis Index

WOMAC Osteoarthritis Index LK3.1 (IK)

Section A

Think about the pain you felt during the last 48 hours caused by the arthritis in
your knee to be injected.

(Please mark your answers with an “ X ".)

QUESTION: How much pain have you had ... Study Coordinator
Use Only
1. when walking on a flat surface?
none mild moderate severe extreme
d a a a a PAINT

2. when going up or down stairs?

none mild moderate severe extreme
a a a a a PAIN2 e

3. at night while in bed? (that is - pain that disturbs your sleep)

none mild moderate severe extreme
a a a a a PAIN3  —

4. while sitting or lying down?

none mild moderate severe extreme
a a a a a PAIN4

5. while standing?

none mild moderate severe extreme
a a a a a PAINS e

Copyright©2004 Nicholas Bellamy
All Rights Reserved

V3 - English for USA
(at baseline)
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WOMAC Osteoarthritis Index LK3.1 (IK)

Section B

STIFFNESS

Think about the stiffness (not pain) you felt during the last 48 hours caused by the
arthritis in your knee to be injected.

Stiffness is a sensation of decreased ease in moving your joint.

(Please mark your answers with an “ X ”.)

Study Coordinator
6. How severe has your stiffness been after you first woke up E/Jse Only
in the morning?
none mild moderate severe extreme
a a a a a STIFF6
7. How severe has your stiffness been after sitting or lying down or
while resting later in the day?
none mild moderate severe extreme
a a a a a STIFF7
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WOMAC Osteoarthritis Index LK3.1 (IK)

Section C

DIFFICULTY PERFORMING DAILY ACTIVITIES

Think about the difficulty you had in doing the following daily physical activities
during the last 48 hours caused by the arthritis in your knee to be injected.
By this we mean your ability to move around and take care of yourself.

(Please mark your answers with an “ X ”.)

QUESTION: How much difficulty have you had ... Study Coordinator
Use Only
8. when going down the stairs?
none mild moderate severe extreme
a a a a ] PFTN8
9. when going up the stairs?
none mild moderate severe extreme
a a a a a PFTN9
10. when getting up from a sitting position?
none mild moderate severe extreme
a a a a a PFTN10
11. while standing?
none mild moderate severe extreme
a a a a a PFTN11
12. when bending to the floor?
none mild moderate severe extreme
a a a Qa a PFTN12
13. when walking on a flat surface?
none mild moderate severe extreme
a a a a a PFTN13
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WOMAC Osteoarthritis Index LK3.1 (IK)

DIFFICULTY PERFORMING DAILY ACTIVITIES

Think about the difficulty you had in doing the following daily physical activities
during the last 48 hours caused by the arthritis in your knee to be injected.
By this we mean your ability to move around and take care of yourself.

(Please mark your answers with an “ X ")

QUESTION: How much difficulty have you had ...

14.

15.

16.

17.

18.

19.

getting in or out of a car, or getting on or off a bus?

none mild moderate severe
a a a a

while going shopping?

none mild moderate severe
a a a a

when putting on your socks or panty hose or stockings?

none mild moderate severe
a a a a

when getting out of bed?

none mild moderate severe
a a a a

when taking off your socks or panty hose or stockings?

none mild moderate severe
a a a a

while lying in bed?

none mild moderate severe
a a a a

extreme
a

extreme
a

extreme
a

extreme
a

extreme
a

extreme
a

Study Coordinator
Use Only

PFTN14 e

PFTN15

PFTN16

PFTN17 o

PFTN18 e

PFTN19 e
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WOMAC Osteoarthritis Index LK3.1 (IK)

DIFFICULTY PERFORMING DAILY ACTIVITIES

Think about the difficulty you had in doing the following daily physical activities
during the last 48 hours caused by the arthritis in your knee to be injected.
By this we mean your ability to move around and take care of yourself.

(Please mark your answers with an “ X ")

QUESTION: How much difficulty have you had ... Study Coordinator
Use Only
20. when getting in or out of the bathtub?
none mild moderate severe extreme
a a a a a PFTN20

21. while sitting?

none mild moderate severe extreme
a a d a a PFTN21

22. when getting on or off the toilet?

none mild moderate severe extreme
a a a a a PFTN22

23. while doing heavy household chores?

none mild moderate severe extreme
a a a a a PFTN23

24. while doing light household chores?

none mild moderate severe extreme
a a a a a PFTN24
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