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List of Abbreviations

Abbreviation Meaning

OA Osteoarthritis

TKA Total Knee Arthroplasty

UKA Unicompartmental Knee Arthroplasty (also known as; Unicondilar Knee Arthro-
plasty / Partial Knee Arthroplasty)

RSA Radiostereometric Analysis

CN Condition Number

NSAID Nonsteriodal Antiinflammatory Drugs

ACL Anterior Cruciate Ligament

PCL Posterior Cruciate Ligament

PPK Persona® Partial Knee implant

DE Double Examination

AP Anterior-Posterior

ML Medial-Lateral
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Migration of Unicompartmental Knee Replacements;
a Systematic Review

Imke A.M. Gevers!, Jantsje H. Pasma?, Bart L. Kaptein®, Hennie Verburg?

! Student MSc Technical Medicine, Delft University of Technology; Erasmus Medical Centre Rotterdam; Leiden
University Medical Centre, the Netherlands. 2 Research Department, Reinier Haga Orthopaedic Centre, Zoetermeer,
The Netherlands. ® Department of Orthopedics, Leiden University Medical Centre, Leiden, The Netherlands

Abstract

Background: Studies have shown inconsistent results regarding the long-term survival of unicompartmental knee
arthroplasty (UKA). Radiostereometric analysis (RSA) can be used to assess early migration which has shown high
predictive value for later aseptic component loosening.

Objective: Systematically review the initial and continuing migration of unicompartmental knee replacements.
The secondary aim was to review clinical outcome and RSA functionality.

Method: A systematic literature search was performed using PUBMED and Cochrane Library on October 4",
2021. The primary outcome was translation, rotation and maximum total point motion (MTPM) of the tibial and
femoral component at 1.5, 3, 6, 12 and 24 months (longer if available). The clinical outcome was evaluated using
the revision rate and mean revision time. The RSA functionality was evaluated using the cut-off value for condition
number, precision interval of double examination and RSA success rate.

Results: The literature search yielded 502 hits of which 13 studies were included, comprising 16 study populations
reviewing 442 knees. The initial mean migration values at 12 months follow-up ranged from 0.47mm to 1.58mm for
MTPM, <0.0lmm to 0.53mm for translation and 0.06° to 2.08° for rotations. The continuing migration between 12
and 24 months ranged from <0.0lmm to 0.50mm for MTPM, <0.0lmm to 0.13mm for translation and <0.01° to
0.35° for rotation. The mean revision rate at 2 years follow-up was 1.3%. The CN cut-off value ranged from 95-150.
The maximum precision intervals were 0.37mm for translation and 0.77° for rotation. The mean RSA success rate
was 93% for the initial post-operative analysis and 79.9% for the follow-up periods.

Interpretation: This systematic review shows that there are few RSA studies for UKA. Adherence to existing
international standards and guidelines is low regarding migration outcome measures, consistent follow-up intervals,
CN cut-off values and precision measurements. Hence, it is difficult to evaluate the quality of the RSA studies and
compare results. The majority of the studies reported a mean MTPM that stabilizes after 12 months and translations
and rotations that stabilize after 3 months. Further research is recommended to create adherence in RSA guidelines,
provide long-term follow up and improve RSA functionality regarding precision interval and RSA success rate.

Keywords: Unicompartmental Knee Arthroplasty - Radiostereometric Analysis - Migration - Systematic Review

Migration of Unicompartmental Knee Replacements

Introduction

Osteoarthritis (OA) is a degenerative joint disease which
is characterized by the deterioration of joint cartilage.
The most common symptom is pain, followed by stiff-
ness and swelling, which leads to activity restrictions.!2
It constitutes a leading cause of disability in the adult
population, with the knee as the most affected joint.
Approximately 10% of the population above the age
of 55 suffer from knee osteoarthritis and 25% of them
are severely disabled by their disease.®>* Treatment of
knee osteoarthritis commonly starts with non-operative
treatment modalities which include nonsteroidal antiin-
flammatory drugs (NSAIDs), intra-articular injections,
activity modification, physical therapy and knee brac-
ing. In case non-operative treatments are not sufficient,

osteo arthritis can be treated with knee arthroplasty.*

The knee consists of three separate compartments; the
medial, lateral and patella-femoral compartment. In
85% of the knees presented with clinical OA, the disease
is isolated in the medial compartment of the knee.?6
This discovery revolutionized knee replacement surgery
through the development of unicompartmental knee
arthroplasty (UKA).” UKA offers several potential ben-
efits in comparison with total knee arthroplasty (TKA)
including less-invasive surgical exposure, preservation of
native bone stock, retention of crucial ligaments, lower
perioperative morbidity, enhanced postoperative recov-
ery and improved patient satisfaction.® ! However,
studies have shown inconsistent results regarding the
long-term survival of UKA compared to TKA. With
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data from the UK and Australian registries showing
a much higher revision rate in UKA but independent
studies with the Oxford UKA showing comparable re-
sults with the TKA.5 1112 The most common failure
modes for UKA are instability, progression of disease to
another compartment and aseptic loosening of the tibial
component. Along with revision for unexplained pain
and infection, these are the most frequent reasons for
revision.'® An explanation for the varying revision
rates for UKA is a difference in the threshold for the
revising surgeon for conversion of UKA to TKA, where
some believe the revision is simple and comparable to
a primary TKA.'315 In addition, research is showing a
correlation between the experience of UKA surgeons and
the revision rate. Where it indicates that low volume
UKA surgeons, performing often less than 15 UKAs
per year, have higher rates of revision.!?1316  The
widespread performance of UKA has been limited by
the technical difficulty of performing the procedure. In
particular, UKA has less tolerance for acceptable com-
ponent positioning when compared to TKA.'” Evidence
suggests that increased usage (>20%) is associated with
decreased revision rate. To achieve this usage rate,
surgeons could either change their indications for UKA
resulting in more UKAs performed, or refer the pa-
tients eligible for UKA to specialized high volume UKA
surgeons.'?1®  Another possible solution is the use of
robotic-assisted technology which has made performing
UKA technically less demanding.!'” Both increase of
usage rates, specializations in UKA and the upcoming
robotic-assisted technology could indicate better perfor-
mance of UKA over time.

Aseptic loosening is one of the common reasons for
revision of UKA.!® Radiostereometric analysis (RSA)
has shown a high predictive value for later aseptic com-
ponent loosening.?%2! RSA is the assessment of early
migration by analyzing the motion of the implant us-
ing three-dimensional X-ray imaging.?? This can be
achieved by placing tantalum markers in the patients
bone and either attaching markers (in)to the prosthesis,
called marker-based RSA, or matching a virtual projec-
tion of a 3D model with the contours of the radiographic
projection of the implant, called model-based RSA.?3
The quality of the RSA depends on the precision and
accuracy of the measurement and the successful place-
ment of the tantalum markers. The accuracy can be
determined with an experimental saw-bone study and
the precision by performing double examination during
one of the follow-up periods.?* The successful place-
ment of the markers is dependent on their location, i.e.
distribution, visibility and stability of the markers. The
condition number (CN) is a measure for the distribution
of markers in the bone and a high condition number re-
sults in less accurate analyses. It has been suggested
that a CN below 100 for large joints will provide reliable
results.?% 26 Visibility of the markers can be compro-
mised by marker projection overlap or overlap with the
implant. Stability is dependent on the density of the

bone in which the marker is placed. The RSA images
can not be analyzed sufficiently if there are not enough
visible and stable markers or if the condition number is
to high.

Over time there have been several RSA studies per-
formed to investigate the migration of unicompartmen-
tal knee implants. However, as of now there is no
systematic overview of the migration results of these
studies. The objective of this research is to systemati-
cally review the migration reported in RSA studies of
unicompartmental knee replacements. This will help
new studies to compare there results to earlier per-
formed research and determine if newer techniques (e.g.
robotic-assisted surgery) improve the migration rate of
UKA. In addition, the survival rate and their relation
to migration will be reviewed. The second goal of this
research is to review the RSA functionality, regarding
condition number, precision and successful placement
of markers.

Materials and Methods

This study is reported in accordance with the PRISMA
2020 (Preferred Reporting Items in Systematic Reviews
and Meta-Analysis) statement.?”

Literature Search

A systematic literature search was performed using
PUBMED and Cochrane Library. The query was de-
signed based on MeSH (Medical Subject Headings)
terms combined with free text terms describing uni-
compartmental knee replacements (UKR) and implant
migration.

The query used for the PUBMED search was:

" ((Unicompartmental Knee Arthroplast*) OR (Uni-
condylar Knee Arthroplast*) OR (Partial Knee Arthro-
plast*) OR (Unicondylar Knee Replacement) OR (Par-
tial Knee Replacement) OR (Unicompartmental Knee
Replacement)) AND ((Migration*) OR (Micromo-
tion*) OR (Radiostereometric Analysis/Mesh]) OR (Ra-
diostereometric Analys*) OR (Radiostereometry) OR
(Roentgen Stereophotogrammetry))".

The query used for the Cochrane Library search was:

" (Unicompartmental Knee Arthroplast OR Unicondy-
lar Knee Arthroplast OR Partial Knee Arthroplast OR
Unicondylar Knee Replacement OR Partial Knee Re-
placement OR Unicompartmental Knee Replacement)
AND (Migration OR Micromotion OR Radiostereo-
metric Analysis OR Radiostereometric Analys OR Ra-
diostereometry OR Roentgen Stereophotogrammetry)".

For both searches no additional filters or language re-
strictions were used. The date of final literature search
was October 4", 2021.
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Identification

Identification of studies via databases and registers

Records identified from:
Databases (n = 502)
References (n = 1)

Records removed before
screening:
Duplicate records removed
(n=3)

]

Records screened on title and

abstract

Records excluded

(n = 462)
No Primary UKA (n = 384)
No Implant Migration (n = 42)
Non-clinical studies (n = 36)

(n =500)
Reports sought for full text
retrieval

Reports not retrieved

2| | m=39 =3
c
@
Q2
: !
(7]
Reports assessed for eligibility
= »| Reports excluded
(n=35)
(n=21)
Follow-up < 1y (n = 1)
No Implant Migration (n = 8)
No Primary UKA (n 12)
v
3 Studies included in review
=] (n=13)
S Reports of included studies
£ (n=14)

Figure 1: PRISMA flowdiagram of study selection®”

Selection and Eligibility Criteria

Inclusion criteria specified any study measuring the mi-
gration of the tibial and/or femoral component of pri-
mary unicompartmental knee implants with a minimal
follow-up of 12 months. Re-operations (revision pros-
thesis), non-clinical studies and articles not written in
English or Dutch were excluded. One author (I.A.M.
Gevers) reviewed all articles upon the search strategy
and uncertainties were resolved by discussion with a sec-
ond author (J. Pasma). All articles were screened us-
ing the PRISMA Flowdiagram guidelines.?” Afterwards
the references of the included articles were reviewed to
check for other eligible studies. The entire selection flow-
diagram can be seen in Figure 1. At the end of the
literature search 14 articles reporting 13 studies were
enrolled for analysis.

Outcomes

For study demographics the following data is extracted:
author, year of publication, number of patients, number
of knees, patient age at time of surgery, male-female ra-
tio, implant type, medial-lateral implant ratio, number
of surgeons, RSA method and mean follow-up.

The primary outcome measure was the micromotion
of the tibial and/or femoral component of the uni-
compartmental knee implants. The two most common
used presentations of micromotions are the translations
and rotations as described in Figure 2 or the Maxi-
mum Total Point Motion (MTPM) which is the total
three-dimensional vector displacement of the prosthesis
marker with the greatest motion.25 MTPM, transla-
tions and rotations will be described as the mean value

in millimeters or degrees over the following follow-up
periods: 1.5, 3, 6, 12 and 24 months. If there are longer
follow-up periods they will be reported annually. The
mean MTPM after the first 12 months of follow-up
will be compared to the thresholds for initial migra-
tion where implants with a mean MTPM <0.5mm are
described as promising and a mean MTPM >1.6mm
as associated with an increased revision rate.20»2829
The absolute difference in mean migration between 12
and 24 months of follow-up will be compared to the
thresholds for continuing migration where the implant
is marked unstable (at risk of implant loosening at 10
years follow-up) if the absolute difference exceeds the
following thresholds; MTPM > 0.2mm, translation >
0.2mm in any direction and rotation > 1.0 degree in
any direction.?? 30,31

The secondary outcome measures are related to implant
survival and RSA functionality. The implant survival
is described with the revision rate and compared to the
continuing migration thresholds. RSA functionality is
described by the condition number, the precision of the
RSA (measured with double examinations) and the RSA
success rate determined by the amount of images that
were not applicable for analysis due to a insufficiently
amount of stable tantalum markers.

Figure 2: Orientation of translation and rotation axes.
Translations are directed along the medial-lateral axis
(Tx), distal-proximal axis (Ty) and posterior-anterior
axis (Tz). Rotations are directed over the flexion-
extension angle (Rx), internal-external rotation angle
(Ry) and abduction-adduction angle (Rz).2%32

Data Extraction and Quality Assessment

All randomized clinical trials are assessed using the
Cochrane risk-of-bias (ROB) tool to evaluate data on
study demographic, quality, radiological outcome and
clinical outcome.** All cohort studies are assessed using
the Methodological Index for Non-Randomized Studies
(MINORS) tool to evaluate the methodological quality
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regarding eight questions .**> All data necessary for the
assessment tools was extracted and evaluated by one au-
thor (I.A.M. Gevers) and any questions in data extrac-
tion or scoring were settled by discussion with a second
author (J. Pasma).

Results

Study Demographics

The literature search yielded 502 hits and 13 studies
were included, covering a total of 435 patients with 442
knee replacements. Four studies were randomized clin-
ical trials and two of them scored for the Risk of Bias
Assessment an overall score of "low risk’ and the other
two scored ’some concerns’. The remaining nine cohort

studies had a mean MINORS score of 10.3 out of 16 with
a range between 8 and 13. The detailed scoring can be
found in supplementary data Section 1.1 and 1.2. The
patients mean age at surgery ranged from 63 to 81 years
with a median age of 69. The percentage of male pa-
tients was 47% and ranged from 0% to 88%. Eight stud-
ies had a mean follow-up period of 24 months, the re-
maining five studies had a longer follow-up with a max-
imum of 120 months. Of the four randomized control
trials, three compared two different unicompartmental
knee implants and one compared a unicompartmental
knee implant with a total knee implant. This resulted in
16 reported RSA study populations with a total of 7 dif-
ferent types of knee implants of which one had cement-
less fixation. Eleven study populations only consisted of

Table 1: Study demographics

Study Author Year of ROT Number of  Patient Age % Male Mean Follow-
ID publication Patients Mean (Range) Patients Up (Months)
1% Bragonzoni et al. 2005 No 16 71 (62-82) 38 36
231 Bruni et al. 2014 No 15 81 (74-87) 33 120
326:34  Campi et al. 2021 Yes 39 66 (49-79) 51 60
435 Carlsson et al. 2006 Yes 41 64 (49-80) 32 24
536 Ensini et al. 2013 No 20 69 (53-86) 35 24
637 Hyldahl et al. 2001 Yes 38 68 (NA) 45 24
7 Koppens et al. 2018 No 45 64 (45-88) 49 24
839 Koppens et al. 2019 Yes 62 63 (47-79) 50 24
910 Linde et al. 2019 No 53 65 (63-68) 49 24
10% Lindstrand et al. 2000 No 46 72 (60-91) NA 24
1132 Ryd et al. 1983 No 6 69 (65-73) 0 24
1242 Ryd et al. 1992 No 34 69 (62-78) 88 72
B Soavi et al. 2002 No 20 72 (62-83) 30 60
Table 2: Implant information per study population
Study Number Implant Cemented % Medial Number of RSA
1D of Knees Implants Surgeons Method*
1% 18 Duracon UNT Yes 94 NA Marker
231 15 Duracon UNI Yes NA NA Marker
3a26,34 19 Oxford UKA Yes 100 4 Model
3p26:34 20 Oxford UKA No 100 4 Model
S 41 Miller-Galante UKA Yes 100 3 Marker
536 20 Optetrak UKA Yes 100 1 Model
6a’7 18 Miller-Galante UKA Metal-Backed Yes 100 5 Marker
6b37 20 Miller-Galante UKA All-polyethylene Yes 100 5 Marker
e 45 Sigma Medial UKA Yes 100 2 Model
8a39 31 Mobile Bearing Oxford UKA Yes 100 2 Model
8b39 31 Fixed Bearing Sigma UKA Yes 100 2 Model
940 53 Oxford UKA Yes 100 3 Model
104 49 Duracon UNIT Yes 89 4 Model
1132 6 Richard Modular Knee Prosthesis Yes 83 NA Marker
122 36 Marmor UKA Yes 86 NA Marker
1343 20 Duracon UNI Yes 100 NA Marker

* Marker = marker-based RSA ; Model = model-based RSA
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medial unicompartmental implants, four included both
lateral and medial implants and for one study popula-
tion the information was not applicable. The number of
surgeons performing the arthroplasty differed between 1
to 5 surgeons. The RSA method used was eight times
marker-based and eight times model-based. The com-
plete study and implant demographics can be found in
Table 1 and 2.

Migration Results

The maximal total point motion (MTPM) of the tib-
ial component had been described in 11 studies for
13 different study populations with a maximum mean
follow-up between 24 and 120 months.31:33:35-43  The
MTPM of the femoral component had been described

Figure 3: Mean Maximum Total

a. Tibial component

in 2 studies for 3 different study populations and all had
a mean follow-up of 24 months.3%3° The results of the
mean MTPM per follow-up period per study are shown
in Figure 3a for the tibial component and Figure 3b for
the femoral component. In addition the weighted mean
MTPM, adjusted for the number of patients per study
population, is plotted in these figures.

The mean MTPM of the tibial component at 12 months
follow-up ranged from 0.47mm to 1.58 mm with a
weighted mean of 0.66mm. The study population of
Linde et al.® had a mean MTPM below the initial
migration threshold of 0.5mm and no studies had mean
MTPM values above the threshold of 1.6mm. The mean
MTPM difference between 12 and 24 months follow-
up of the tibial component ranged from <0.0lmm to

Point Motion (MTPM) per study

b. Femoral component

z 5
a0, © 0.8
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Table 3: Mean migration of tibial component
Study ID Tx (mm) Ty (mm) Tz (mm) Rx (%) Ry (°) Rz (%)
u
v 12m  24m diff 12m 24m diff 12m  24m diff 12m  24m diff 12m 24m diff 12m 24m diff
3a26,34 0.01 0.06 0.05 | -0.09 -0.13 -0.04 | 0.00 0.03 0.03 | -0.10 -0.17 -0.07 | -0.02  0.03 0.05 | -0.29 -0.31 -0.02
3h26,34 -0.04 0.01 0.05 | -0.28 -0.34 -0.06 | -0.01 -0.02 -0.01 | -0.38 -0.40 -0.02 | 0.16 0.24 0.08 0.1 -0.01  -0.11
6a3" NA NA NA 0.42 0.73* 0.31 | 0.27 0.34* 0.07 | 0.71 1.00%  0.29
6b37 NA NA NA 0.48  0.53 0.05 | 0.31 0.26  -0.05 1.1 1.25 0.15
7 0.08 0.08% 0.00 | -0.04 -0.04* 0.00 | 0.01 0.04* 0.03 | 0.06 0.05% -0.01 | -0.16 -0.08% 0.08 | -0.28 -0.56* -0.28
8a3Y 0.09 0.02 -0.07 | 0.03 0.06 0.03 | -0.11 -0.08 0.03 | -0.37 -0.49 -0.12 | 0.02 0.02 0.00 | -0.18 -0.18 0.00
8b32 0.04 0.05 0.01 | 0.04 0.04 0.00 | 0.03 0.03 0.00 | -0.19 -0.28 -0.09 | -0.28 -0.25 0.03 | 0.06 0.01 -0.05
1132 0.53 053 0.00 | -045 -048 -0.03 | -0.15 -0.18 -0.03 | -0.33 -0.40 -0.07 | 1.10 1.27 0.17 | -2.08 -2.17 -0.08
*Revised patients excluded from analysis (see Figure 5)
Table 4: Mean migration of femoral component
Study ID Tx (mm) Ty (mm) Tz (mm) Rx (%) Ry (°) Rz (°)
ey 12m  24m  diff | 12m  24m  diff | 12m  24m  diff | 12m  24m  diff | 12m  24m  diff ‘ 12m  24m  diff
3526,34 0.05 0.03 -0.02 | -0.12 -0.05 0.07 | 0.24 0.22 -0.02 | 0.16 0.23 0.07 | -0.05 0.32 0.37 025 -0.06 -0.31
3h26,34 -0.18 -0.05 0.13 | -0.12 -0.04 0.08 | 0.26 0.21 -0.05 | 0.22 0.20 -0.02 | 0.24 0.23 -0.01 -0.26 0.00 0.26
7 0.02 0.06* 0.04 | 0.06 0.11* 0.05 | 0.02 0.00* -0.02 | -0.08 0.11* 0.19 | 0.07 0.07* 0.00 0.12 0.47% 0.35
8a3? 0.05 -0.02 -0.07 | 0.02 0.01 -0.01]0.15 0.15 0.00 [ 0.08 0.17 0.09 | 025 0.38 0.13 -0.06 -0.22 -0.16
8b39 -0.06 -0.06 -0.01 | 0.06 0.07 0.01 | 0.02 0.01 -0.01| 027 040 0.13 | 042 053 0.11 -0.1 -0.14 -0.04

*Revised patients excluded from analysis (see Figure 5)
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0.50mm with a weighted mean of 0.10mm. The study
population of Ensini et al.?¢ and the Metal-Backed
study population of Hyldahl et al.3” exceeded the
MTPM threshold for continuing migration of 0.2mm
which marks them as unstable implants.

The mean MTPM of the femoral component at 12
months follow-up ranged from 0.51mm to 0.59mm with
a weighted mean of 0.55mm. All study populations had
a mean MTPM between the initial migration thresholds
of 0.5 and 1.6mm. The mean MTPM difference between
12 and 24 months follow-up of the femoral component
ranged from 0.0lmm to 0.16mm with a weighted mean
of 0.07mm. None of the femoral components exceeded
the threshold for continuing migration.

The translations of the tibial component had been
described in 4 studies for 6 different study popula-
tions.26:32:34,38,39  The rotations of the tibial compo-
nent had been described in 5 studies for 8 different
study populations.26:32:34:3739  The translations and
rotations of the femoral components had been described
in 3 studies for 5 different study populations.26-34 38,39
All study populations describing migration had a max-
imum mean follow-up between 24 and 60 months. The
mean translations and rotations at 12 months follow-
up, 24 months follow-up and their difference are listed
in Table 3 for the tibial component and Table 4 for
the femoral component. The migration results for all
follow-up moments can be found in supplementary data
Section 2.1 and 2.2.

The absolute difference in mean migration between 12
and 24 months follow-up of the tibial component ranged
from <0.01lmm to 0.07mm for Tx, <0.0lmm to 0.06mm
for Ty, <0.0lmm to 0.03mm for Tz, 0.01° to 0.31° for
Rx, <0.01° to 0.17° for Ry and <0.01° to 0.29° for Rz.
None of the tibial components exceeded the translation
or rotation threshold for continuing migration.

The absolute difference in mean migration between 12
and 24 months follow-up of the femoral component
ranged from 0.0lmm to 0.13mm for Tx, 0.0lmm to
0.08mm for Ty, <0.0lmm to 0.05mm for Tz, 0.02° to
0.19° for Rx, <0.01° to 0.37° for Ry and 0.04° to 0.35°
for Rz. None of the femoral components exceeded the
translation or rotation threshold for continuing migra-
tion.

Clinical Outcome

The documented revision rates and their mean revision
time can be seen in Table 5. Lindstrand et al.*! did
not report if there were any revisions during the follow-
up period. Of the remaining 12 studies the maximum
follow-up period for revision ranged from 2 to 10 years.
The mean revision rate of all study populations at 2
years follow-up was 1.3% (5 revisions in a total of 393
knees). Five studies also reported revisions up to 3, 5, 6
or 10 years. Bragonzoni et al.>® had a 3 year follow-up
period and reported a revision rate of 6%. Campi et
al.26 and Soavi et al.3 had a 5 year follow-up period
and reported both a revision rate of 0%. Ryd et al.?
had a 6 year follow-up period and reported a revision

rate of 8%. Bruni et al.?* had a 10 year follow-up period
and reported a revision rate of 27%.

Eleven studies reported the amount of individual
MTPM and/or migration values that exceeded the
thresholds for continuing migration between 12 and
24 months of follow-up.26:31-38,40,42,43 Of the implants
that were revised after 24 months or more, 67% (6 out of
9) exceeded at least one of the thresholds for continuing
migration. Of the implants that were not revised during
the follow-up period, 11% (29 out of 275) exceeded at
least one of the thresholds for continuing migration.

Table 5: Revision rates per study

Study ~ Number Revised Mean Revision  Follow

1D of Knees  # (%) Time (y) -Up (y)
1% 18 1 (6%) 3.0 3
231 15 4 (27%) 6.3 10
32888 39 0 - 5
435 41 1 (2%) 1.0 2
536 20 0 - 2
637 38 2 (5%) 1.6 2
738 45 2 (4%) 1.7 2
839 62 0 - 2
o 53 0 - 2
10 49 NA - 2
1132 6 0 - 2
1242 36 3 (8%) 6.0 6
1343 20 0 - 5

RSA Functionality

There were six studies that reported the condition
number (CN) and in those studies 5 different cut-
off values were used; CN>90,36 CN>95,3% CN>105,37
CN>120%%39 and CN>150.1 Linde et al.?® excluded
two patients because they exceeded the maximum con-
dition number of 150. The remaining studies did not
have any rigid body markers that exceeded the CN
threshold. Furthermore, Campi et al.?6:34 and Linde et
al.#% measured the mean CN per follow-up period and
it ranged from 35 to 58.

Three studies performed double examinations to de-
termine the precision of RSA. Koppens et al. 201833
and Koppens et al. 201939 examined both the tibial and
femoral component and Linde et al.** examined only
the tibial component. The mean difference and preci-
sion interval (PI = 1.96 x SD) for all translation and
rotation axes are shown in Table 6. The translations of
the tibial component had a maximal mean difference of
0.0lmm and the PI ranged from 0.04mm to 0.27mm.
The rotations of the tibial component had a maximal
mean difference of 0.06° and the PI ranged from 0.15°
to 0.56°. The translations of the femoral component
the maximal mean difference was 0.05mm and the PI
ranged from 0.05mm to 0.37mm. The rotations of the
femoral component had a maximal mean difference of
0.12° and the PI ranged from 0.31° to 0.77°.
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Table 6: Precision of RSA by double examination; Mean Difference (Precision Interval)

Study ID  Tx (mm) Ty (mm) Tz (mm) Rx (°) Ry (°) Rz (°)
Tibia

738 0.00 (0.12)  0.01 (0.09) 0.00 (0.27) 0.02 (0.36) 0.04 (0.56) 0.06 (0.15)

839 0.01 (0.10)  0.00 (0.07) 0.01 (0.18) 0.00 (0.36) 0.03 (0.32) 0.03 (0.27)

910 0.00 (0.08) 0.00 (0.04) 0.00 (0.16) 0.01 (0.23) 0.01 (0.31) 0.01 (0.26)
Femur

738 0.01 (0.05) 0.01 (0.08) 0.05 (0.29) 0.00 (0.45) 0.01 (0.31) 0.02 (0.45)

839 0.03 (0.21)  0.00 (0.09) 0.02 (0.37) 0.00 (0.57) 0.05 (0.54) 0.12 (0.77)

Figure 4 shows the percentage of successfully executed
radiostereometric analyses, in which a sufficient amount
of stable markers were visible. In total, eight stud-
ies reported the RSA success rate.32:35740:42 Of these,
three studies solely reported the success rate of the di-
rect post-operative analyses and not at the subsequent
follow-up periods. These studies had a post-operative
success rate of 93%. The remaining five studies reported
the success rate at every follow-up RSA. Their success
rates varied between 68% - 100% with a mean success
rate of 79.7%.

Study ID

0% 20% 40% 60% 80% 100%

Figure 4: Percentage of successfully executed radiostere-
ometric analyses
*Only based on post-operative analyses, not the follow-up.

Discussion and Conclusion

This systematic review described the migration results
of 16 study populations containing 442 unicompartmen-
tal knee replacements. The mean MTPM of consecu-
tively the tibial and femoral component were reported
for 13 study populations containing 397 knees and 3
study populations containing 107 knees. The mean
translation of consecutively the tibial and femoral com-
ponent were reported for 6 study populations contain-
ing 152 knees and 5 study populations containing 146
knees. The mean rotation of consecutively the tibial
and femoral component were reported for 8 study pop-
ulations containing 190 knees and 5 study populations
containing 146 knees.

The majority reported a mean MTPM of the tibial com-
ponent that stabilized after 12 months with a weighted
mean over all studies of 0.66mm at 12 months follow-
up. The study population from Bruni et al.3! showed
a higher mean MTPM for all follow-up periods with
a substantial decline after 48 months. This could be
caused by several unstable implants that were revised
between 36 and 48 months of follow-up. Other studies
that investigated the same implant type33 4143 reported
substantially lower mean MTPM results. The only dif-
ference that could be found between those studies and
Bruni et al. is the difference in patient age at time of
surgery. With a mean age of 81 years for Bruni et al.
compared to 71, 72 and 72 years for the other studies.
Literature showed that the annual revision rate of pa-
tients with an age above 75 years at time of surgery
is higher compared to younger patients, this could po-
tentially indicate that age has an influence on UKA
performance.46

The study population from Ensini et al.3¢ had the high-
est increase of mean MTPM between 12 and 24 months
of follow-up. In the study no explanation is given for
the high increase in MTPM during this follow-up pe-
riod. In addition, based on the demographics no initial
difference between this study and other included studies
can be found besides the fact that this study is the only
one that used the Optetrak UKA. Until this moment,
no studies have been published comparing the migra-
tion or survival rates of the Optetrak UKA to another
reviewed implant. However, a study from Catani et
al.47 reported lower clinical-functional scores for the
Optetrak UKA compared to the Oxford UKA although
those difference were not significant.

The mean MTPM of the femoral component had a max-
imum follow-up of 24 months. All studies reported a
mean MTPM of the femoral component that stabilized
after 12 months with a weighted mean over all studies
of 0.55mm at 12 months follow-up. In the 24 months of
follow-up no major differences between the study popu-
lations were noticeable.

The majority of translation and rotation of the tibial
component occurs in the first 3 months and stabilizes
after. The study population from Ryd et al. 198332
reported remarkably higher mean migration results for
Tx, Ty, Tz, Ry and Rz at 12 months follow-up. This
could potentially be explained by the publication year.
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The UKA surgical techniques were less known in that
time and surgeons were less experienced, this resulted in
high failure rates when UKA was first introduced.!%:48
In addition, there were only 6 patients included which
makes the mean migration very susceptible for the va-
riety per patient.

The majority of the translation and rotation of the
femoral component keep varying over the entire follow-
up period of 24 or 60 months. This could indicate that
the femoral component is less stable then the tibial com-
ponent. This is similar to previous literature on TKA,
which reported that 50%-75% of femoral components
stabilize after 24 and 120 months after surgery.??

The direction of mean translations and rotations is vary-
ing per study for both the tibial and femoral component.
This may indicate that there are no definitive directions
in which the implant migrates or rotates.

Eight out of thirteen of the included studies had a
mean follow-up period of 24 months. This is sufficient
to investigate the initial and continuing migration given
the thresholds for TKA.?%2% However, this cannot con-
firm the presumption that after 24 months the implant
is stabilized. All studies that reported migration for
longer than 24 months show small ongoing migration
in at least one of the outcome measures.?6:31,33,34,42
Bruni et al.3! and Ryd et al. 1992*2 even showed a
mean MTPM above the continuing migration thresh-
old of 0.2mm between 24 and 60 months of follow-up.
Therefore it is necessary to do more research on long
term migration of both the tibial and femoral compo-
nent and look into their relation to revision.

Regarding the migration and clinical outcome results
there are no substantial differences between the 7 dif-
ferent implant types found in this systematic review as
well as the included RCTs. It is not possible to perform
a meta analysis on the significant differences since there
are only 1-4 study populations per implant and their
migration outcome measures are varying. The only ce-
mentless implant type is from study population 3b of
Campi et al.?6:3% This study population reported the
second highest initial translation and the highest con-
tinuing translation for Ty of the tibial component. The
RCT of Campi et al.3! also determined significantly
more subsidising in the cementless components in the
first 12 months. This could indicate that cementless
UKA implants have higher initial and continuing subsi-
dence compared to cemented UKA implants. Previous
literature has indicated that subsiding is the main mi-
gration pattern for cementless TKAs.?0 In addition, the
systematic review of Pijls et al. reported higher migra-
tion values for cementless total knee implants compared
to cemented.?? To provide the same evidence for UKA,
it is required to further investigate the differences in mi-
gration and clinical outcome for different fixation types
for unicompartmental knee replacements.

There is almost a 40 year gap between the first and last

included report. During this period a lot of progress
has been made in regards to unicompartmental knee
surgery techniques.® 5! If you compare the two earliest
studies (Ryd et al. 198332 & 1992%2) to the two most
recent studies (Koppens et al. 2019%° & Linde et al.
2019%9), it can be seen that the earliest have the highest
initial translation and one of the highest initial mean
MTPM compared to the lowest initial and continuing
mean MTPM for the most recent studies. This sup-
ports the idea that UKA techniques and outcomes have
improved over time.%!

As stated in the introduction, the experience of surgeons
in performing UKA is important. Of all studies included
in this systematic review none reported anything about
the experience of the surgeon(s). For future research it
would be of added value to have more information on
surgeon UKA volumes.

The National Joint Registry reported a 4% revision
rate of UKA at 2 years follow-up and a 12% revision
rate at 8 years follow-up.!® The RIPO registry reported
4% revision rate of UKA at 2 years follow-up and 13%
at 10 years follow-up.?? This indicates a longer follow-
up period than two years is needed to sufficiently report
clinical outcome. However, the revision rates shown
in this systematic review are equivalent or even lower
than stated in the literature.!®52 Only Bruni et al.?!
reported a substantially higher revision rate than given
in the literature of 27% at 10 years follow-up, which
could potentially be associated with the high mean
MTPM values. Furthermore, there is a noticeable re-
lation between the continuing migration threshold and
the revision rate, where 67% (6 out of 9) of the revised
implants exceeded the thresholds and only 11% (29 out
of 275) of the non-revised implants. However, to make
the thresholds more accessible they should be adjusted
to UKA to create a higher sensitivity. To make this
possible, longer follow-up periods are needed. In the fu-
ture, highly sensitive thresholds could potentially assist
orthopedists to characterize patients that have a higher
risk of revision.

The systematic review of Pijls et al.?? showed mean pre-
cision intervals (PI = 1.96 x SD) for TKA of 0.14mm
for Tx, 0.13mm for Ty, 0.20mm for Tz, 0.24° for Rx,
0.34° for Ry and 0.19° for Rz. The precision intervals
reported by three of the included studies®®4° are com-
parable to the mean PI of TKA for translations and
slightly higher for rotations. Previous literature stated
that a high condition number influences the precision
of rotation more than of translation.?4°% Future re-
search should investigate if the condition number of
UKA is usually higher than of TKA. For both TKA
and UKA the translation precision interval is highest
on the posterior-inferior axis (Tz). Koppens et al.3%39
reported a PI of Tz for both components that was higher
than the continuing threshold of 0.2mm. In addition,
most of the mean migration results lay in the preci-
sion interval boundaries. To improve the precision one

10
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should try to improve marker distribution, increase the
redundancy of markers and standardize patient position
throughout the follow-up periods.?% %4

A limitation of this review is the poor adherence to
existing RSA guidelines.2%%* As recommended in the
ISO standard, precision should be assessed in each clin-
ical RSA study using double examinations. However,
only three out of thirteen studies reported the precision
interval. In addition, the exclusion criteria for high
condition numbers (CN) should be mentioned and the
standard cut-off value for large joints of CN>100 should
be used.?® Only six studies reported the CN exclusion
criteria and three of them used CN cut-off values higher
than recommended.

Furthermore, the number of visible markers and their
stability is affecting the percentages of successfully ex-
ecuted radiostereometric analyses. In this systematic
review this percentage has great variation between stud-
ies. Because of the small study population sizes used
for RSA studies, it is important to have high success
rates for the migration analyses. If different patients are
excluded at each follow-up, it has a substantial influ-
ence on the mean migration values. In addition, marker
placement is affecting the precision of the measurement
as stated above. It is therefore recommended to do more
research on marker placement for UKA RSA studies to
improve marker visibility and stability.

This systematic review shows that there are few RSA
studies conducted to evaluate the migration of unicom-
partmental knee arthroplasty. Only thirteen studies
were eligible and had a minimum of 12 months follow-
up on migration of the implant over a period of almost
40 years of research. Based on the quality assessment
using the ROB and MINORS tools (Supplementary
Data section 1.1 and 1.2) not all studies used standard
protocols and thoroughly reported the methodology and
results. In future research these tools should be taken
into account when performing a RSA study and writing
the report. In addition, the varying migration measures
and follow-up periods make it more difficult to analyze
the data. In line with the RSA International Standard
all RSA studies should report migration with translation
and rotation values and the addition of MTPM is op-
tional.* Furthermore, the ISO states that the follow-up
interval should at least consist of: 6 months, 1 year and
2 years. The guidelines of Valstar et al.?® also state the
importance of longer follow-up with measurements at 5,
10, 15 and 20 years. Future RSA studies of UKA should
follow these international standards and guidelines to
make better comparison and meta-analysis possible.

Future Recommendations for RSA
in UKA

e Increase adherence to existing RSA international
standard and guidelines on migration outcome mea-
sures and follow-up intervals to establish consistent
and comparable results.2% %4

e Report longer annual follow-up periods to enable
research on long term migration of the tibial and
femoral component and their relation to revision.

e Report surgeon UKA volume in future RSA studies
to evaluate affect of UKA volume on migration and
clinical outcome.

e Further development and research on initial and
continuing migration thresholds for UKA to assist
orthopedists in characterizing patients at risk of re-
vision.

e Further research on marker placement e.g. marker
visibility, stability and distribution to improve pre-
cision and RSA success rate.

e Follow international standard and guidelines by us-
ing a condition number cut-off value of 100 and per-
forming double examination for precision in every
study.2-54
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2.1 Translation Graphs

Figure 6: Translations of included studies
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2.2 Rotation Graphs

Figure 7: Rotations of included studies

L5
1
0.5
/
0 L
e
=
205 T —
£
2
-1
L5
2
25 . . . . . . . . .
0 6 12 18 2 30 36 a2 48 54 60
Months
—o—3a —4—3b =5 62 —w—Gb ~-7 —+—8a —e—8b ——9 —8—11
(a) Rotation in X direction of tibial component
L5
1
0.5
0
<
=
£ -05
g
2
-1
-15
2
25 . . . . . . . . ,
0 6 12 13 24 30 36 a2 48 54 60
Months
—o—3a —4—3b —=—5 Ga =w=Gb 7 =4=8a =#=8h =i=9 —@=]1
(c) Rotation in Y direction of tibial component
L5
1
0.5
0
€
=
£ 05
g
&
-1
-15
2
2.5
0 6 12 18 24 30 36 a2 48 54 60
Months

—0—3a =3 —m=5 6a =w=Gb

(e) Rotation in Z direction of tibial component

7 =482 =08 =te=9 =11

Rotation (°)
1Y
3

Rotation (°)

Rotation (°)

60

0 6 12 18 24 30 36 a2 48 54
Months
—e—3a ——3b 7 ——8a —o—8b
(b) Rotation in X direction of femoral component
- /
L e—
— —
é —~——
0 6 12 18 24 30 36 a2 48 54
Months
——3a ——3b 7 ——38a —o—8b
(d) Rotation in Y direction of femoral component

60

(f) Rotation in Z direction of femoral component

17

0 6 12 18 24 30 36 42 48 54 60
Months
—e—3a ——3b 7 —+—8a ~o—8b



II. TM MSc Thesis

|

TM MSc Thesis

18



II. TM MSc Thesis

Abstract

Background: Radiostereometric analysis (RSA) is a technique to assess early migration, which has a predictive
value for early failure of unicompartmental knee arthroplasty (UKA). To successfully analyze the RSA images it is
important to have a sufficient amount of visible markers with an acceptable three-dimensional distribution.

Objective: To provide insights on marker location distribution by developing a method to analyse marker place-
ment based on visibility and accessibility.

Method: Marker locations in RSA scenes of patients (N=25) from a previous study are used to assess marker place-
ment and analyze marker density by performing a voxelization operation to divide the bone in a grid of 3x3x3mm
bins. After spatial smoothing the hotspots with high marker fractions are determined and the four non-adjacent
locations with the highest marker fraction are selected as the most favorable locations. Of these locations the dis-
tribution is analyzed by calculating the condition number (CN) of 1000 samples.

Results: The locations of a total of 635 3D markers in the femur and 917 3D markers in the tibia were assessed. After
voxelization, the average marker density of non-empty bins was respectively 3.1 and 4.3 markers per bin. The four
selected locations had a 47 times higher marker fraction compared to the average bin in the femur and 66 times
higher for the selected locations in the tibia. Their mean condition number was 49.1 for the femur and 68.2 for the
tibia.

Conclusion: The proposed method has proven to be sufficient for marker placement analysis. Placing the tantalum
markers in the selected locations, which have a considerably higher marker contribution to the total amount of
markers, would presumably increase the marker visibility during RSA and decrease patient exclusion due to an
insufficient amount and/or distribution of visible markers.
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1

Introduction

Osteoarthritis (OA) is the leading cause of disability in the adult population, with the knee as the most affected joint.
Approximately one out of every ten adults above the age of 55 years suffer from knee osteoarthritis and 25% of them
experience disability from their disease.[1, 2] In addition, OA is one of the most increasing diseases worldwide.[3]
The deterioration of the joint cartilage, caused by OA, can occur in three different major compartments in the knee;
the medial, lateral and patella-femoral compartment. In one-third of the cases OA is predominantly isolated in
only one compartment of the knee.[4] Total Knee Arthroplasty (TKA) is the golden standard for treating patients
with end-stage knee OA who exceed non-operative management.[5] Unicompartmental knee arthroplasty (UKA)
is an alternative surgical option for patients who have OA limited to one compartment, which gives less invasive
surgical exposure and potentially leads to higher patient satisfaction.[6, 7] Despite the benefits of UKA over TKA,
the UKA utilization has remained relatively low compared to TKA.[8] Only 19.2% of all primary knee arthroplas-
ties performed in 2020 where UKA as compared to 80.1% for TKA, as reported by the Dutch Arthroplasty Register
(LROD).[9, 10]

The most important challenges of UKA are the patient inclusion criteria, the technically challenging surgical pro-
cedure, and the high variation in revision and re-operation rates per clinic or surgeon.[5, 11] Aseptic loosening is
the most common cause of early failure of UKA.[12, 13] Early migration has shown a high predictive value for asep-
tic loosening in hip and knee arthroplasty.[9, 14, 15] Radiostereometric Analysis (RSA) is a technique to measure
implant migration with high accuracy and precision.[16] Therefore, measuring the implant migration with RSA is
a valuable technique to further assess the results of UKA performance. This could potentially give more insight
in patient selection, performance of different implant types, and development of new surgical techniques. With
RSA the relative implant positions is tracked by comparing it to small tantalum markers embedded in the bone.
To successfully analyze the RSA images it is important to have a minimum of 3 tantalum markers visible with an
acceptable three-dimensional distribution of the markers.[17] The most common reason for lack of visible markers
is occlusion of markers by the implant or by other markers.[18] Up to 20% of patients with UKA had to be excluded
from an RSA study due to an insufficient amount of visible markers.[19]

The goal of the present study is to develop a method to analyse marker positions and visibility to determine the
most viable marker locations. This is done by retrospectively visualising and analysing the marker placement of an
RSA study. The results can be used to give better insight on favorable marker locations which potentially decreases
the exclusion rate of patients due to an insufficient amount of visible markers. Additionally, the developed method
could be a first step for further research on marker placement for different joints and implant types.
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2

Background

2.1 Unicompartmental Knee Arthroplasty

Osteoarthritis (OA) is a degenerative joint disease characterized by the deterioration of joint cartilage. Symptoms
include pain, stiffness, and joint swelling which leads to activity restrictions.[20] The knee is divided in three ma-
jor compartments: the medial, lateral, and patellafemoral compartment (Figure 2.1a). The stage of OA is deter-
mined with radiological imaging and can vary per compartment, where approximately one-third of patients have
OA predominantly in only one compartment of the knee. [4, 21] Treatment of knee osteoarthritis usually starts with
non-operative options including NSAIDs, physical therapy, activity modification, knee bracing, and intra-articular
injections. In case the non-operative treatments prove to be insufficient for end-stage OA, knee replacement is the
next step of treatment.[22]

The golden standard for surgical treatment of end-stage OA is total knee arthroplasty (TKA). TKA consists of re-
secting the diseased articular surfaces on the tibia and femur including the soft tissue from the knee joint (menisci
and anterior cruciate ligament (ACL), possibly posterior cruciate ligament (PCL), depending on prosthesis type),
followed by resurfacing with metal and polyethylene prosthetic components (Figure 2.1b).[23] For patients where
knee OA is only present in one compartment, there is an alternative surgical option called unicompartmental knee
arthroplasty (UKA). During this procedure only the medial or lateral side of the tibia and femur bone is removed and
the ligaments are preserved, as shown in Figure 2.1c.[24] This leads to several advantages of UKA over TKA which
include the preservation of normal knee kinematics, lower perioperative morbidity, less blood loss, and accelerated
patient recovery.[13] Over the last years, the number of UKAs performed is rising globally. One of the reasons for
the increasing usage of UKA, is the expanding indications. Where previously patients younger than 60 years or with
obesity were excluded, the recent inclusion criteria are advanced unicompartmental OA, a functioning ACL and
range of motion criteria.[24, 25]

Numerous studies demonstrate excellent clinical outcomes and implant survival of UKA.[27, 28] However, there is
no established consensus regarding long-term survival of UKA compared to TKA.[25] The widespread performance
of UKA has been limited by the technical difficulty of performing the procedure. Most importantly, UKA has less
tolerance for acceptable component positioning when compared to TKA.[29] This could explain the correlation
between the experience of UKA surgeons and the revision rates, where evidence suggests that increased surgical

Figure 2.1: Anatomy of the knee [26]
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volume is associated with decreased revision rate.[30-32] Besides increasing surgical volume and experience, an-
other solution to overcome the technical difficulties is the new technology development of robotic-assisted surgery
which has made performing UKA technically less demanding.[5]

2.2 Radiostereometric Analysis

The golden standard for detection of implant wear and migration is currently radiostereometric analysis (RSA).[33]
RSA is used to make accurate assessments of the relative position and orientation of bone structures and implants
in vivo. Application of the technique allows the detection of clinically relevant motion. The measured migration
with RSA can be used to predict long-term implant stability by studying its early behavior. For this technique, bi-
planar x-rays are taken in a specific angle through a calibration cage which has a fixed pattern of tantalum markers
used for fiducial reference and control. A schematic overview of the set up is shown in Figure 2.2a and an exam-
ple of the left and right X-ray where both the bone and fiducial markers are visible are shown in Figure 2.2b and
2.2c. In order to track the relative implant position compared to the bone, small tantalum markers are embedded
into the patients femur and tibia during surgery.[14] The implant can be tracked using either tantalum markers
in the prosthesis (marker-based RSA) or matching a virtual projection of a 3D model of the implant with the con-
tours of the radiographic projection of the implant (model-based RSA).[18] This makes it possible to perform a
three-dimensional rigid body movement analysis using the RSA software packages to measure migration in every
direction, as can be seen in Figure 2.2d.[34] To evaluate the migration over time, the RSA is performed at several
fixed follow-up points.

The assessment of early migration with RSA has shown a high predictive value for later aseptic loosening of knee
implants.[36, 37] For total knee replacements there even is a threshold computed to determine implants at risk for
revision. This contains a threshold for initial migration in the first year of follow-up and a threshold for continu-
ing migration between the first and second year of follow-up.[38] Several systematic reviews and other literature
indicate that RSA could also be a good method to determine risk of revision in UKA and to further understand the
dependencies for the varying revision rates for UKA.[19, 39]

The migration measured by RSA is valued either by the translation and rotation in every direction or by maximum
total point motion (MTPM). The MTPM is the total three-dimensional vector displacement of the prosthesis marker
with the greatest motion.[40] The quality of the radiostereometric analysis depends on the precision and accuracy
of the measurement. Accuracy is defined as the "trueness" of a measurement which is the closeness of agreement
between a test result and an known value.[41, 42] This can be determined with an experimental saw-bone study
using the specific set up and prosthesis that will be used in the in-vivo study. Precision is equal to the repeatability
of the measurement and defined as the agreement between two test results under the same conditions.[40, 41] This

Figure 2.2: RSA for UKA set up, X-ray images and software [35]
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(d) RSA Software. In the left and right X-rays the fiducial and control markers are denoted by green and yellow circles
and bone markers are denoted by red circles. In the middle the 3D model and active markers are shown.

can be assessed performing double examinations at a certain follow-up measurement during an in-vivo RSA study.
The migration between both examinations at the same follow-up moment is a representation of the precision.

Besides accuracy and precision, another important factor for a successful RSA measurement is the marker place-
ment location. The location of the markers influences the marker visibility, distribution, and stability. Visibility
can be compromised by projection overlap of the implant or other markers. As stated in the international stan-
dards for RSA, a minimum of three identical markers need to be visible on both radiographs at all examinations in
order to assess translations and rotations with all six degrees of freedom.[17] Distribution of the markers is mea-
sured by the condition number (CN), which represents the three dimensional distance between the positions of
the markers and their geometrical centre. It is believed that a CN below 120 for large joints will result in a reliable
migration measurement.[40] Stability of the markers is dependent on the density of the surrounding bone in which
the marker is placed. Because of the technical character of the radiostereometric analysis, patients can be excluded
as a result of technical shortcomings such as poor bone marking or occluded markers where the necessary marker
amount or CN is not met.[17]

2.3 Problem Statement

Unicompartmental knee arthroplasty (UKA) has the potential to treat medial and lateral knee osteoarthritis with-
out replacement of the entire knee joint.[43] However, there is a high variation in treatment choice for TKA versus
UKA and insufficient evidence to guide the selection.[44] To make better selection criteria regarding the patient
characteristics and sufficient amount of surgeon volume, the success rate of UKA needs to be evaluated further.
More RSA studies could be very useful to determine sufficient thresholds for implants at risk and to further investi-
gate their clinical relevance compared to the results of TKAs.[39]

The systematic review of Gevers et al.[19] has shown that 7-20% of patients are excluded during an RSA study for
UKA because of an insufficient amount of stable markers visible on the radiographs. In addition, patients need
to be excluded because of a CN exceeding the threshold of 120. This could be caused by the small operating area
when performing UKA surgery, which makes it harder to successfully place the markers compared to other hip or
knee arthroplasties. In order to minimize the number of patients that need to be included to achieve the desired
study size, it should be more defined where to correctly place the tantalum markers in the tibia and femur bone. In
addition, a proper marker placement with more visible markers and a better marker distribution could potentially
lead to the improvement of the quality of RSA in UKA.[35, 40]

2.4 Goal of the research

More research on migration in UKA is indicated. However, because of lack of experience in performing RSA studies
in UKA most surgeons struggle with proper marker placement. The lack of a sufficient amount of visible tantalum
markers in the tibia or femur bone in UKA RSA studies lead to an increase of exclusion of patients. The main goal
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of this thesis is:

To provide insights on marker location distribution by developing a method to analyse marker
placement based on visibility and accessibility. This will be achieved by visualising and evaluating
previous marker locations in tibia and femur bone for RSA in UKA.

Subgoals of this thesis are:

* To identify the range of marker locations based on a previous UKA RSA study

» To investigate the effect of spatial smoothing on the marker density

* To create a heatmap that reveals marker density hotspots

* To select four favorable locations based on their marker density and interspatial distribution

¢ To approximate the condition number of the favorable locations

We hypothesize that there is a significant difference in marker density depending on their location and by eval-
uating placement of previous tantalum markers it is possible to develop a method to indicate favorable marker
locations with high visibility and accessibility rates. This could be translated to marker placement instructions to
use in general practice when placing markers to perform RSA.
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3

Method

3.1 Data Acquisition
3.1.1. Study Population

The marker placement analysis was created using RSA data from an existing study containing patients that received
a unicompartmental knee replacement. The primary goal of that RSA study was to evaluate the performance of
the Persona® Partial Knee (PPK) implant (Zimmer Biomet)[45]. The PPK is a cemented medial fixed-bearing uni-
compartmental knee replacement system. All patients with an indication for UKA were eligble for inclusion. The
exclusion criteria were; infection, rheumatoid arthritis or other inflammatory joint diseases, revision surgery and
an allergy for one of the implant materials. Accordingly, a total of 26 patients were included between April 2017 and
May 2018 and received a PPK at the Reinier de Graaf Hospital, Delft, The Netherlands.

3.1.2. Study Design

During surgery the tantalum markers were inserted after bone preparation. In both the femur and tibia of the
operated knee 6-9 markers with a diameter of 1.0mm were placed, which resulted in a maximum total of 18 markers
per patient. The uniplanar radiographs for the RSA were obtained direct postoperatively after weight bearing and
at 6 weeks, 6 months, 12 months, and 24 months after surgery. At 12 months follow-up a double examination
was performed to assess the precision (repeatability of the measurement). The uniplanar radiographs were made
using a standardized RSA protocol with the patient in supine position with a minimum endorotation of the leg of
20 degrees. The anatomical axis of the leg was parallel to the y-axis of the calibration box. Two X-ray tubes were
positioned at an angle of 40 degrees and 120 centimeter from the patient table.

3.1.3. Radiostereometric Analysis of Included Patients

For every follow-up moment, the images were analyzed by one researcher using the Model-Based RSA software (ver-
sion 4.2, RSAcore, Leiden University Medical Center, Leiden, the Netherlands) as shown in Figure 3.1 and according
to the ISO standards (ISO 16087:2013).[17] The marker projections in the uniplanar radiographs were automatically
detected by the software, and if needed the undetected marker projections were manually added by the researcher.

Figure 3.1: Example of RSA analyse of UKP study
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Using the calibration box, the pixels have been converted to millimeters and roentgen foci were calculated. After-
wards, the intersection of the projection lines from roentgen focus to marker projection were used to match the
markers of the right and left radiograph and reconstruct 3D markers. The reconstructed 3D markers were manu-
ally checked by the researcher and if the marker projections of the radiographs were not matched correctly this was
amended. The stability of the markers was verified by the RSA software, which compares the inter-marker distances
between the consecutive radiographs of a follow-up study. In case of marker instability (Mean Error > 0.35mm), the
marker was excluded. When all included 3D markers were created and assessed for every follow-up scene, the 3D
markers that are present in every scene are marked as 'Active’ and used for the migration calculation of the PPK
from the patient. An example of a list of the 3D markers is shown in the right column of Figure 3.1, where the active
markers have a green checkmark.

3.2 Data Analysis

3.2.1. Preprocessing

The data from the RSA study is saved in an XML file per RSA follow-up scene directly from the RSA software. One
RSA scene represents one follow-up moment of one patient. The XML files contain all information on the marker
projections, the 3D marker models, and the implant models regarding location and status (e.g. active or non-
active). A Python (Spyder IDE, version 3.6 [46, 47]) script was created to automatically obtain a list of all 3D markers
and their corresponding locations from the tibia and femur marker models from the XML files as well as the femur
an tibia implant positioning. The markers that were denoted as ’Active’ were filtered and kept for analysis. If a 3D
marker was deactivated for the migration calculation only because it was not present in all follow-up scenes of the
patient, that 3D marker was denoted as 'Active’ manually and included in the list of obtained 3D markers.

3.2.2. Marker Location Assessment
To assess the marker locations, all RSA scenes were plotted in the same 3D rendering as if all markers were placed
in one virtual patient. To align all patients onto one patient representation, the following adjustments were made:

¢ Transformation to unified coordinate system;

For the marker locations assessment the local coordinate system of the implant model was used to determine
the transformation matrix to transform the 3D markers model to a unified coordinate system. In every RSA
scene the position and orientation of the knee compared to the calibration box is different. This translates
in a different position and orientation of the implant model and 3D markers model for every scene. The
location of the 3D markers model is described with respect to the coordinate system of the implant. Hence,
a transformation matrix to transform the data from the implant coordinate system to the unified coordinate
system can be calculated based on the position and orientation of the implant center, using Equation 3.1.
By determining the transformation matrix for every follow-up scene and applying the inverse transformation
matrix to the 3D markers of that scene, all 3D markers were transformed to the unified coordinate system. A
schematic drawing of this transformation is shown in Figure 3.2.

¢ Adjustment for surgical side;
Medial UKAs in both the left and right knee were used in this data analysis. To make the 3D marker locations

Figure 3.2: Transformation of coordinate system
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Equation 3.1

For the following input

Ty 0y My
Implant Position = | Tj, Implant Orientation= |0, Marker Location = | m,, (3.1a)
T, 6, my

the rotation matrices can be described as

1 0 0 cosf, 0 sinfy, cosf, -—sinf, 0
R,=]0 cosfy -—sinf, Ry= 0 1 0 R,=|sinf, cosO, 0| (3.1b)
0 sinf, cosfOy —-sinf, 0 cosf, 0 0 1
this gives the following total rotation matrix
Riy Rz Rig
R=R;-Ry-Ry=|Ra1 Ro» Ro (3.1¢c)
Rs1 Rs2 Rs3

the transformed marker is calculated as follows

m) Rii Rz Riz Ti]  [my
m' R R R T,
y| = |Bar R Ros Ty my 3.1d)
m/, R31 Rz R3z T mg
1 0 0 0 1 1

comparable, the markers in left sided UKAs need to be transformed as if it was in a right sided UKA. Therefore,
after transformation to the unified coordinate system the right sided UKAs were mirrored compared to the
left sided UKAs. Since the orientation and rotation is already unified to the same origin, this can be performed
by inverting the x-coordinates of the markers in left sided UKAs (Figure 3.2).

* Scaling based on implant size;
The PPK has eight different sizes for both the tibial and femoral component. The component sizes are rep-
resentative for the anatomical patient bone sizes. Therefore, the marker position will be scaled based on the
component size in the medial-lateral (X-axis) and anterior-posterior (Z-axis) direction, as shown in Figure
3.3. The component sizes of the PPK implant were retrieved from the confidential product information. The
length of the marker insertion device (14cm) is the same for every patient, hence there were no adjustments
needed for the proximal-distal direction.

——— APSize —

AP Size ML Size -

(a) Anterior-Posterior sizing of  (b) Medial-Lateral sizing of  (c) Anterior-Posterior sizing of  (d) Medial-Lateral sizing of
Tibial Component Tibial Component Femoral Component Femoral Component

Figure 3.3: Sizing of PPK Tibial and Femoral Component[45]
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Once the adjustments were made, all marker locations can be shown in one 3D plot of a virtual patient. To make the
visualization more comprehensible, the marker locations were shown together with a 3D rendering of the femur
and tibia bone and of the PPK tibial and femoral component.

3.2.3. Marker Density Analysis

3.2.3.1. Voxelization

To analyze the marker density within the bone, the continuous geometric information of the 3D markers was con-
verted into a rasterized volume with a discrete grid of bins by performing a voxelization operation. Here the tibial
and femoral bone was divided into a raster of bins where every bin is a cube of 3mm x 3mm x 3mm. The marker
density (N) for every bin was defined as the total number of markers that are located in the bin (Eq. 3.2). For ex-
ample, a bin in which a marker of one patient from 6 follow-up scenes was located and a marker of another patient
from 3 follow-up scenes, has a marker density of N=9. In addition, the scene prevalence is calculated which de-
scribes the percentage of scenes where a marker was located in a certain bin and therefore it shows how often a
certain location of a bin is used and visible (Eq. 3.3). Afterwards a heat map was created to visualize the marker
distribution based on the marker density per bin and its location.

Marker Density: p (N) = No. of markers in bin (3.2)

Marker Density
Scene Prevalence: P (%) =

- (3.3)
Total No. of RSA scenes

3.2.3.2. Spatial Smoothing

To capture important patterns of the marker density, an approximating function was created by smoothing the
dataset. Hereby the marker density of the bins was modified so individual bins with a higher amount of markers
than their neighboring bins were reduced, and bins with a lower amount of markers than their neighboring bins
were increased leading to a smoother marker distribution. This was done by using a spatial smoothing filter with
a weighted average, where the bins closer to the central bin (more vertices in common) are more important and
have a higher weight. The averaging filter used, has kernel weights based on the Gaussian distribution for o = 2.

Equation 3.4
For
[br -+ bo7] = the bins from the filter kernel (3.4a)
where
vp = number of common vertices with central bin (3.4b)
pp = number of markers in bin (3.4¢)

the weight of the bin is defined as

Up
= — 3.4d
Wp 8 ( )

then the value of the central bin (Ng;;,00:) is defined as

8
Nsmooth = Z Pp-Wp (3.4e)
b=1

after smoothing the Marker Fraction for each bin is calculated by

Nsmooth

F (%) = S Nevoorr (3.49) Figure 3.4: Smoothing filter
Smoo weights [48]
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To make sure specific marker density hotspots were still kept and not smoothed too much, a small bandwidth was
chosen for the kernel that only contained the nearest neighbours of the bin (common vertex). This resulted in a a
3x3x3 kernel with corresponding weights as shown in Figure 3.4, where the yellow cube represents the central bin to
which the new value will be assigned.[48, 49] The calculations to define the new value of the central bin are shown
in Equation 3.4. The value used to define the smooth dataset is the marker fraction, which defines the percentage
of the total marker amount that falls into the certain bin (Eq 3.4f). Therefore, the marker fraction represents the
chance of arandom marker being located in that bin. As an example, if the marker fraction of a bin is 1% this means
that 1% of all markers are located in that bin and thus the chance of a random marker falling in the bin is also 1%.

3.2.4. Bin Selection

To detect favorable marker locations for the placement of eight tantalum markers, four bins were selected for both
the femur and tibia separately where each bin represents the location to place two tantalum markers. After per-
forming the spatial smoothing filter, all bins were ranked based on their marker density. To detect four separate
hotspots with a high marker count, a condition was added that the selected bins may not be neighbours. There-
fore, the four bins with the highest marker density that do not have a vertex in common were selected as the most
favorable locations for marker placement in the femoral and tibial bone. The selected bins were visualized together
with the PPK model and a mock-up femur/tibia to provide insight on the bin locations with respect to the implant
and bone.

3.2.5. Distribution Analysis

To calculate the location distribution between the chosen bins, the condition number (CN) was calculated. This
value describes the three dimensional spatial distribution of certain locations, which validates their dispersion
on the locations on the x, y and z-axes. A higher condition number means lower marker distribution which, as
described in Section 2.2, leads to a lower precision of the migration measurement. The formula to calculate the
condition number is shown in Equation 3.5.[17]

To represent the clinical conditions, there were two markers placed in every selected bin. These markers have a
random location within the 3x3x3 mm bin. Since there are infinite possible combinations of marker locations in
the selected bins, the probable CN was approximated with sampling. Based on the central limit theorem, the dis-
tribution of sample means approximates a normal distribution as the sample size gets larger. This can be used to
approximate the range of possible CN values from the four selected bins.[50] Therefore, 1000 samples with different
marker locations within the selected bins were created and their CN values were calculated. Based on the sample
values the mean CN and its standard deviation were calculated.

Equation 3.5
Given

[ar -+ ay] = the three-dimensional positions of n markers (3.5a)
a = the geometrical centre of the markers (3.5b)

where the Matrix A is defined as

A=lai-a - ap—ad] (3.5¢)

then after singular value decomposition of the Matrix A

07 and o3 = the two smallest singular values [mm] (3.5d)

then the condition number (CN) is defined as

1000
N=—— (3.5€)

[ 2 2
0'2+0'3
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4

Results

4.1 Study Population

Of the 26 patients included in the PPK study, one patient was excluded for the radiostereometric analysis because
there were no tantalum markers placed and one patient was excluded for the RSA of the tibia because of movement
of the implant model between the follow-up periods. Therefore, a total of 25 patients were included in the present
study for marker location assessment of the femur and 24 patients for assessment of the tibia. The mean condition
number of all RSA scenes was 61.7 for the femur with a minimum value of 34.3 and a maximum of 90.5 and 52.1 for
the tibia with a minimum value of 32.9 and a maximum value of 99.9. More information on the inclusion numbers
of the PPK study per follow-up period and the corresponding CN values, can be found in Table A.1 of the Appendix.

4.2 Marker Location Assessment

After preprocessing the data, all 3D markers that were denoted as ’Active’ were included in the present study. A
total of 5 markers were excluded because of instability of the marker. Table 4.1a and Table 4.1b show the number of
patients and the total amount of 3D markers included per follow-up moment for the marker location assessment
of respectively the femur and the tibia. The total amount of included RSA scenes for all follow-up moments of the
femur was 139 scenes and these contained a total of 635 3D markers. This resulted in a mean number of 3D mark-
ers per RSA scene of 4.6. This means 51% of all tantalum markers that were placed in the patients femur (9 per
patient) were visible in the RSA images. For the tibia, the total amount of included RSA scenes was 133 and these
contained a total of 917 3D markers. This resulted in a mean number of 3D markers per scene of 6.9 which is 77%
of all tantalum markers that were placed in the patients tibia.

After transforming the 3D markers to the unified coordinate system and scaling the marker locations based on
the implant size, all 3D markers of each patient and every follow-up scene were combined in a 3D plot for both the
femur and tibia. The results of the 3D plot for the marker location assessment of the femur are shown in Figure 4.1a
in the anterior-posterior (AP) direction and in Figure 4.1b in the medial-lateral (ML) direction where the different
colors each represent every follow-up scene of one patient. The results of the 3D plot of the tibia are shown in Figure
4.1c in the AP direction and 4.1d in the ML direction. There were no extreme outliers of 3D marker locations that
were located outside the expected boundaries in or near the bone representations. The marker location assessment
gives insight on the reach of the marker insertion tool with a length of 140mm during surgery. In the femoral bone
the maximum distance of the 3D markers from the implant center was 46mm in the AP direction, 54mm in the ML
direction and 87mm in the proximal direction. The maximum distances of the 3D markers in the tibial bone were
33mm in the AP direction, 44mm in the ML direction and 85mm distal direction.

Table 4.1: Marker information

(a) Femur
Post-Op 6 wks 6 mo 1yr 1 yr DE* 2yr Total
No. of patients / RSA scenes 25 25 24 24 18 23 139
No. of 3D markers 128 112 110 112 67 106 635
No. of 3D Markers per RSA scene 5.1 4.5 4.6 4.7 3.7 4.6 4.6
(b) Tibia
Post-Op 6 wks 6 mo lyr 1yr DE* 2yr Total
No. of patients / RSA scenes 24 24 23 23 17 22 133
No. of 3D markers 169 159 165 160 104 160 917
No. of 3D markers per RSA scene 7.0 6.6 7.2 7.0 6.1 7.3 6.9

* Double Examination (DE)
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Figure 4.1: Location of all 3D markers
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4.3 Marker Density Analysis

4.3.1. Voxelization

After the voxelization process 18,900 and 18,414 bins were created within the ranges of the 3D markers in respec-
tively the femur and tibia to analyze the marker density. The distribution of marker density per bin in the femur is
shown in the histogram of Figure 4.2a and the distribution in the tibia is shown in Figure 4.2b. The marker density
analysis results for all bins, the non-empty bins and the bins with the highest marker count are shown in Table 4.2.
Of all bins in the femur and tibia respectively 1.1% and 1.2% contained one or more 3D markers and were defined
as non-empty bins. The average marker density of the non-empty bins in the femur was 3.1 markers, which means
that all non-empty bins contained 3.1 3D markers on average. In the tibia the non-empty bins had an average
marker density of 4.3 markers. The average scene prevalence of the non-empty bins shows that 2.3% and 3.2% of
the scenes had a marker located in that specific bin for respectively the femur and tibia. Comparing the bin infor-
mation of the femur and tibia in Table 4.2a and 4.2b, the total number of 3D markers is 31% less in the femur than
the tibia and the number of bins is 6% less in the femur.

To determine whether there are locations that have a significantly better visibility and accessibility than other lo-
cations, the marker density and scene prevalence of the bins with the highest marker count are shown. The twelve
fullest bins of both the femur and tibia represent 0.1% of all bins and both contained 15% of all 3D markers, which
results in an average marker density that is respectively 233 times and 223 times higher than the average marker
density of all bins combined. When comparing the twelve fullest bins to all non-empty bins, which are all proven
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accessible locations, the average marker density is 2.5 times higher for the fullest bins of the femur and 2.6 times
higher for the fullest bins of the tibia. To give insight on the distribution of the 3D markers, the locations of the
non-empty bins and the twelve bins with the highest marker count are plotted and shown in Figure 4.4.

Figure 4.2: Marker density histogram of raw dataset
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Table 4.2: Bin information of raw dataset
(a) Femur
All bins Non-empty bins Fullest bins
No. of bins N (%) 1,8900 (100) 203 (1.1) 12 (0.1)
No. of 3D markers N (%) 635 (100) 635 (100) 94 (15)
Average marker density N 0.03 3.1 7.8
Average scene prevalence % 0.02 2.3 5.6
(b) Tibia
All bins Non-empy bins Fullest bins

No. of bins N (%) 18,414 (100) 215(1.2) 12 (0.1)
No. of 3D markers N (%) 917 (100) 917 (100) 133 (15)
Average marker density N 0.05 4.3 11.1
Average scene prevalence % 0.04 3.2 8.3

4.3.2. Spatial Smoothing

The effect of the spatial smoothing filter on the distribution of markers per bin is shown in the histograms of Fig-
ure 4.3. When comparing the marker distribution of the smoothed data to the distribution of the raw data (Figure
4.2, instead of a random distribution over the bins it is now and exponential distribution. This means the amount
of bins that contain a certain marker fraction decreases exponentially as the marker fraction increases. This repre-
sents less pixelization of the data since the marker fraction of the bin is adjusted based on the amount of markers in
the neighbouring bins, which makes it more representative of the actual marker distribution. In addition, the more
spread amount of bins with high marker fractions makes the data more accessible to find high density hot-spots.

The density analysis after smoothing for all bins, the non-empty bins and the bins with the highest marker frac-
tion are shown in Table 4.3. Corresponding to the histograms, there were 8.9 times more non-empty bins in the
femur after smoothing and 8.0 times more in the tibia. The twelve fullest bins of the femur that represent 0.1% of
al bins have a total marker fraction of 2.8%. This means that 2.8% of all markers are located in one of these twelve
bins and their average marker fraction is 44 times higher than the average marker fraction of all bins which makes
these locations more visible and accessible than the average location. For the tibia the total marker fraction of the
twelve fullest bins is 3.9% and their average marker fraction is 60 times higher than the average marker fraction
of all bins. When comparing the marker fraction distribution of the femur and the tibia, the bin with the highest
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marker fraction in the femur is 1.6 times lower than the fullest bin in the tibia. In addition there are more bins
with higher marker fractions in the tibia which makes the histogram in Figure 4.3b longer than the histogram of the
femur in Figure 4.3a. This corresponds to a higher average marker fraction of the tibia compared to the femur for
the fullest bins, while it is the same for all bins and the non-empty bins.

The heatmap of both the non-empty bins and the bins with the highest marker fraction are shown in Figure 4.5.
Here the hot-spots with higher marker fraction are evidently more visible in the heatmap compared to the raw data
shown in Figure 4.4. When comparing the heatmap of the fullest bins of the dataset after smoothing with the raw
dataset, the bins are more centralized to one location for both the femur and the tibia. For the femur mostly the
range in the distal direction is smaller. For the tibia the decrease of the range is mostly visible in both the AP and
ML direction.

Figure 4.3: Marker fraction histogram of smooth dataset
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Table 4.3: Bin information of smooth dataset

(a) Femur
All bins Non-empty bins Fullest bins
No. of bins N (%) 18,900 (100) 2,065 (11) 12 (0.1)
Average marker fraction % 0.005 0.048 0.233
Total marker fraction % 100 100 2.8
(b) Tibia
All bins Non-empy bins Fullest bins
No. of bins N (%) 18,414 (100) 2,079 (11) 12 (0.1)
Average marker fraction % 0.005 0.048 0.326
Total marker fraction % 100 100 3.9
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Figure 4.4: Density Analysis Results of raw dataset

(a) Femur - All bins - AP (b) Femur - All bins - ML (c) Femur - 12 fullest bins - AP (d) Femur - 12 fullest bins - ML

(e) Tibia - All bins - AP (f) Tibia - All bins - ML (g) Tibia - 12 fullest bins - AP (h) Tibia - 12 fullest bins - ML
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Figure 4.5: Density Analysis Results after Gaussian smoothing
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4.4 Bin Selection

In Table 4.4 the marker fraction and coordinates of the four selected bins for both the femur and tibia are shown.
The selected bins in the femur represent 0.02% of all bins and they contain 1.0% of all markers. The average marker
fraction of the four selected bins is 0.25% and therefore the chance that a marker is located in one of these four bins
is 47 times higher than the chance that the marker is located in a random bin. The average marker fraction of the
selected bins is 5 times higher than the average of the non-empty bins, which theoretically are all the accessible
locations in this PPK study. The locations of the four selected bins of the femur can be seen in Figure 4.6. The
distance of the center of the selected bins compared to the center of the implant range from 1.6mm to 28.6mm in
the lateral direction, 31.9mm to 46.9mm in the proximal direction and 11.3mm to 23.3mm in the anterior direction.

The four selected bins in the tibia represent 0.02% of all bins in the tibia and they contain 1.4% of all markers.
The average marker fraction of the four selected bins is 0.36% and therefore the chance that a marker is located in
one of these four bins is 66 times higher than the chance that the marker is located in a random bin. The average
marker fraction of the selected bins is 7 times higher than the average of the non-empty bins, which makes them
more favourable for marker placement. The locations of the four selected bins of the tibia are shown in Figure 4.7.
The distance of the center of the selected bins compared to the center of the implant range from 5.3mm to 20.3mm
in the lateral direction, 17.5mm to 26.5 in the distal direction and 1.6mm to 13.6mm in the posterior direction.

When comparing the femur and the tibia, the selected bins of the femur have a smaller increase of marker frac-

tion to the average bin than the tibia. Which makes the markers in the femur more distributed than in the tibia,
with less centralized locations of high marker density. When looking at the coordinates of the selected bins, for

Table 4.4: Information of selected bins

(a) Femur
Bin #1 Bin #2 Bin #3 Bin #4
Marker fraction % 0.26 0.25 0.24 0.23
X-coordinate (ML) mm -28.6 -22.6 -19.6 -1.6
Y-coordinate (DP) mm 34.9 46.9 31.9 40.9
Z-coordinate (AP) mm 14.3 23.3 11.3 11.3
(b) Tibia
Bin #1 Bin #2 Bin #3 Bin #4
Marker fraction % 0.41 0.38 0.35 0.30
X-coordinate (ML) mm -5.3 -20.3 -14.3 -5.3
Y-coordinate (PD) mm 17.5 26.5 20.5 26.5
Z-coordinate (AP) mm -7.6 -7.6 -13.6 -1.6

Figure 4.6: Selected bins in the femur
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Figure 4.7: Selected bins in the tibia
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both the femur and tibia the lateral side from the implant center is favourable and for the femur the anterior side
is favourable whilst the posterior side is favourable for the tibia. In addition, the range in each direction is smaller
in the tibia which means the selected bins are less distributed over the tibia compared to the selected bins in the
femur.

4.5 Distribution Analysis

After 1000 samples of possible marker position in the bins, the calculated CN value per sample are shown in Figure
4.8a for the femur and Figure 4.8b for the tibia. The range of the CN values for the selected bins in the femur was 44
to 57. The range in the tibia was 58 to 85. As expected by the central limit theorem, the distribution of the sample
means approximates a normal distribution. The mean CN for the femur was 49.1 with a standard deviation of 2.1,
which means there is a 95% chance when the markers are situated in the selected bins that the markers will have a
distribution with a CN value between 44.9 and 53.3. The selected bins in the tibia had a distribution with a mean
CN value of 68.2 and a standard deviation of 4.1. Therefore, 95% of markers placed in these bins will have a CN
value between 60.0 and 76.4. The ranges of CN values for both the femur and tibia lie substantially underneath the
ISO standard cut-off value of CN < 120.[17]

The mean CN values of the patients in the PPK study were respectively 61.7 (34.3-90.5) and 52.1 (32.9-98.9) for
the femur and the tibia, as shown in Table A.1 of the Appendix. For the femur, the CN values of all samples were
lower than the mean CN of the patients. For the tibia the mean CN of the selected bins is higher than the mean
CN of the patients. However, the maximum CN values of the samples (Figure 4.8b) is lower than the maximum CN
value of the patients.

Figure 4.8: Condition Number results
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Discussion

In the present study, a method was developed to provide insights on favourable marker locations in RSA by ana-
lyzing marker placement in a previous study investigating the migration of UKA. Bins are created which represent
locations in the femoral and tibial bone with a certain marker density. With density analysis it is shown that there
are certain marker locations that have a significantly higher contribution to the total amount of markers than other
locations, which makes them more desirable for marker placement. After smoothing there are noticeable hotspots
where the marker density in multiple neighboring bins is higher than in other locations. The four selected bins
have a significantly higher marker fraction than the average bin, which makes them more favourable for RSA anal-
ysis based on their accessibility and visibility. Up to this date, the present study is the first to develop a method for
analysis of marker placement for UKA or any other implant.

5.1 Study Population

In the PPK study;, fifteen of the twenty-five patients did not have a sufficient amount of markers visible in the femur
with a condition number below the threshold to perform the migration calculations. A technique to overcome this
issue is called the mean marker mode which is created based on all active markers in the loaded scenes. For ten
patients the mean marker model was successfully created and the migration could be calculated. For the other
five patients this was unsuccessful and therefore they were not included in the migration study.For the migration
calculations of the tibia there were no patients with an insufficient amount of markers. However, one patient was
excluded because of movement of the implant model between the follow-up scenes. Hence, the total amount of
included patients for the migration study were 20 and 24 patients for the femur and tibia respectively, which is
respectively 80% and 96% of all included patients. The number of included patients and the amount of mean
marker models used per follow-up moment are shown in Table A.1 of the Appendix. It can therefore be concluded
that correct marker placement to obtain a sufficient amount of visible markers is significantly more difficult in the
femur than in the tibia. The percentage of excluded patients is also in line with other studies, as conducted in
the systematic review of Gevers et al.[19] This shows the importance of having good marker placement to prevent
exclusion of patients in RSA studies on UKA.

5.2 Marker Placement Analysis

5.2.1. Marker Location Assessment

Marker locations can be assessed by transforming the markers to a unified coordinate system based on the orien-
tation of the implant model. The study population used to assess the marker locations, contained of 25 patients
with a total of 139 RSA scenes of the femur and 133 of the tibia. The data after the transformation and scaling pro-
cess gives an adequate resemblance of the real data in the RSA scenes. To account for the different bone sizes of
the patients, a scaling method is used based on the implant size. Even though the scaling method does not take
anatomical variation into account, it is believed that bone growth is an isometric process which means using a scale
based on implant sizes is thought to be a realistic approximation.[51] In addition, numerous studies have proven
the bilateral symmetry between the left and right lower limbs which indicates that it is appropriate to mirror the left
sided PPK implants to fit into the location assessment.[52, 53] By using the implant model as a reference to trans-
form the marker locations to the unified coordinate system, it is assumed that the implant is not moving. However,
the actual RSA study does show implant migration in individual patients over the follow-up period.

The total amount of ’Active’ 3D markers that were obtained from the RSA scenes of the PPK study was 635 markers
in the femur and 917 markers in the tibia. Since it is assumed that that there is an equal amount of markers placed
in both the femur and tibia, the difference is caused by the visibility of the markers during radiostereometric analy-
sis. This is in line with the fact that more patients had to be excluded for the femur migration analysis because of a
insufficient amount of markers. It therefore can be concluded that it is more difficult to place markers in the femur
that are visible on both uniplanar radiographs.
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By using the implant model center as a stagnant origin of the axes, the migration of the implant is displaced by the
markers. This results in migration of a marker between different follow-up scenes. The systematic review of Hasan
et al.[39] shows mean migration of unicompartmental knee implants at 2 year follow-up of 0.61mm. Since this is
significantly smaller than the used bin size in this study, it can be assumed this has no impact on the performed
analysis. Looking at Figure 4.1 all marker projections fit into a reasonably range from the implant in all directions
after the transformation and scaling operation. For that reason, the present location assessment method shows to
be a successful approach to combine marker locations of multiple patients and follow-up scenes.

5.2.2. Voxelization

Using voxelization, a grid of 3x3x3mm bins is created for the range in which the markers were located, which re-
sulted in 18,900 bins for the femur and 18,414 for the tibia. This can be caused by either a larger amount of bone
volume in which the markers can placed, or a larger range that can be reached with the insertion tool. Another
explanation could be that the surgeons are aware of the difficulties of overprojection in the femur and are therefore
trying to place the markers in more distance from the implant.

The bin size is determinative for the results. Hence, a larger bin size would give a higher amount of markers per bin
which would represent a higher number of implanted tantalum markers but it would give less precise favourable
marker locations. On the other hand, a smaller bin size would give a more precise location but will potentially only
hold information of one or two markers per bin, which would not result in significantly higher marker density in
favourable locations.

5.2.3. Marker Density Analysis

The marker density analysis contained 635 3D markers in the femur and 917 in the tibia. When assuming there
were 9 tantalum markers implanted in both the femur and tibia of all patients, this is respectively 51% and 77% of
the implanted markers which means that 49% and 23% of the markers of all patients in every follow-up image were
not visible in both the left and right X-ray image and therefore not computed to a 3D marker. When comparing the
femur and tibia, the average amount of active markers per follow-up scene were respectively 4.6 and 6.9 markers.
Here the amount of active markers of the tibia is 1.5 times higher than that of the femur, which indicates it is more
difficult to place markers in the femur that are not occluded by the implant or another markers in either the left or
right X-ray image. The fact that marker placement is more difficult in the femur than in the tibia is confirmed by
the substantial higher amount of excluded patients for the femur than for the tibia migration analysis in the PPK
study.

The marker density per bin is a representative of the accessibility of a location and how often this location is used
in combination with the visibility of the location in radiostereometric analysis. If all locations were equally ac-
cessible and visible, the marker density and fraction of the total amount of markers would be the same for every
bin. Figure 4.4 clearly shows that there is great variation in marker density between bins, which implies there are
more favourable locations compared to others. When looking at the 12 bins with the highest marker count, their
mean marker density is 7.8 markers per bin in the femur and 11.1 markers per bin in the tibia. For the femur this is
233 times higher than the average marker density per bin of 0.03 markers and for the tibia this is 223 times higher
than the average of 0.05 markers. Therefore, the marker density analysis shows that the markers are not evenly
distributed over the reachable volume of the bone which proves there are favourable marker locations based on
accessibility and visibility.

5.2.4. Spatial Smoothing

Spatial smoothing using a Gaussian weighted kernel, is a sufficient way to normalize the dataset as can be seen in
Figure 4.3a and Figure 4.3b. After smoothing the marker density, the existing hot-spots in the bin locations becomes
visible in the heatmap as shown in Figure 4.5. This is in line with literature stating a Gaussian kernel is sufficient for
analyzing spatial distribution by creating a heatmap for density estimation.[54] The heatmap visualizes multiple
bin locations with a significantly higher marker fraction that decreases when you move further from the center of
the hotspot. The percentage of markers that are in the twelve bins with the highest marker density is specified by
their total marker fraction, which is 2.8% in the femur and 3.9% in the tibia. If the data was equally distributed ev-
ery bin would have the value of the average marker fraction which is 0.005%. However, the average marker fraction
of the 12 fullest bins is respectively 0.23% and 0.33% for the femur and tibia which is significantly higher than the
overall average marker fraction. This means it is respectively 44 and 60 times more likely that a marker is found in
one of the twelve fullest bins compared to a random bin.

When comparing the amount of bins and there distribution of the femur and tibia, it can be seen that the bin
locations of the tibia are more compact than of the femur. This is even more visible in the 12 fullest bins, which be-
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came more centralized after smoothing compared to the raw data. Therefore, it can be concluded that the marker
locations of the tibia are less distributed since there are more neighboring bins with high marker density which
causes the marker fractions after smoothing to become more centralized.

Because of the shape of the Gaussian kernel the higher marker fractions in the heatmap are more centralized to
locations with multiple bins with a higher amount of markers. Because of this smoothing technique, the bin lo-
cations of the twelve fullest bins are closer to each other compared to the twelve bins of the raw data as can be
seen in Figure 4.4 and Figure 4.5. However, to give an approximation of the actual marker distribution the spatial
smoothing filter is a sufficient method that accounts for the marker density of the closest neighbours to resemble
the real marker distribution.

5.2.5. Bin Selection

The selected bins represent the locations with high marker visibility and accessibility without compromising the
distribution of the marker locations. To compensate for the centralization of high density after spatial smoothing a
requirement was needed to select bins with a sufficient amount of spacing between the locations of the bins. Using
this method, it was attempted to identify the centers of different hotspots in the heatmap after smoothing. For both
the femur and the tibia the selected bins are in the top ten of bins with the highest marker fractions. Therefore, not
to much of a compromise was necessary to select bins with enough spatial distance. The combined marker fraction
of the selected bins was 1.0% for the femur and 1.4% for the tibia, based on the marker fractions shown in Table 4.4.
This means that the chance that a random marker in the femur would be located in one of these four bins instead
of the other 18896 bins would be 1.0%. For the tibia it would be 1.4% that the marker would be located in these
four bins instead of the other 18410 bins. In other words, the marker fraction of the selected bins in the femur is 47
times higher than their contribution to the total amount of bins and for the tibia this is 66 times higher. Therefore
it can be concluded that the locations of the selected bins for both the femur and tibia have a significantly higher
marker visibility and/or accessibility than a random location in the marker placement range which makes them
more favorable for marker placement.

When comparing the twelve bins with highest marker density of the tibia in Figure 4.4 with the selected bins in
Figure 4.6 and Figure 4.7, it shows that after smoothing and bin selection the spatial distance between the bins has
decreased. This is a result of either higher visibility in these centralized locations or a potential surgeon preference
to place markers in this location. The surgeon preference could be a result of easier accessibility but also a potential
unawareness of sufficient marker locations and distributions. This results in a potential bias of the dataset, where
the selected bins are not the only accessible locations with adequate visibility.

5.2.6. Distribution Analysis

The mean condition number of the selected bins in the femur is 49.1 and the mean condition number of the actual
patient data is 59.1. Hence, it is believed that the selected locations have a better distribution than the marker lo-
cations used in clinical practice. For the tibia the mean condition number of the selected bins is 68.2 and the mean
condition number of the actual patient data is 50.5. However, the maximum condition number of the actual patient
data is higher than that of the selected bins, which are respectively 100 and 85. Therefore, it can be concluded that
the distribution of the selected locations in the tibia is not evidently better than the marker locations used in clini-
cal practice but it has the potential to prevent outliers. Since it is believed that a high condition number has more
impact on the accuracy of the migration measurement, this can possibly prevent low accuracy measurements.[55]

The values of the distribution analysis are an approximation of the condition number if two markers were ran-
domly placed in each bin. This includes the assumption that all markers are placed correctly within the boundaries
of the bin, and are all visible. If in clinical practice not all markers are precisely placed within the selected bins,
the range of marker distribution could differ. However, since the range of condition number values is significantly
below the cut-off value of 120 it should not be a substantial disadvantage. In addition, the selected bins would most
likely provide a sufficient amount of markers with good marker distribution and therefore decrease the amount of
patients that need to be excluded.

5.3 Study Limitations

This method describes the marker placement of a real dataset. However, this dataset is relatively small compared to
the range of locations with 635 markers divided over 18,900 bins and 917 markers divided over 18,414. In addition,
all data is from one center and two surgeons which could lead to a bias for surgeon preferences in marker place-
ment. There is a possibility that not all potential locations are being evaluated. There could be locations that are

40



II. TM MSc Thesis 5. Discussion

surgically accessible and are not overprojected by the implant that do not occur in this dataset, which could possi-
bly be assessed with a phantom study. Therefore, by using this method you can identify favourable locations of the
locations where markers were placed but these are possibly not the optimal marker locations. To compensate for
the limited amount of data a smoothing filter was used, however analyzing a greater dataset would potentially lead
to a better approximation of the optimal marker locations and there actual visibility and accessibility. However, the
objective of the present study was to develop a method to improve insight on favourable marker locations which is
accomplished with the current density analysis.

Another limitation is the method of creating a grid of bins to assess the marker density. The size and range of the
bins is determinative for the results of the density analysis. The bins have solid boundaries and this results in static
values. It does not account if a marker is near the center of the bin or close to the edge and the method is also blind
for markers that are closely outside of the boundary. Therefore, it could potentially be beneficial to optimize the
bin sizes to give the best representation of the actual marker locations. However, by performing the spatial smooth-
ing filter it is accounting for the potential close markers in neighboring bins which leads to a low computationally
approach to determine marker density. In addition, an important factor to take into account when converting
the results to clinical practice is that the two markers within the selected bin need to be sufficiently distributed to
prevent overprojection of the markers. The four selected bins per bone are the locations for eight markers, which
means two markers are placed in the same 3x3x3 mm cube. Since the volume of the tantalum markers is 9 times
smaller than that of the bin, this is thought to be manageable.

A final limitation is the approach of the marker density, which is a value for the total amount of 3D markers in
the bin. By just counting the markers, it does not give information on the origin of the marker. Hence, it is not
possible to determine whether the markers in a bin are coming from several follow-up scenes of one and the same
marker or from different markers from different patients. Even if the markers are coming from one patient, it is
still not conceivable if it is the same bone marker or for example two closely placed markers. This factor makes it
more difficult to interpret the marker density values. Since the main goal of the present study is to analyse marker
locations based on visibility and accessibility the amount of markers is still an efficient method to evaluate that
matter.

5.4 Clinical Implications

When comparing the contribution to the marker density of the selected bins versus the average bin, it is evident
that there are certain locations that are more favourable for marker placement. This method results in actual lo-
cations in respect to the implant center, which makes it accessible to implement in clinical practice. The vectors
represented in Figure 4.6c and Figure 4.7c give an insight on the approach to reach the favourable locations. This
gives great potential to improve the marker visibility and distribution, especially in the femur which is more vul-
nerable for implant overprojection. It is believed that with proper education for the surgeons they can get relatively
close to the actual bin locations and therefore improve the marker count and distribution for RSA in UKA. In ad-
dition, by showing the variations in the heatmap this could also enlighten surgeons on which marker locations to
aim for or to avoid.

5.5 Future Perspectives

Additional research using data from multiple RSA studies in UKA is needed to further optimize the proposed
method for analyzing marker density in UKA. Another way of optimizing the method is by simulating virtual marker
locations to analyse their visibility and afterwards verify the accessibility with a phantom study. This could poten-
tially give more insight on marker locations that are not commonly used but are a sufficient option for the future.
For clinical implementation it could be beneficial to design an insertion mall for both the femur and tibia to as-
sure that the markers are placed in the favourable locations. To find out if this is needed, further analysis can be
performed to evaluate how close the surgeons come by hand and what effect this has on the marker visibility. Fi-
nally, a clinical study should be performed to evaluate the potential improvement. This should demonstrate the
expected increase in marker visibility and distribution and result in lower exclusion rates which would potentially
lead to more accurate migration calculation. When the method created in this thesis is optimized to determine the
most optimal locations and the implementation strategy is improved, it’s potential benefits for RSA studies in other
implants should be evaluated to broaden the scope of the marker placement analysis method.
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Conclusion

The proposed method in the present study has proven to be sufficient for marker placement analysis. Using this
method, four bins of the femur and tibia could be selected who have a considerably higher contribution to the total
amount of 3D markers than the average bin, which makes these locations more favourable for marker placement
for radiostereometric analysis. Placing the markers in the selected bins would presumably increase the marker
visibility during radiostereometric analysis and decrease patient exclusion. In particular it would give the most
benefit for the analysis of the femur since the marker count and distribution show a substantial improvement in
the selected bins. Further research is required to improve the method by using more data or simulating virtual
markers and to fine-tune the optimal locations. In addition, a next step to implementation would be to design
an insertion mall to accurately place the markers in the designated bins. That way the developed method has the
potential to improve marker placement for future RSA studies in UKA and possibly also in other implants or joints.
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A.1 Population of the PPK Study

Table A.1: Study Demographics

Appendix

(a) Femur
Post-Op 6 wks 6 mo lyr 1yr DE* 2yr
No. of included patients 20 19 18 19 10 17
No. of mean marker models 10 (50%) 10 (53%) 10 (56%) 10 (53%) 4 (40%) 10 (59%)
Mean Condition Number 53.6 60.1 58.3 57.2 51.7 61.7
Min. Condition Number 27.9 34.3 34.3 34.3 34.3 34.3
Max. Condition Number 105.9 90.5 90.5 90.5 69.8 90.5
(b) Tibia
Post-Op 6 wks 6 mo 1yr 1 yr DE* 2yr
No. of included patients 24 24 23 23 16 22
No. of mean marker models 0 0 0 0 0 0
Mean Condition Number 51.3 51.3 51.4 51.4 45.2 52.1
Min. Condition Number 32.9 32.9 32.9 329 27.9 32.9
Max. Condition Number 98.9 98.9 98.9 98.9 99.9 98.9

* Double Examination (DE)
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