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Abstract

Due to lateral ligament laxity, bearing dislocation occurs in 1%—6% of Oxford Domed Lateral replacements. Most dislo-
cations are medial but they do rarely occur anteriorly or posteriorly. The aim was to decrease the risk of dislocation.
For a bearing to dislocate the femoral component has to be distracted from the tibial component. A robotic-path-plan-
ning-algorithm was used with a computer model of the implant in different configurations to determine the Vertical
Distraction needed for Dislocation (VDD). With current components, VDD anteriorly/posteriorly was 5.5 to 6.5 mm
and medially was 3.5 to 5.75 mm. A thicker bearing increased VDD medially and decreased VDD anteriorly/posteriorly
(0.1 mm/I mm thickness increase). VDD medially increased with the bearing closer to the tibial wall (0.5 mm/l mm
closer), or by increasing the tibial wall height (I mm/lI mm height increase). VDD anteriorly/posteriorly was not influ-
enced by bearing position or wall height. To prevent collision between the femoral and tibial components an increase in
wall height must be accompanied by a similar increase in minimum bearing thickness. Increasing the wall height and mini-
mum bearing thickness by 2 mm and ensuring the bearing is 4mm or less from the wall increased the minimum VDD
medially to 5.5 mm. The lower VDD medially than anteriorly/posteriorly explains why medial dislocation is more com-
mon. If the wall height is increased by 2 mm, the minimum bearing thickness is 5 mm and the surgeon ensured the bear-
ing is 4mm or less from the wall, the medial dislocation rate should be similar to the anterior/posterior dislocation rate,
which should be acceptable.
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Introduction the risk of dislocation will increase. The Oxford mobile
bearing Domed Lateral (ODL) UKR has a spherically
convex tibial surface, which has been shown to provide
greater roll back and more normal kinematics than a
flat surface.* It also has lower linear wear than a fixed
bearing device. However the bearing dislocation rate
has been reported as being between 1% and 6%.”

Isolated lateral compartment osteoarthritis occurs in
about 10% of arthritic knees.' These patients can be
treated with Unicompartmental Knee Replacement
(UKR), which may either have a fixed or mobile bear-
ing. The lateral compartment of the knee is very differ-
ent from the medial compartment. The lateral tibial
plateau has a convex surface and the lateral femoral
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Although the ODL bearing can dislocate anteriorly
or posteriorly, the most common type of dislocation is
medial,’ where the bearing subluxes up onto the wall of
the tibial component and becomes entrapped there by
the femoral component (Figure 1). The usual treatment
for a dislocation is to explore the knee, remove any-
thing such as retained osteophytes that might have dis-
placed the bearing, then insert a new bearing, which
may be slightly thicker than the original.”® In about
two thirds of cases there is no further dislocation.
Occasionally, if the bearing is very unstable or if there
is a recurrent dislocation, surgeons have inserted screws
into the tibial eminence to increase the apparent height
of the tibial wall.»'® Although this is usually successful
in preventing dislocations we are aware of a case in
which the femoral component impinged on the screw.

The aim of the surgical technique for the ODL is to
accurately restore the anatomy. The spherical surface
of the femoral component is positioned where the sur-
face of the femoral condyle was, thus restoring the joint
line. The tibial component is positioned so its surface is
a few millimetres below the original surface. As the lat-
eral ligaments are tight in extension a bearing of an
appropriate thickness that just tightens the ligaments in
extension is inserted. If a thicker bearing is inserted the
knee will be ‘overstuffed’, which is known to compro-
mise the outcome and increase the bearing dislocation
rate.'! Therefore, to use thicker bearings the tibia has
to be cut lower. The components are implanted approx-
imately parallel with the knee in 90° of flexion. In other
positions of the knee, particularly in high flexion, there
is rotation in the knee'? so part of the femoral compo-
nent will be above the tibial component. Therefore, if
the wall height is increased the two metallic compo-
nents may collide.® To prevent collision of the metallic
components, the tibial cut would have to be made lower
and a thicker bearing used. As the knee flexes and
extends, the bearing moves backwards and forwards on
the tibial component. During these movements there is
also rotation within the knee, causing the bearing to
move medially in full extension and full flexion. To pre-
vent the bearing from hitting the wall in full extension
and full flexion, the components need to be positioned
so the bearing is a few millimetres (typically 2—4 mm)
from the wall when the knee is in 90° of flexion. The
position of the bearing is primarily controlled by the
femoral component, which is determined early in the
operation. At the trial reduction stage the mediolateral
position of the tibial component can be adjusted if the
bearing is not ideally positioned.

For a dislocation to occur, the tibial and femoral
components have to be distracted, with the amount of
distraction required to allow the bearing to dislocate
being the ‘entrapment’. The lateral ligaments are lax in
flexion so dislocation tends to occur in flexion. The
amount of distraction possible will depend on the
length and stiffness of the ligaments and the load
applied to the knee, which varies considerably between
patients. Therefore, the risk of dislocation depends on
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Figure |. Medial dislocation. The outline of the dislocated
bearing can be seen in black and has been positioned using the
bearing markers (parallel lines between the femoral and tibial
component).

the entrapment. Based on the concept of bearing
entrapment, a validated computer model of mobile
bearing dislocation was developed. A detailed descrip-
tion of the development and validation of the tool is
published elsewhere.'® In brief, the tool allows the
femoral component to be incrementally distracted away
from the tibial component (mediolaterally and verti-
cally) until dislocation of the mobile bearing was possi-
ble."® In the tool, a robotics path planning algorithm
explored the possibility for the mobile bearing to man-
oeuvre its way from a non-dislocated start position to a
dislocated goal position without colliding with the
femoral and tibial components. Once dislocated, the
Vertical Distraction to Dislocation (VDD), which is a
measure of bearing entrapment, was recorded. The tool
has been validated with data obtained using a custom
built mechanical rig, showing 98.7% (95% CI: 0.970-
0.994) accuracy for medial dislocation results.

The aim of this study was to use the validated dislo-
cation analysis tool to assess how increasing the bearing
thickness, or the tibial component wall height influences
medial, anterior and posterior bearing dislocation risk
of the ODL replacement.

Methodology

Computer Aided Design (CAD) 3D models of ODL
components were made using Solidworks 2020
(Dassault Systemes SOLIDWORKS Corp., Waltham,
MA, USA). The components modelled were a medium
size femoral component, size C dome lateral tibial com-
ponent with normal wall height and wall heights
increased by 1, 2, 3 or 4 mm, and medium size dome lat-
eral bearings with nominal thickness of 3, 4, 5, 6 and
7mm. From the Solidworks part models,
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Mediolateral translation
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Figure 2. ML translation (0 and 6 mm) and vertical distraction
(0 and 10 mm) in the robotics dislocation analysis tool. The teal
coloured femoral and tibial components are fixed whereas the
dark grey mobile bearing is the robot (unfixed).

stereolithography (STL) files were created. The STL
models were inserted into the robotics dislocation anal-
ysis tool to computationally assess the risk of Medial
and Anterior/Posterior (AP) dislocation.

For each configuration in the decision analysis tool,
the relative position of the femoral component to the
tibial component controlled the position of the bearing
due to the congruent nature of the components.
Therefore, the starting configuration was setup such
that the bearing was sitting flush against the tibial com-
ponent wall (Figure 2). The tibial component was then
moved medially in 0.25 mm increments so that the med-
iolateral (ML) distance between bearing and tibial
component wall increased from 0 to 6 mm (Figure 2).

At each position, the femoral component was then
moved vertically away from the tibial component (0—
8 mm) in 0.25mm increments (Figure 2). The disloca-
tion analysis tool used the Rapidly-Exploring Random
Trees (RRT) algorithm'* to automate the motion of
the mobile bearing by randomly sampling incremental
steps (1.25mm) in the space available between the
femoral and tibial components such that the bearing
can move from the starting non-dislocated position
until a dislocated position has been found. The RRT
was allowed to run for a maximum of 405 seconds and
the search was repeated until a dislocation was found,
up to a maximum of 25 searches. A bounding box was
used to confine the search region. A medial dislocation
(Figure 3) occurred when the centre of the bearing
entered the ‘goal area’, defined by the anterior and

posterior edges of the tibial component, medially by the
tibial wall and laterally by the halfway distance between
the midpoint of the tibial component and the tibial
wall. An antero/posterior dislocation (Figure 3)
occurred when the bearing entered the ‘goal area’,
defined medially by the tibial wall, laterally by the lat-
eral edge of the tibial component and the region 10 mm
beyond the anterior/posterior edges for antero/poster-
ior dislocation, respectively. When a dislocation was
detected, the VDD was recorded (the amount the
femoral component had been moved vertically).

In order to determine the minimum distances
between the femoral component and the top of the
tibial wall, the bearing (irrespective of the thickness)
was placed on the tibial component with the bearing
flush against the tibial wall. A sphere with the same
radius as the femoral component was then placed
where the femoral component would sit, in congruent
contact with the superior surface of the bearing. For
each bearing thickness, the closest 3D distance between
the tibial wall and the femoral sphere was identified
using the Matlab Euclidean distance measurement.'”

In this study, we computationally assessed the effect of
using thicker bearings on the risk of medial and AP dislo-
cations, starting with the thinnest bearing available which
is 3mm thick. The thickest bearing tested was 7mm. The
current implant design is not at risk of metal-on-metal
collision between the metal femoral and tibial compo-
nents. Therefore, in planning and carrying out testing it
was necessary to maintain the existing minimum distance
between the metal femoral and tibial components. To
maintain the same distance between the femoral compo-
nent and the top of the wall when the tibial component
wall height is increased, we found that the bearing thick-
ness also has to increase by a corresponding amount. E.g.
if the tibial component wall height was increased by 1
mm, the thinnest acceptable bearing has to be made 1
mm thicker.'® Consequently, we also assessed the effect
of different tibial component wall heights, using the cor-
responding thinnest acceptable bearing, determined by
increasing the nominal 3 mm bearing thickness by the
same height the wall was increased.

Results

The VDD for an anterior or posterior dislocation was
identical. It progressively decreased with increasing
bearing thickness: with a 3 mm bearing the VDD was
6.25mm and with a 7mm bearing, the VDD was
5.75mm. The VDD anteriorly/posteriorly was inde-
pendent of wall height: increasing the tibial component
wall heights correspondingly with the bearing thick-
nesses, did not affect the VDD anteriorly/posteriorly
(Figure 4).

For a medial dislocation, with a 3 mm bearing and
the standard wall height, the VDD was 5.5mm when
the bearing was touching the wall (Figure 5). As the
femur and bearing were moved laterally the VDD
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(a) Medial

(b) Anterior

Dislocation directions

(c) Posterior

Figure 3. Dislocation directions: medial, anterior and posterior. Boundary box shown in white outline and goal area shown in teal

coloured outline.
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Figure 4. The effect of bearing thickness and higher tibial wall height on anterior and posterior dislocation. Current design refers to

the 3 mm bearing with standard tibial component wall height.

progressively decreased becoming 4.5mm with the
bearing 2 mm from the wall and 3.5 mm with the bear-
ing 4mm from the wall. Further lateral movement of
the femur and bearing (up to 6 mm) did not alter the
VDD.

For medial dislocation using thicker bearings
increased the VDD a small amount. For example with
the bearing positioned flush against the wall, the VDD
increased by about 0.25 mm when the bearing thickness
increased from 3 to 6 mm. When the bearing was more
than 4mm from the wall bearing thickness had no
effect on the VDD medially (Figure 5).

For medial dislocation increasing the height of the
wall increased the VDD. For each 1 mm the wall height

was increased, the VDD increased by about 1 mm. This
increase was independent of the ML position of the
femur and bearing and the bearing thickness (Figure 6).
The only exception to this was when the bearing was 5
or 6mm from the tibial component wall, when the
increase was smaller. If the wall height was increased
by 2mm then the VDD with bearing flush with the
wall, 2mm from the wall and 4mm from the wall was
7.5, 6.75 and 5.5 mm, respectively.

The distance between the surface of the sphere of
the femoral component and the top of the wall of the
tibial component was related to the height of the wall
(Figure 7). The closest distance between the sphere of
the femoral component and the top of the standard
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corresponding thinnest bearing possible on medial dislocation.
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wall was 1.8 mm and this occurred with the 3 mm bear-
ing and with the bearing touching the wall. With each
I mm increase in bearing thickness the minimum dis-
tance between the sphere and the wall increased by
I mm. The distance between the sphere and the wall
remained at 1.8 mm provided every 1 mm increase in
wall height was matched by 1 mm increase in minimum
bearing thickness.

As the femoral component is distracted away from
the tibial component, the distance between the wall and
the femoral sphere increased. For example, with a stan-
dard wall and the femoral sphere positioned as it would
be with a 3mm bearing inserted, the closest distance
between the tibial wall and the femoral sphere increased
from 1.8 to 9.4mm as the femoral component is dis-
tracted vertically away from the tibial component from
0 to 8 mm.

Discussion

There is considerable variability in the laxity of the liga-
ments and other soft tissues on the lateral side of the

component) and the tibial component.

knee and thus the amount the lateral side can be dis-
tracted.!” Therefore, the risk of a bearing dislocation is
related to the entrapment of the bearing which is mea-
sured by the amount of vertical distraction required for
a dislocation (VDD) to occur using the robotics model.
The greater the VDD, the less likely the bearing is to
dislocate. For an anterior or posterior bearing disloca-
tion, the VDD was between 5.5 and 6.5mm under all
circumstances. In contrast, for a medial dislocation the
VDD was generally substantially less and could be as
low as 3.5mm. It was also influenced by many factors
such as the bearing thickness, the ML position of the
bearing and the tibial component wall height. The
lower VDD medially than anteriorly or posteriorly
explains why medial dislocations occur much more fre-
quently than either anterior or posterior dislocations.
Anterior and posterior dislocations are rare: occurring
in less than 1% of cases.'®!? Therefore, if it was possi-
ble, by either modifying the implant or the surgical
technique, to increase the VDD for a medial dislocation
to 5.5mm, matching the minimum required for an ante-
rior or posterior dislocation, then the overall risk of
bearing dislocation would probably be acceptable.

The ML position of the bearing had a marked effect
on the VDD medially: the further the bearing is from
the wall the lower the VDD and thus the higher the risk
of dislocation. The surgeon can control the ML posi-
tion of the bearing and should make it as close to the
wall as possible. During rotation and flexion/extension
the lateral bearing tends to move on an approximately
circular track, around the medial compartment,” so
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the bearing is closest to the wall in extension and full
flexion. Before making the slot for the keel the surgeon
should adjust the ML position of the tibial component
so the bearing does not push against the wall in full
extension and flexion. This will result in it being about
2mm or more from the wall at 90° flexion. Given that
the position of the vertical saw cut can only easily be
adjusted in 2 mm increments the surgeon should be able
to position the tibial component so that the bearing is 2
to 4 mm from the wall.

While increasing the bearing thickness only increases
the VDD medially by about 0.1/1 mm increase in bear-
ing thickness, clinically, inserting a new bearing, which
may be slightly thicker than the original”® resolves
approximately two thirds of medial bearing dislocation
cases so that there is no further dislocation. Using a
slightly thicker bearing might be resolving clinical dis-
locations by increasing the tension of the soft tissues in
the lateral knee, an thereby reducing the amount that
the lateral compartment can distract. However, using a
bearing that is too thick can lead to overstuffing the
lateral compartment of the knee and overcorrection of
limb angle (> 7° valgus), overstretching the lateral soft
tissues leading to an increased risk of bearing disloca-
and progression of disease in the medial com-
partment of the knee.”>** Therefore, care should be
taken to avoid overstuffing the lateral knee.

The factor that has the greatest influence on VDD
for medial dislocation is tibial component wall height,
with 1 mm increase in wall height increasing VDD by
1 mm. Providing the bearing is 4mm or less from the
wall, an increase in wall height of 2mm would increase
the minimum VDD from 3.5 to 5.5mm. The minimum
VDD for medial dislocation would then be the same as
the minimum VDD for an anterior or posterior disloca-
tion so the risk of a medial dislocation should then be
similar to that for an anterior or posterior dislocation.
As a result the overall dislocation rate should be
acceptable.

Although increasing the wall height seems to be a
simple way to decrease the risk of dislocation, if the
wall height is increased there is a risk that the femoral
component might hit the wall, causing damage to the
components and leading to metal-on-metal collision
with marked metallosis. Currently, at operation the
surgeon aims to align the femoral and tibial compo-
nents so that they are approximately parallel with the
knee in flexion. During knee movements such as flex-
ion/extension and rotation, the components rotate rela-
tive to each other so part of the femoral component
could be above or potentially hit the wall. With the cur-
rent implant design the minimum distance between the
femoral sphere and the top of the wall, which occurs
when the thinnest bearing, which is nominally 3 mm,
touches the wall, is 1.8 mm. The linear wear rate of the
ODL is very low** and we are not aware of any cases
where the femoral component has hit the tibial wall, so
this distance between the components is safe. To ensure
the minimum distance between the femoral and tibial

components is maintained using the new implant
designs, increasing the tibial wall height by a specified
amount would require the nominal 3 mm bearing thick-
ness to also increase by the same height the wall was
increased. Therefore, if the wall was made 2 mm higher
the minimum thickness of bearing should also be
increased by 2 mm from 3 to 5 mm.

If the minimum bearing thickness was 5 mm then to
accommodate this, surgeons would have to resect 2 mm
more tibia. This would be unlikely to cause any prob-
lems. It would require a small amount of the ileo-tibial
tract to be released from the upper part of Gerdy’s
tubercle, but no ligament release. The situation is very
different from that on the medial side of the knee where
a deep resection is likely to cause problems as it would
require release of part of the deep medial collateral liga-
ment, which might lead to over correction. The use of a
5Smm bearing rather than a 3mm bearing would have a
small additional advantage as it would increase the
VDD by about 0.25 mm.

For a dislocation to occur not only does the joint
have to be distracted but also the bearing must move or
be pushed out of the joint. The main limitation of the
study is therefore that only one aspect of dislocation,
the distraction, has been studied. However, if the joint
has not been distracted enough to allow a dislocation,
the bearing would not dislocate. In order to determine
if an increased wall height does satisfactorily decrease
the risk of dislocation, a cadaver study and then a clini-
cal study will be required.

Conclusion

The risk of dislocation is related to the VDD measured
using the dislocation analysis tool. Anterior and posterior
dislocation are rare and have a VDD of 5.5 to 6.5mm.
The VDD for medial dislocation is much lower and can
be as low as 3.5mm, explaining why the risk of medial
dislocation is much higher. For medial dislocation VDD
decreases markedly with increased wall height (about
I mm for 1 mm wall height increase), moderately with the
bearing being closer to the wall (about 0.5mm for 1 mm
closer) and slightly with thicker bearings (about 0.1 mm
for 1 mm thicker bearing). However if the wall height is
increased the minimum bearing thickness also has to be
increased by the same amount so the femoral and tibial
components do not hit. If the wall height was increased
by 2mm, the minimum bearing thickness was 5mm and
surgeons implanted the components so the bearing was
4mm or less from the wall then the VDD for medial dis-
location would be 5.5mm. The medial dislocation rate
should then be similar to the anterior and posterior dislo-
cation rate and it should therefore be acceptable.

Declaration of conflicting interests

The author(s) declared the following potential conflicts
of interest with respect to the research, authorship, and/
or publication of this article: The author or one of more



Yang et al.

355

of the authors have received or will receive benefits for
personal or professional use from a commercial party
related directly or indirectly to the subject of this article.
In addition, benefits have been or will be directed to a
research fund, foundation, educational institution or
other non-profit organisation with which one or more
of the authors are associated.

Funding

The author(s) disclosed receipt of the following finan-
cial support for the research, authorship, and/or publi-
cation of this article: This work was completed through
support of the University of Oxford Clarendon Fund
Scholarship.

ORCID iD

Irene Yang () https://orcid.org/0000-0001-9316-6787

References

1. Gunther TV, Murray DW, Miller R, et al. Lateral uni-
compartmental arthroplasty with the Oxford meniscal
knee. Knee 1996; 3: 33-39.

2. Nakagawa S, Kadoya Y, Todo S, et al. Tibiofemoral
movement 3: full flexion in the living knee studied by
MRI. J Bone Joint Surg Br 2000; §2-B: 1199-1200.

3. Goodfellow J, O’Connor J, Pandit HG, et al. Unicom-
partmental arthroplasty with the oxford knee. 2nd ed.
Oxford: Goodfellow Publishers Lim, 2015.

4. Robinson BJ, Rees JL, Price AJ, et al. A kinematic study
of lateral unicompartmental arthroplasty. Knee 2002;
9(3): 237-240.

5. Yang I, Hamilton TW, Mellon SJ, et al. Systematic
review and meta-analysis of bearing dislocation in lateral
meniscal bearing unicompartmental knee replacement:
domed versus flat tibial surface. Knee 2021; 28: 214-228.

6. Kennedy JH, Mohammad I, Yang, et al. Oxford domed
lateral unicompartmental knee replacement: 10 year sur-
vival and 7 year clinical outcome. Bone Joint J 2020;
102(B(8)): 1033-1040.

7. Walker T, Zahn N, Bruckner T, et al. Mid-term results
of lateral unicondylar mobile bearing knee arthroplasty:
a multicentre study of 363 cases. Bone Joint J 2018; 100-
B(1): 42-49.

8. Pandit H, Jenkins C, Beard DJ, et al. Mobile bearing dis-
location in lateral unicompartmental knee replacement.
Knee 2010; 17(6): 392-397.

9. Kennedy JA, Mohammad HR, Yang I, et al. Oxford
domed lateral unicompartmental knee replacement: 10
year survival and 7 year clinical outcome. Manuscript sub-
mitted for publication. 2020.

10. Schelfaut S, Beckers L, Verdonk P, et al. The risk of bear-
ing dislocation in lateral unicompartmental knee

11.

12.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

arthroplasty using a mobile biconcave design. Knee Surg
Sports Traumatol Arthrosc 2013; 21(11): 2487-2494.
Robinson BJ, Rees JL, Price AJ, et al. Dislocation of the
bearing of the Oxford lateral unicompartmental arthro-
plasty. A radiological assessment. J Bone Joint Surg 2002;
84(5): 653-657.

Meister RA, Michael SP, Moyer RA, et al. Anatomy and
kinematics of the lateral collateral ligament of the knee.
Am J Sports Med 2000; 28(6): 869-878.

. Yang I, Gammell JD, Murray DW, et al. Using a robotics

path planning algorithm to assess the risk of mobile bearing
dislocation in lateral unicompartmental knee replacement.
In: CAOS 2020. The 20th annual meeting of the interna-
tional society for computer assisted orthopaedic surgery,
2020. Virtual: EasyChair.

LaValle S. Rapidly-exploring random trees: a new tool for
path planning. The Annual Research Report, 1998.
Chong A. Euclidean distance between two point clouds.
https://www.mathworks.com/matlabcentral/fileexchange/
59377-euclidean-distance-between-two-point-clouds
(2016).

Yang I, Gammell JD, Mellon S, et al. The Oxford Domed
lateral implant: increasing tibial component wall height
reduces the risk of medial dislocation of the mobile bear-
ing. Orthop Res Soc 2021. https://www.ors.org/wp-con
tent/uploads/2021/02/ORS-2021-Podiums-and-Posters-2-
8.pdf

Tokuhara Y, Kadoya Y, Nakagawa S, et al. The flexion
gap in normal knees. J Bone Joint Surg 2004; 86-B(8):
1133-1136.

Murray DW, Goodfellow JW and O’Connor JJ. The
Oxford medial unicompartmental arthroplasty: a ten-year
survival study. J Bone Joint Surg 1998; 80(6): 983-989.

. Svard UCG and Price AJ. Oxford medial unicompart-

mental knee arthroplasty. A survival analysis of an inde-
pendent series. Journal of Bone and Joint Surgery - Series
B 2001; 83(2): 191-194.

Murray DW. Personal communication, 1. Yang, editor.
2018.

Streit MR, Walker T, Bruckner T, et al. Mobile-bearing
lateral unicompartmental knee replacement with the
Oxford domed tibial component: an independent series. J
Bone Joint Surg 2012; 94(10): 1356-1361.

Sah AP and Scott RD. Lateral unicompartmental knee
arthroplasty through a medial approach. Study with an
average five-year follow-up. J Bone Joint Surg 2007,
89(9): 1948-1954.

Ohdera T, Tokunaga J and Kobayashi A. Unicompart-
mental knee arthroplasty for lateral gonarthrosis: mid-
term results. J Arthroplasty 2001; 16(2): 196-200.

Ghosh P, Mohammad H, Martin B, et al. Low polyethy-
lene creep and wear following mobile-bearing unicom-
partmental knee replacement. Knee Surg Sports
Traumatol Arthrosc 2020. https://doi.org/10.1007/s00167-
020-06243-7


https://orcid.org/0000-0001-9316-6787
https://www.mathworks.com/matlabcentral/fileexchange/59377-euclidean-distance-between-two-point-clouds
https://www.mathworks.com/matlabcentral/fileexchange/59377-euclidean-distance-between-two-point-clouds
https://doi.org/10.1007/s00167-020-06243-7
https://doi.org/10.1007/s00167-020-06243-7

