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ABSTRACT

Introduction: Early implant migration is considered a predictive factor of aseptic loosening in total
knee arthroplasty (TKA). Relatively large initial migration, and/or continuous migration, is indicative for
an increased risk of aseptic loosening. The gold standard to measure migration is currently roentgen
stereophotogrammetric analysis (RSA). However, RSA is complex in common practice due to the use
of a calibration cage, trained radiology personnel and insertion of bone markers. To overcome these
disadvantages, a computed tomography (CT) based method has been proposed as alternative. This
CT-based migration analysis (CTBMA) measures the displacement of orthopedic implants relative to
the host bone over time in CT images.

Objective: Comparison of migration measurement in tibial components in TKA between CTBMA and
model-based RSA.

Method: In a prospective study, tibial component migration was measured between one year (YR1)
and five years (YR5) postoperative after primary TKA with CTBMA and model-based RSA. For
CTBMA, the tibia (bone) and tibial component were segmented in the CT image of YR1. The
underlying voxel intensities of these volumes were matched on the CT image of YR5 using image
registration. The resulting rigid transformation of both volumes were used to calculate the relative
displacement of the tibial component to the tibia. This resulted in translations along and rotation
around X-axis (transverse), Y-axis (longitudinal) and Z-axis (sagittal). Total translations (TT) and total
rotations (TR) were calculated with root sum square. Bland-Altman plots were constructed to
determine the mean difference and limits of agreement (mean + 1.96 SD) between CTBMA and RSA.

Results: Seventeen patients were included for the comparison of CTBMA and RSA. The mean
difference was -0.07 mm [-0.46 mm to 0.33 mm] and -0.12° [-0.88° to 0.64°] for TT and TR,
respectively. The limits of agreement did not exceed + 0.5 mm for translations. For rotations the limits
of agreement were: X-axis [-0.98° to 0.94°], Y-axis [-0.89° to 0.85°] and Z-axis [-0.67° to 0.51°].

Discussion: We showed that CTBMA is feasible for tibial components in TKA in clinical practice and
that the method agrees sufficiently with RSA. Similarly to RSA, it is important to determine the clinical
precision of CTBMA, which was not done in the current study, but is advised to do in future research.
Overall, CTBMA seems a promising marker-free alternative to RSA for evaluation of tibial component
migration in TKA in hospitals with a similar CT scanner.
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1. INTRODUCTION
11 CLINICAL BACKGROUND

Total knee arthroplasty (TKA) is a common treatment for knee joints that have been affected by
osteoarthrosis, rheumatoid arthritis, or trauma. The orthopedic surgeon replaces the damaged joint
with a prosthesis. The main indication for TKA is pain, accompanied by functional limitation in daily
activities. The pain is typically worsened by activity and decreases at rest. In later disease stages, it
may become continuously present. Radiographic findings may be useful in confirming the diagnosis,
assessing the severity of the disease and excluding other pathologic conditions. In 2019, a total of
25.881 primary TKAs were performed in the Netherlands [1]. This number is predicted to increase to
approximately 150% in 2030, due to weight gain and aging of the population [2]. Unfortunately, TKAs
fail for a variety of reasons, including loosening, instability, infection and persistent pain [1].
Approximately 82% of primary TKAs last 25 years [3]. Revision surgery is expensive and often results
in a less favorable outcome for the patient. The choice for revision is based on clinical symptoms and
is carefully weighted for each specific patient, therefore, revision percentages differ by, but are not
limited to, patient, procedure and prosthesis characteristics. In 2019, a total of 3096 revision TKAs
were performed in the Netherlands [1].

One of the most reported reason for revision is aseptic loosening (i.e. gross migration) of prosthetic
components [1], [4]. Aseptic loosening refers to the failure of joint prostheses without the presence of
an external mechanical cause or infection [5]. Clinical expression of aseptic loosening is often only
seen after ten years. However, long term loosening starts with early micromotion, small movements of
the prosthesis relative to the bone, which are already measurable during the first two postoperative
years [6]. Continuous migration, a shift in position of the implant over time, may result in aseptic
loosening [7], [8]. Total knee prostheses migrating below 0.5 mm at six months postoperative and
below 0.2 mm at six to twelve months postoperative are classified as stable [7]. In another study, the
criterium for migration was 0.2 mm/two year and migration below this value was classified as stable
[6]. In this study of Ryd et al. 60 (38% of total) cases of migration were identified, of which twelve
received revision surgery within eight years which confirmed loosening at revision [6]. Early migration
of tibial components in TKA has been associated with long-term risk of revision, see figure 1 [6], [8],

[9].

In clinical practice, loosening of prostheses is assessed in radiographs by detecting radiolucent lines
around the prosthesis and visual position and orientation differences of the prosthesis. Radiolucent
lines indicate the presence of a fibrous layer. For objective measurement of micromotion of orthopedic
implants roentgen stereophotogrammetric analysis (RSA) was developed [10]-[12]. This radiographic
technique is the gold standard to assess the migration pattern of prostheses. Measuring early
micromotion is useful for prediction of future aseptic loosening [6], [13]. Therefore, RSA can be used in
a phased evidence-based introduction of orthopedic implants [14], [15]. Due to the high precision of
RSA, new implant designs, coatings, and surgical techniques are evaluated in small clinical trials with
relative short follow up [16]. This results in lower 10-year revision rates of implants in large patient
populations [17].

Migration (mm)
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Figure 1: Early migration in percentiles of a meta-analyses of 2,470 knees. The migration of two prostheses with above average revision
rates is also plotted: Boneloc cement and Freeman-Samuelson allpoly uncoated and uncemented. Image reproduced from [7].



1.2 ROENTGEN STEREOPHOTOGRAMMETRIC ANALYSIS (RSA)

In 1974, RSA was introduced by Goran Selvik as method for kinematics of the skeletal system [12].
Nowadays, RSA is used as the gold standard for measuring three-dimensional micromotion of joint
implants relative to the bone [16], [18]. For RSA, small roentgen opaque markers of Tantalum are
used as artificial landmarks, see figure 2. These markers, with a diameter of 0.5, 0.8, or 1.0 mm, are
inserted into the bone during primary TKA. In conventional RSA the prosthesis is marked as well.
However, implants manufactured with special markers increases costs and time. Therefore, from 2000
onwards model-based RSA is used, which renders prosthesis markers unnecessary. This technique
calculates the position and orientation of a triangulated surface model by matching the virtual
projection of this model to the actual projected contours of the implant. [19], [20]

A standard RSA set-up contains two roentgen tubes at an angle of 20° positioned approximately 1.5 m
above a calibration box, see figure 2. The calibration cage is positioned underneath the table on which
the patient is placed and contains a calibration grid which is used as a coordinate system to
reconstruct the three-dimensional positions of the projection of the markers. The bone markers
function as a reference rigid body relative to which the motion of the second rigid body, the prosthesis,
is calculated. Thereafter, the relative motion of the prosthesis with respect to the bone is calculated.
The results from the calculations are a rotation matrix and a translation vector. For practical
interpretation, the migration is usually expressed as the difference in position and orientation of the
center of the prosthesis.

Precision and accuracy of RSA differ for the axes, for specific implant designs and for different joints,
which can be explained by the underlying technique. Therefore the ranges mentioned here are the
standard deviation (SD) of tibial components in TKA from worst to best axis. Precision should be
tested in vivo with double examinations, in contrast to accuracy which is tested only in in vitro
experiments [11], [21]-[23]. Clinical precision of model-based RSA for tibial components at one year
postoperative varies from 0.03 mm to 0.21 mm (SD) for translations and from 0.08° to 0.61° (SD) for
rotations [24]. The accuracy of model-based RSA is calculated by the difference between measured
and applied motion, in this case with the use of a 3D computer-aided design (CAD) model of the tibia;
the standard deviation varies from 0.10 mm to 0.21 mm (SD) and 0.39° to 0.81° (SD) for translation
and rotation measurements respectively [25].

Accuracy of a measurement can be described as “the degree of closeness between a measured value
and the true value and contains both random and systemic errors”. The precision of a measurement is
described as “the degree to which repeated measurements under unchanged condition show the
same results”. [26]

=160M

prosthesis markers

tibial bone markers

Figure 2: A) Total knee prosthesis with seven Tantalum markers inserted in the tibia, and three markers attached to the prosthesis. Image
reproduced from [10]. B) The RSA set-up consists of two separate roentgen tubes with corresponding digital radiography detector and one
calibration cage. The imaging body part is positioned on top of the calibration cage at the joint of interest of the X-ray bundles. Two
separate roentgen images are taken virtually simultaneously. Image was used with permission [27].



1.3 CLINICAL PROBLEM

Although RSA is the current gold standard to measure implant migration, it has some disadvantages.
RSA requires the insertion of bone markers, making the technique unsuitable for evaluation of implant
loosening in patients who were not given such markers initially. Also, the required instrument to insert
tantalum markers, as well as the markers themselves, are not yet approved by the updated medical
device regulation for use in clinical studies. RSA is sensitive for marker occlusion due to over-
projection by the implant. Moreover, an expensive set-up and trained personnel are needed to conduct
and analyze examinations. Recently, the use of computed tomography (CT) scans was introduced as
an alternative method for measurement of prosthesis migration [28]-[30]. This CT-based method for
migration analysis provides more hospitals the opportunity to test orthopedic implants, since CT
scanners are widely available. For the use in clinical research, the accuracy and precision of this
method should be in the same order as RSA and the advantages should outweigh the disadvantages.

1.4 COMPUTED TOMOGRAPHY BASED MIGRATION ANALYSIS (CTBMA)
There is no universal terminology used for
the CT-based method in the literature. We
propose the following term: CT-based
migration analysis (CTBMA). CTBMA is a
method which measures migration of
orthopedic implants over time in CT images.
In vitro [31], [32] and in vivo [33]-[35]
studies indicate that the accuracy and
precision of CTBMA are comparable to
those of RSA. In the literature, several
methods for CTBMA are used with different
terminology. Two studies validated a
commercially available software called CT
micromotion analysis (CTMA) in acetabular
cups of patients [34], [35]. CTMA uses
surface registration for the spatial alignment
of the images. Scheerlinck et al. were the
first to describe CTBMA without the use of
markers or manually placed landmarks: CT-
based spatial analysis (CTSA) [31]. Inin
vitro experiments the limits of agreement

Baseline image (BL) Follow-up image (FU)

A/ \A

BL prosthesis BL bone

A/ \A

FU bone FU prosthesis

Figure 3: Visual example of the CT-based spatial analysis method of hip
implants. A represents segmentation, B and C represents the registration of

between imposed motion and measurement
were within + 0.28 mm for translations and +
0.20° for rotations in any direction [31]. They
obtained segmentation masks of the

the volumes of bone and prosthesis respectively. D visualizes the migration
of the prosthesis relative to the bone. The yellow, green and blue area
represents the volume masks of the prosthesis, bone, and prosthesis,
respectively. Image reproduced from [31].

prosthesis and the bone, and used the voxel intensities of the original image for the registration. This
spatial alignment of the images was used to calculate the displacement of the prosthesis relative to the
bone between baseline and follow-up, see figure 3. In contrast to CTMA, CTSA uses volume

registration.

1.5 AlM

The aim of this study is to investigate CTBMA, based on the method of Scheerlinck et al., in TKA.
Furthermore, we aim to develop a clinical usable segmentation algorithm for defining masks. Leiden
University Medical Center (LUMC) uses Mimics (Materialise) for segmentation in 3D planning of
orthopedic surgeries. The advantage of this segmentation software is the intuitive use and the in
house expertise since it is also used for 3D planning of operations. For these reasons, we want to
define the masks by segmentation in Mimics. The accuracy of Mimics has been investigated in the
literature [36], [37]. Firstly, a segmentation algorithm will be developed in Mimics for clinical CT images
of knees after TKA. Secondly, this segmentation algorithm is used for CTBMA and this method is
compared to the gold standard of migration measurement. The aim is formulated in the following
research question: What is the difference between CTBMA and model-based RSA in migration
measurements of tibial components in TKA?



2. OUTLINE OF THESIS

In order to answer the research question, first, multiple experiments were conducted to develop an
usable method of CTBMA. These experiments, described in appendix A, focused on a clinical usable
segmentation algorithm together with improvement of image registration. These experiments
contributed to the method of CTBMA as described in chapter 3 of this master thesis. The results of
comparison between CTBMA and RSA for seventeen patients were described in chapter 4. Hereafter,
chapter 5 includes an extensive discussion on strengths and limitations whilst also focusing on future
research. Finally, chapter 6 includes an overall conclusion of this master thesis.



3. METHOD

The primary output of this study was the migration of the tibial component relative to the tibia bone.
This migration was measured with two different methods: RSA and CTBMA.

3.1 STUDY POPULATION AND DATA

Data was obtained from a prospective randomized clinical trial previously conducted at the
Orthopaedic department of LUMC comparing the migration of two types of tibial designs with RSA: the
Persona PS and the NexGen LPS [24]. Inclusion criteria were patients aged between 21 and 90 years
scheduled for primary TKA, between 2014 and 2017, for osteoarthrosis or rheumatoid arthritis [24]. In
an addendum to the study, with a separate informed consent, one extra postoperative CT scan was
added. Follow-up involved a CT scan and a pair of radiographs for RSA at one and five years
postoperatively. All imaging was performed on the same day. Only patients who received a CT scan at
one year follow-up were invited for the CT scan at five year follow-up.

The randomized controlled trial included 75 patients. All patient data was anonymized for the
researcher. The data collection of these patients at five year follow-up is ongoing. Therefore, we used
a data cutoff point at the 7t of January 2022. Data analysis was carried out with all data available until
this date. Patients were excluded for follow-up when: (1) markers in baseline RSA were insufficient for
both bones, (2) CT scan at one year follow-up was missing, (3) the implant had been revised, and (4)
patient was unable or unwilling to sign the additional informed consent. Patients were excluded from
data analysis if CT follow-up was incomplete and if the slice thickness of CT images was more than
0.5 mm. For this study the two types of tibial designs are combined to one group, since the aim is to
compare CTBMA to the gold standard and not to compare the two tibial designs.

3.2 RSA

RSA radiographs were acquired using two X-ray sources angled at 40 degrees towards each other in
combination with digital radiography detectors and a calibration cage. Details were described
previously [24]. RSA was performed using model-based RSA software (v. 4.2014, RSAcore; LUMC,
The Netherlands). Data analysis with RSA was conducted only in patients who were included for data
analysis of CTBMA. The migration was calculated between one and five years postoperative images,
in contrast to the RSA study where migration was calculated with direct postoperative as starting point
[24].

3.3 CTBMA

CTBMA is a method that measures displacement of orthopedic implants relative to the host bone over
time in CT images. In general, CTBMA consists of four steps; (1) data acquisition, (2) mask defining,
(3) registration, and (4) calculation of migration, see figure 4. The development of method was in
consultation with experiments as described in appendix A.

For data acquisition, CT scans were obtained of one year (YR1) and five years (YR5) after TKA.
These images were analyzed with a novel in-house graphical user interface called CTRSA-software
(Python v3.9.7, CTRSA-software, date: 02-04-2022) to measure migration between two rigid bodies,
more specifically, the tibial component and the tibia (bone). In order to do this, three masks were
obtained by segmentation: an align mask, a mask of the bone, and a mask of the prosthesis. These
masks were used for the initial alignment of the image, the bone-bone registration and prosthesis-
prosthesis registration, respectively. The intensities of the underlying voxels of these masks were used
for image registration. This intensity-based image registration with mask volumes was performed using
Elastix, a toolbox for medical image registration [38]. The migration was then calculated from the
transformations. The four steps of CTBMA are described in detail below.



DATA ACQUISITION

1. Acquisition of 2 CT images (slice thickness 0.5 mm)
of 1 year and 5 years after TKA

L

MASK DEFINING

2. Defining 3 masks by segmentation in Mimics for

CT YRI: total knee, prosthesis and bone

REGISTRATION

Align —"—P Bone
| | |

'

Verify registration - o .

3. Registration of the two CT images (YR1 and YRS) using the voxel intensities within the masks of YR1
for: align, prosthesis and bone. Every registration is verified by a visually check.

CALCULATION OF MIGRATION

y
x M = [T,,T,, T, Ry, Ry, R,]

Zz

4. The migration (M) of prosthesis relative to the bone between YR1 and YRS is expressed as three

translation parameters Ty, Ty, T, (mm) and three rotation parameters R, R, R, (degrees).

Figure 4: Schematic overview of the four steps of CTBMA to calculate the migration of the prosthesis relative to the bone between YR1
and YR5. Image registration was performed by means of a graphical user interface, which allows visual verification of the registration.



3.3.1 Data acquisition

CT images with a slice thickness of 0.5 mm were acquired with two different CT scanners (Canon,
Aquilion and Aquilion ONE). These CT scans were conducted during normal working hours at the
radiology department. All images were reconstructed with both a bone filter (convolution kernel FC30)
and some images with the single energy metal artifact reduction (SEMAR) reconstruction technique.
For every CT image the following parameters were documented: CT scanner, helical or volume, CT
tube voltage (kVp), data collection diameter, CT tube current (mA), reconstruction diameter,
convolution kernel, focal spot (mm), pixel spacing (mm) and dose (mGy). The matrix size was
512x512, the beam collimation 80 x 0.5 mm for helical scans and max 16 cm for volume scans, and
the rotation was 0.5 (sec) for both helical and volume. The pixel spacing equals the pixel size
assuming the space between pixels is zero and is equal in both directions. Note that in this report the
pixel size is referred to as the smallest addressable element of the image, given in millimeters. This is
one of the contributing factors for the spatial resolution of the image.

3.3.2 Mask defining

Three masks were obtained by segmentation; (1) mask of the total knee for the initial alignment, (2)
mask of tibia bone, and (3) mask of tibial component of prosthesis. The CT images of YR1 of all
patients were used for the segmentation. The whole segmentation process was carried out in a
commercial software package (Mimics, Materialise, Belgium). The first step of the segmentation in all
masks was thresholding. This threshold was derived from a line intensity profile with a tradeoff
between segmented object and surroundings, and was chosen for each CT image separately, see
figure 5. To extract the prosthesis, a threshold was applied to the image followed by a region grow of
6-connectivity. The seed was placed inside the tibial component in TKA. Next, a morphological
operation of erode followed by a dilate (open) and a dilate followed by an erode (close) of 1 pixel was
applied to the mask. This was useful for breaking small connections and for filling cavities within the
mask. To extract the tibia bone, another threshold was applied to include the bone pixels, but exclude
the tantalum bone markers (RSA markers). This threshold was followed by a region grow. Next, an
orthogonal cut was made between prosthesis and bone to exclude the metal artifacts caused by the
prosthesis, see figure 5c. A Boolean operation was then performed to exclude the prosthesis from the
bone (negation, subtraction). For the align mask, another threshold was applied to include soft tissue
of the knee. When needed, in case of two knees or a table, the crop function was used to select the
required knee. All three segmentation objects were applied to the CT image of YRL1, thereby retaining
the voxel intensities within the segmented objects.

4976
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Figure 5: A) Draw profile line (red arrow) through soft tissue, bone and prosthesis for a line intensity profile. The arrow is enlarged for
illustration purposes. B) Defining the threshold (horizontal orange lines) for the bone mask, which is a tradeoff between soft tissue and
bone, using the line intensity profile (red line). C) Orthogonal cut (dashed orange line) was made where tibial plateau and tibia meets.

3.3.3 Registration

Registration is the spatial alignment of two or more images. In the current study, registration was
performed with CT images of one year (YR1) and five years (YR5) postoperatively using only the voxel
intensities within the defined masks instead of the whole image. The volume registration was
performed using Elastix; a toolbox for intensity-based medical image registration [38]. Image
registration was described as “the task of finding a spatial transformation mapping from one image to
another” [39].
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The three-dimensional gray-scale image I in spatial domain Q assigns to every pointx € Q c R3 a
normalized gray value I(x) € [0,1] (called the intensity value at the point x of that image). Two images
are needed for the registration: the moving image I,, = I(x) V x € Q, < R? and the fixed image I =
I(x) V x € Qp c R3. The mapping from one image to the other results in a coordinate transformation
A(x) that makes I,,(x) spatially aligned with I.(x) [38]. In Elastix, for practical reasons, this
transformation A was defined as a mapping from the fixed image to the moving image. The alignment
optimization was estimated by minimizing the cost function, see equation (1). [39]

A=arg min C(4; Ir, 1) 1)

In Elastix specific parameters can be chosen to optimize the quality of the alignment. The following
parameters were used: multiresolution registration, linear interpolator, normalized correlation metric,
and an adaptive stochastic gradient descent optimizer.

Three registrations were performed using the voxel intensities within the three defined masks and
therefore a labeled subset L of points x € L, € Q. All three registration methods used a
multiresolution strategy:

1. Align registration: This first registration was a rough alignment of the two images using the
voxel intensities within the align mask. More specifically, the registration was performed with
fewer number of iterations in each resolution level of the multiresolution approach. Also, in this
registration the moving image can only be translated and not rotated.

2. Prosthesis-prosthesis registration: This second registration used the align registration as
starting point. The voxel intensities within the prosthesis mask were used for the registration of
images. The moving image can be translated and rotated.

3. Bone-bone registration: This third registration used the registration of the prosthesis as
starting point. The voxel intensities within the bone mask were used for the registration of
images. The moving image can be translated and rotated.

All three registrations were visually checked in the graphical user interface (CTRSA-software) for each
patient. To verify the registration the two images were displayed on top of each other with a
checkerboard view and in red/green, as seen in figure 4. The researcher then assessed continuous
borders of prosthesis and bone and considered the registration successful if the specific registration
part of the two images (YR1 and YR5) do overlap completely.

3.34 Calculation of migration

The migration of the tibial component relative to the tibia bone between baseline and follow-up image,
was calculated by determining the relative movement of the two volumes (i.e. tibial component and
tibia) with respect to a fixed migration coordinate system. The tibial component and tibia bone were
assumed as rigid bodies, hence the transformations consisted of combinations of rotations and
translations only. These transformations were expressed in homogenous coordinates to combine the
translations and rotations in one matrix. The movement of a rigid body in three-dimensional space
consisted of 6 degrees of freedom: 3 translations along the X-axis, Y-axis, and Z-axis and 3 rotations
around these axes. These rotations were determined by the right hand rule and expressed in Euler
angles, whilst the angles do not exceed 360°.

The following equations were used to calculate the migration:

In equation (2) the rigid transformation was defined as a transformation that, when acting on any
vector v, where v = [x,y,z,1]7, and produces a transformed vector v':

v =Av 2)

A described in homogeneous coordinates gives a 4x4 matrix Al

11 Tz T3 P (3)
Al44] = [R[3'3]] [T[S'l]] — |21 T2 T23 (q
0 0 0 1 33 T3z T33 T
0 0 0 1
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In this transformation matrix A of equation (3), R>*! and r,, to r3; represents the rotation matrix, and
T3 and p, g, r represents the translation vector. The mathematical representation of the
transformation of a point (x, y, z) towards another point (x’,y’, z’) in a three-dimensional space is seen
in equation (4):

x' i1 Tz Tz PY [X
v — |21 T2 T2z qf [¥Y
z' lr31 T32 733 7" lz ‘ (4)
1 0o o o0 141

By definition, the estimated transformation matrix 4 as calculated by Elastix is defined as a mapping
from the fixed image I to the moving image I,,, so that:

Where 4 is the estimated transformation resulting from alignment optimization. The transformation
with a subset of pixels of the fixed image Ly for the alignment is given by:

L) = ALy (6)
Where L;' is the transformed of L which Elastix tries to align to L,, so that:
LF, ~Ly (7
The reverse transformation yields:
L, =A'Ly (8)

Where L,, represents a specific subset of the moving image which Elastix tries to align to Ly of the
fixed image (labeled by segmentation) to make L,,’ (the transformed of L,,) aligned with L, so that:

LM, ~ Lg (9)

See figure 6.

Note that the reverse transformation is only true if the determinant of A does not equal zero.

A
Fixed T~ Moving
Lp Ly . <
e
Ip IM
t=1ty t=t,
:4'71
Fixed T~ Moving
Le U b
LM,""’LF
t=ty t=1ty

Figure 6: The estimated transformation A is defined as the mapping from the fixed image I to the moving image I, and its reverse A~*
from the moving to the fixed image. The fixed image is also called the baseline (t = t,) and the moving image is also called the follow-up
(t = t,). A specific subset of the fixed image L (labeled by segmentation) is used for the alignment optimization to a subset of the
moving image L, . Elastix optimizes alignment so that L,," (the transformed of L,,) is approximately equal to L.
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In our study, Elastix optimized alignment of the bone in the moving image B and the bone in the fixed
image B; so that:

BSI""Bl (10)

Where B;' is the location where the bone ended up in the fixed image. In which the transformation
yields:
35, = 251 B5 (11)

See figure 7.

~ -1
Ag

v .
FRRN
I_--I I---I \\
) ' 1 A
B, | B; A NN
H [ e\ b N
i ___ 1 | % e 3
1 ° 1 A - -7
| 1 . s
[ | b -
’ \\ ’;’
BS ~B1 N
t = t=5

Figure 7: A graphical representation of the estimated reverse transformation of bone A3 from the moving to the fixed image.

Similarly, Elastix optimized alignment of the prosthesis in the moving image Ps and prosthesis in the
fixed image P, so that:

P;'~P, (12)

Where Pg is the location where the prosthesis ended up in the fixed image. Then the transformation is
given by:

(13)

See Figure 8.

P;'~P, }

Figure 8: A graphical representation of the estimated reverse transformation of prosthesis A from the moving to the fixed image.

The relative migration over time of prosthesis with respect to the bone is of interest. Therefore, the
image Ps (prosthesis in the moving image) is transformed with the bone transformation 43 as
described in equation 14.

PSH — 2;1 P5 (14)
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Where Pg" is the transformed of P whilst using the reverse transformation of bone. Migration is then
characterized by the residual alignment between this image Ps" and the initial transformed image Ps'
(which approaches P, by optimization). The migration transformation 4,, is given by:

Pg =4y Ps' (15)
See Figure 9.
-~ -1
Ap
Fixed Moving
P PSH
- P P
ay 5
‘/ ,-’ : { f\' \’\
4 y L “~\ \
- AM
.
y 4 )
A ’f*‘\‘ j' 1
y r---- = e )
4 / i \
rr; /’ | :
P SR
""'-\ / : \
- [} |
[} I
O I \
Migration

Figure 9: Migration is the relative displacement of prosthesis to the bone, betweent=1and t=5.

By substitution, the migration transformation 4,, can hence be calculated:

P5 = EM P;
Ag' Ps = AyAp' Ps
Azl = 4,Apt
Ay = A" Ap

(16)

This transformation 4,, is then transformed from the global to the migrating coordinate system by:

Where A, is composed of a rotation of 90° around the X-axis and a translation to the center of the
tibial component. This geometrical center is the calculated center of mass for a continuous mass
distribution. The global coordinate system is provided by the CT image.

The migration M is then derived from function f accepting matrix A.** and returning m6x:

M= f (ﬁMO) (18)
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This function f is implemented in CTRSA-software (CTRSA_Migration_Calculation.py, date: 14-04-
2022, function: matrix_to_parameters() ) and based on euler angle formulas [40]. The function finds
the Euler angles from the rotation matrix and coverts these from radians to degrees.

In equation (19), M represents the migration, consisting of translations T,, T,, T, in millimeters (mm)
and rotations R, R,, R, in degrees (deg).

M = [T,,T,,T, Ry Ry, R,] (29)

Concluding, the displacement of the prosthesis relative to the bone, between YR1 and YRS, is given
from the migrating coordinate system with its origin in the geometric center of the prosthesis. The
orientation of this coordinate system equals that of RSA and is equivalent for left and right knee, see
figure 6.

In general using RSA, in case of a left knee, postprocessing of the data exist of multiplying the factor
-1to T, R, and R, due to chirality, making the positive T, direction medially and positive R, and R,
rotation internally. This has not been done in this study because the aim was to compare the two
methods.

CTBMA RSA

Figure 6: A) The two coordinate systems of CTBMA: the global coordinate system (left upper corner) and the migrating coordinate system

with its origin in the geometric center of the tibial component (right lower corner).

B) The orientation of the migrating coordinate system of CTBMA (image of left knee). C) The orientation of RSA (image of right knee). The
orientation is equal for CTBMA and RSA; X-axis (transverse axis), the Y-axis (longitudinal axis) and Z-axis (sagittal axis). Rotations around
these axes are according to the right hand rule.

34 STATISTICAL ANALYSIS

The total translation (TT) and the total rotation (TR) over time are calculated using root mean square,
see equation (20) and (21) [12], [19]. The calculation of total rotation is only valid for small angles
when 6 = 0 and sin 8 = 6, known as small angle approximation [12].

20
TT = /Tx2+Ty2+Tzz (20)
21
TR = /sz +R,* +R,’ 1)

The TT, TR, translations and rotations are compared between the two methods in a Bland-Altman plot
[41]. The Bland-Altman analysis aims to compare a new measurement method against a reference
standard and quantifies agreement between the two methods through the bias and limits of agreement
[42]. These limits of agreements are calculated by the mean + 1.96 x SD, and are then compared with
a priori defined acceptable limits of agreement. The Bland-Altman analysis is visualized graphically by
plotting the average of the two methods ((CTBMA + RSA) /2) on the X-axis against the difference
(CTBMA — RSA) on the Y-axis (Python v3.9.7, statsmodels package v0.12.2). The plot provides the
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mean difference between the two methods and the limits of agreement (mean + 1.96 x SD) and 95%
of the data will be between these limits if the data is distributed normally.

The normal distribution was visually assed by a histogram of the difference (CTBMA — RSA) as
proposed in [43]. Supplementary to the graphical assessment a Shapiro-Wilk test was conducted
(Python v3.9.7, scipy package v1.7.1). The test rejects the hypothesis of normality when the p-value is
less than or equal to 0.05.

A post hoc subanalysis was conducted of all patients with only one knee in the baseline and follow-up
CT image. The aim of this analysis was to see if the spatial resolution of the CT images affect the
agreement between CTBMA and RSA. The pixel sizes of images with two knees are larger, due to the
larger field of view. Changes in the field of view will affect pixel size, considering a static matrix size of
512x512 pixels.

3.5 ACCEPTABLE LIMITS OF AGREEMENT AND SAMPLE SIZE

The sample size was calculated based on the limits of agreement between the two methods. These
limits of agreement (mean + 1.96xSD) should not exceed + 0.5 mm for translation and + 0.8° for
rotations [44]. These acceptable limits of agreement were determined by [44] and were based on the
smallest values of clinically relevant early migration when used as a predictor of aseptic loosening [7],
[45], [46]. The pre-defined acceptable limits were conservative for TT and TR, since these limits
describes a one dimensional value (and not a linear sum or root-sum-square of three values).

The calculated sample size, using the data from table 1, resulted in the minimum required number of

10 pairs for translation and 67 pairs for rotation. The expected standard deviation of differences used

in this calculation was based on the data of a study comparing two techniques of RSA. The difference
between CTBMA and RSA was expected to be of the same order.

Table 1: Parameters used for the calculation of sample size for translations and rotations

Type | error (alpha, significance) 0.05
Type Il error (Beta, 1-Power) 0.10
Expected Mean of Differences 0.0

Translations Rotations
Expected Standard Deviation of 0.105 mm 0.291 degrees
Differences*
Maximum allowed difference 0.5 mm 0.8 degrees
Calculated minimum number of pairs 10 67

*Data of analysis between Model-based RSA and Marker-based RSA [44]
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4. RESULTS

Twenty patients completed CT follow-up, of which seventeen were included to compare CTBMA with
RSA for migration analysis of tibial components in TKA, see flow diagram in figure 7. One patient, who
did complete CT follow-up, was excluded because of incomplete RSA follow-up due to logistic
reasons. In two patients, PNS30 and PNS54, the slice thicknesses of CT YR1 were larger than 0.5
mm and therefore these patients were excluded for the data analysis.

Z
E .
= Received TKA (n = 74)
c
L
v h 4
CT RSA
Lost to follow up (n = 22):
- Logistic reasons (n = 11) P
- Unknown reason {n = 2) N
- Other (n=49)
¥ YR1 h 4
CTYEAR 1{n=52) RSAYEAR 1
=1
g Lost to follow up prior to data ¥
= —Elggg;ggezd1i?1]:- 3) Did not reach 5 year
L - oo « follow up at data
- Decline to participate (n = 1) cutoff* (n = 13)
- Mo show (n = 8) -
- Unknown (n=7)
¥ YRS h i
CT YEAR 5* (n = 20) J [ RSA YEAR 5
h i h i
= Analyzed (n=18) Analyzed (n = 17)
=
b Excluded from analysis: Excluded from analysis:
=< - Slice thickness = 0.5 mm (n = 2) - Absence of RSAvyear 1 (n=1)

CT&RSA(n=17)

*Data cutoff: 07-01-2022

Figure 7: Flow diagram of included patients for analysis. Abbreviations: TKA = total knee arthroplasty, CT = Computed Tomography, RSA
= roentgen stereophotogrammetric analysis, YR1 = one year after TKA, YRS = five years after TKA. *Data cutoff = 07-01-2022.
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4.1 CT DATA

The pixel size of CT images ranged between 0.27 mm and 0.78 mm. These and other differences in
CT parameters between CT images are seen in table 2.

Table 2: Overview of CT parameters. There are two CT images of each patient: one year (YR1) and five years (YRS5) after primary total

knee arthroplasty. All images have a slice thickness of 0.5 mm, matrix size 512x512 and convolution kernel FC30. Five images included
two knees in the field of view instead of one (marked in blue). Abbreviations: # = number of patient, PNS = patient number in study, FU =
follow-up, CT = Computed Tomography, kVp = kilo volt, mA = milli ampere, mm = millimeter, mGy = milli gray.

# FU PNS CT scanner Helical / CcT Data CcT Recon- Focal pixel Dose
volume tube collection | tube struction spot sizes | spacing | (mGy)
voltage | diameter | current | diameter | (mm) (mm)*
(kvp) (mA)

1 12 Aquilion HELICAL_CT 120 400 80 400 0.9\0.8 0.78 7.6
12 Aquilion ONE VOLUME_CT 120 500 100 210.937 0.9\0.8 0.41 2.4

2 14 Aquilion HELICAL_CT 135 400 150 400 0.9\0.8 0.78 17.9
YR5 14 Aquilion ONE HELICAL_CT 120 500 110 181.64 0.9\0.8 0.35 3.8
3 YR1 15 Aquilion HELICAL_CT 135 320 100 140 0.9\0.8 0.27 9.5
| I¥RB| 15 | Aquilion ONE | VOLUME_CT | 120 400 150 321.875 | 0.9\0.8 | 0.63 7.9

4 YR1 17 Aquilion HELICAL_CT 135 500 100 225 1.6\1.4 0.50 14.9

YR5 17 Aquilion ONE HELICAL_CT 120 320 100 225 0.9\0.8 0.44 6

5 YR1 19 Aquilion HELICAL_CT 135 400 150 209 0.9\0.8 0.41 17.9
YRS 19 Aquilion ONE HELICAL_CT 120 500 110 218.75 0.9\0.8 0.43 3.8

6 YR1 | 20 Aquilion ONE VOLUME_CT 120 400 250 217 0.9\0.8 0.42 13.2
YR5 20 Aquilion ONE HELICAL_CT 120 320 110 245 0.9\0.8 0.48 3.8
7 YR1 | 21 Aquilion ONE HELICAL_CT 135 400 80 225 0.9\0.8 0.44 8.1
YR5 | 21 Aquilion ONE HELICAL_CT 120 320 110 203.75 0.9\0.8 0.40 4.1
8 YR1 | 22 Aquilion ONE HELICAL_CT 135 320 80 190 0.9\0.8 0.37 7.2
YR5 22 Aquilion ONE HELICAL_CT 120 400 100 184.375 0.9\0.8 0.36 6.6

o [MREN| 23 | Aquilion ONE | HELICAL CT [ 135 400 150 323 0.9\0.8 | 0.63 15.1
YR5 | 23 Aquilion ONE HELICAL_CT 120 320 110 181.25 0.9\0.8 0.35 4.1

10 | YR1 | 25 Aquilion HELICAL_CT 135 400 100 202 0.9\0.8 0.39 23.9
YR5 25 Aquilion ONE HELICAL_CT 120 320 110 257.50 0.9\0.8 0.50 4.1
| 11 [JMREN| 27 | Aquilion ONE | HELICAL CT | 120 400 80 344 0.9\0.8 | 0.67 5.8
YR5 27 Aquilion ONE HELICAL_CT 120 320 110 207.50 0.9\0.8 0.41 4.1

12 | YR1 | 28 Aquilion HELICAL_CT 135 400 80 228 0.9\0.8 0.45 19.1
YR5 | 28 Aquilion ONE HELICAL_CT 120 500 80 224.609 0.9\0.8 0.44 2.5
13 | YR1 | 29 Aquilion ONE VOLUME_CT 120 500 100 178 0.9\0.8 0.35 3.9
YR5 29 Aquilion ONE VOLUME_CT 120 400 90 182.812 0.9\0.8 0.36 4.6
14 | YR1 | 45 Aquilion ONE HELICAL_CT 120 500 110 191 0.9\0.8 0.37 7.2
YR5 | 45 Aquilion ONE VOLUME_CT 120 320 110 170.00 0.9\0.8 0.33 4.1

15 | YR1 48 Aquilion ONE HELICAL_CT 120 500 300 238 0.9\0.8 0.47 10.2
YR5 | 48 Aquilion ONE HELICAL_CT 135 500 110 191.406 0.9\0.8 0.37 5.3
16 | YR1 | 50 Aquilion ONE HELICAL_CT 120 500 200 264 1.6\1.4 0.52 16
YR5 | 50 Aquilion ONE HELICAL_CT 120 320 110 236,25 0.9\0.8 0.46 4.1
17 | YR1 | 51 Aquilion ONE VOLUME_CT 135 320 80 176 0.9\0.8 0.34 7.6
YR5 51 Aquilion ONE HELICAL_CT 120 320 110 193.75 0.9\0.8 0.38 4.1
18 | YR1 | 58 Aquilion ONE HELICAL_CT 135 400 80 233 0.9\0.8 0.45 8.1
YR5 | 58 Aquilion ONE HELICAL_CT 120 320 80 265 0.9\0.8 0.52 2.8

*Pixel spacing is equal in both directions (square) and equals pixel size assuming the space between pixels is zero

4.2 MIGRATION ANALYSIS

Migration was measured in seventeen patients with both methods, see table 3. The prosthesis-
prosthesis registration initially failed in two patients (PNS 14 and PNS 28), resulting in an visually
incorrect alignment of the images. The prosthesis registration was repeated using the previous
registration as starting point until verification of registration was correct. This failed registration is most
likely due to the differences of rotation of the legs between the two images, because the align match
only consist of a translation and does not include the option of image rotation. However, in two other
patients with an imperfect align match, this did not result in an incorrect bone-bone or prosthesis-
prosthesis registration. In one patient (PNS 48) RSA was not possible due to the absence of roentgen
images at one year postoperatively. In another patient (PNS 15) the RSA results had to been
corrected with a factor -1 for T, Ty, R, and R,, because the roentgen images at one year
postoperatively were taken upside down.

19



Table 3: Migration results of 18 patients measured with two methods: CTBMA and RSA. Results consists of translations (mm) along and
rotations (degrees) around X-axis (fransverse), Y-axis (longitudinal) and Z-axis (sagittal). All results are rounded to 2 decimals. CTBMA
initially failed in PNS14 and PNS28 (marked in yellow). Abbreviations: CTBMA = CT base Migration Analysis, RSA = roentgen
stereophotogrammetric analysis, TT = Total Translation, TR = Total Rotation and SD = standard deviation.

Patient CTBMA RSA
Translation (mm) Rotation (degrees) Translation (mm) Rotation (degrees)
Tx Ty Tz Rx Ry Rz TT TR Tx Ty Tz Rx Ry Rz TT TR

1 PNS12 || 0.07 -0.02 -0.03 | -0.20 | -0.04 | -0.13 0.08 | 0.24 | 0.00 0.11 0.00 -0.78 | -0.35 | -0.12 | 0.11 | 0.86
2 PNS14 | 0.03 -0.05 | -0.04 | -0.06 | 0.10 0.02 0.07 | 0.12 | -0.02 | 0.04 0.13 0.11 0.60 -0.04 | 0.14 | 0.61
3 PNS15 || 0.16 -0.48 | -0.21 | -1.39 | 0.12 -0.84 | 0.55 1.63 -0.23 | -0.22 | -0.22 | -1.35 | 0.32 0.09 0.39 1.39
4 PNS17 || 0.04 0.00 0.00 -0.20 | 0.18 -0.12 | 0.04 | 030 || -0.01 | 0.05 0.20 -0.01 | 0.16 -0.01 | 0.21 | 0.16
5 PNS19 || 0.03 -0.21 0.01 -0.08 | 0.07 0.15 0.21 | 0.19 | 0.01 -0.14 | 0.36 0.22 0.97 -0.08 | 0.39 1.00
6 PNS20 || -0.02 | 0.12 -0.09 | -0.39 | 0.20 -0.09 | 0.16 | 0.45 || -0.13 | 0.01 0.07 -0.13 0.06 0.13 0.15 | 0.19
7 PNS21 || 0.01 0.00 0.10 -0.26 | 0.04 -0.11 | 0.10 | 0.28 || 0.09 -0.10 | 0.10 -0.24 | 0.12 -0.07 | 0.17 | 0.28
8 PNS22 || 0.00 0.12 0.01 -0.09 | -0.03 | -0.03 0.12 | 0.10 || -0.34 | 0.23 0.05 -0.66 | -0.21 | 0.44 0.41 | 0.82
9 PNS23 || -0.06 | 0.23 0.04 0.14 -0.49 | -0.09 | 0.24 | 0.51 || -0.03 | 0.13 -0.47 | -0.73 0.25 -0.12 | 049 | 0.78
10 PNS25 || 0.09 -0.15 0.00 -0.62 0.67 -1.02 0.17 1.37 | 0.18 -0.56 | 0.46 0.79 -0.13 | -0.80 | 0.75 1.13
11 PNS27 || -0.06 | 0.17 0.03 0.08 -0.22 | 0.40 0.18 | 0.46 | 0.07 -0.10 | 0.25 -0.16 | -0.08 | 0.16 0.28 | 0.24
12 PNS28 | 0.15 0.15 -0.06 | 0.05 0.30 -0.56 | 0.22 | 0.64 | 0.06 0.01 -0.02 | -0.10 | 0.71 -0.07 | 0.06 | 0.72
13 PNS29 || -0.12 | -0.37 | -0.27 | -0.45 | -0.05 | 0.30 0.48 | 0.54 | -0.02 | 0.09 0.02 -0.18 | -0.25 | 0.00 0.10 | 0.31
14 PNS45 || -0.02 | 0.18 0.00 -0.75 | 0.24 -0.26 | 0.19 | 0.82 -0.08 | -0.11 | 0.20 -0.79 | 0.40 -0.35 | 0.24 | 0.95

15 PNS48 || -0.01 | 0.00 -0.05 | -0.18 | -0.03 | 0.03 0.05 | 0.19
16 PNS50 || -0.02 | -0.07 | -0.01 | -0.03 -0.27 | -0.22 | 0.08 | 0.35 || 0.04 0.02 0.10 -0.35 | -0.94 | -0.29 | 0.11 1.04
17 PNS51 || 0.00 -0.02 0.04 0.67 0.33 0.35 0.05 | 0.82 || 0.08 -0.10 | 0.06 0.62 -0.14 | 0.28 0.14 | 0.69
18 PNS58 || 0.01 0.09 -0.06 | -0.43 -0.18 | -0.01 | 0.11 | 0.46 || -0.04 | -0.02 | 0.06 0.01 -0.16 | -0.04 | 0.07 | 0.16
Mean 0.02 -0.02 -0.03 | -0.23 0.05 -0.12 0.17 | 0.53 -0.02 | -0.04 | 0.08 -0.22 | 0.08 -0.05 | 0.25 | 0.67
SD 0.07 0.18 0.09 0.42 0.25 0.36 0.14 | 0.40 | 0.12 0.17 0.20 0.52 0.44 0.26 0.18 | 0.37

The mean difference for the total translation between CTBMA and RSA is -0.07 mm [mean + 1.96 SD:
-0.46, 0.33], see figure 8. The mean difference for the total rotation is -0.12° [mean £ 1.96 SD: -0.88,
0.64]. The difference of TT is normally distributed (p = 0.47), in contrast to the difference of TR (p =
0.01) which shows a large peak between 0.2° and 0.3°, see figure 9. In case of nhon-normally
distributed data the limits of agreement are less informative, but as seen in the Bland-Altman plot all
differences of TR are within these limits of agreement.
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Figure 8: Bland-Altman plots of total translations (left panel) and total rotations (right panel) of seventeen patients (blue dots) for
comparison between the two methods: CTBMA and RSA. The solid line is the mean difference between the two methods. The dashed
lines represent the limits of agreement. Abbreviations: TT = Total Translation, TR = Total Rotation, SD = Standard Deviation, mean diff =
mean difference between the two methods.

20



Histogram of differences

Difference TT

Freguency

—0.2
Difference (CTEMA - RSA)

oo

Freguency

Difference TR

6

.
s

w
L

¥
L

-0.4
Difference (CTEMA - RSA)

—0.2 0.0

Figure 9: Histogram of differences (CTBMA — RSA) for total translations (TT) in mm and total rotations (TR) in degrees.

Twelve patients were included in the subanalysis to test if the spatial resolution of CT images affect
the agreement between CTBMA and RSA. In five (28% of total) CT images two knees were imaged,
corresponding with the five greatest pixel sizes (PNS12 YR1, PNS14 YR1, PNS15 YR2, PNS23 YR1,
and PNS27 YR1). Without these patients, the mean difference of the TT and TR was -0.07 mm [mean
+ 1.96 SD: -0.51, 0.36] and -0.09° [mean + 1.96 SD: -0.87, 0.68], respectively, see figure 10.
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Figure 10: Bland-Altman plots of total translations (left panel) and total rotations (right panel) of 12 patients (blue dots) for comparison

between the two methods: CTBMA and RSA. The solid line is the mean difference between the two methods. The dashed lines represent
the limits of agreement. Abbreviations: TT = Total Translation, TR = Total Rotation, SD = Standard Deviation, mean diff = mean difference
between the two methods.

Furthermore, the limits of agreement for translations and rotations between the two methods are given
in table 4 for all patients, and table 5 for the subanalysis of twelve patients. The corresponding Bland-
Altman plots are enclosed in appendix B and histograms in appendix C. In the subanalysis, all limits of
agreement were slightly smaller, except for T, which is the longitudinal axis and constricted to the slice
thickness. The interval improved 0.25 mm and 0.25 degrees for T, and R, respectively. Moreover, the
normal distribution of data changed between the two analysis.
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Table 4: Differences of translations and rotations between CTBMA and RSA (n = 17)

Translations (mm) Rotations (degrees)

AXxis Tx Ty Tz Rx Ry Rz

(transverse) (longitudinal) (sagittal) (transverse) (longitudinal) (sagittal)
Mean 0.04 0.02 -0.11 -0.02 -0.02 -0.08
difference
Limits of -0.23t00.31 | -0.39t00.43 | -0.5t00.28 | -0.98t00.94 | -0.89t00.85 | -0.67t00.51
agreement*
Shapiro-Wilk” p=0.01 p=0.78 p =0.02 p=0.14 p=0.99 p =0.02

*The values represent the limits of agreement between the two methods (CTBMA and RSA) and are based on all patients (n = 17)
AThe test rejects the hypothesis of normality when the p-value is less than or equal to 0.05

Table 5: Subanalysis: Differences of translations and rotations between CTBMA and RSA (n = 12)

Translations (mm) Rotations (degrees)

AXis Tx Ty Tz Rx Ry Rz

(transverse) (longitudinal) (sagittal) (transverse) (longitudinal) (sagittal)
Mean 0.03 0.04 -0.17 -0.15 0.08 -0.06
difference
Limits of -0.21t00.26 | -0.38t00.46 | -0.431t00.10 | -1.07t00.77 | -0.79t00.94 | -0.53 t0 0.40
agreement*
Shapiro-Wilk” p=0.04 p=0.48 p=0.33 p =0.08 p=0.88 p=0.53

*The values represent the limits of agreement between the two methods (CTBMA and RSA) and are based on patients with only one knee

in CT images (n=12)

AThe test rejects the hypothesis of normality when the p-value is less than or equal to 0.05
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5. DISCUSSION

5.1 COMPARISON BETWEEN CTBMA AND RSA

We compared marker-free CTBMA to RSA for evaluation of migration of the tibial component in TKA
relative to the tibia (bone). Agreement between CTBMA and RSA was within pre-defined limits for TT,
TR, translations in all directions, and rotations around the Z-axis, although not for rotations around the
X-axis and Y-axis. The limits of agreement, [-0.46 mm to 0.33 mm] for TT and [-0.88° to 0.64°] for TR,
were within the pre-defined values of £ 0.5 mm and + 0.8° respectively.

In the current study, we assessed the agreement between the two methods and, consequently, did not
provide a superior method. We compared CTBMA with RSA, the gold standard in clinical practice, in
which measurement error remains possible. Therefore, we chose to compare CTBMA to RSA using a
mean difference plot, described by Bland and Altman [42], assuming that the average value of two
methods is closer to the truth. Superiority of methods could be tested in an experimental study where
accuracy is compared to the ground truth of motion imposed by a micromanipulator.

For translations, the limits of agreement for all directions were within £ 0.5 mm. For rotations the limits
of agreement should be within + 0.8°. This limit was met for R, although not for R, and R,,, which can
be explained by the relative higher precision of RSA for the Z-axis compared to rotations around X-
axis and Y-axis [24]. In addition, differences in R, could partly be explained by knee rotation in the CT
scanner, since the rotation of the migrating coordinate system is dependent on the orientation of the
leg in the CT scanner. Likewise, the migrating coordinate system of RSA is dependent on knee
alignment above the calibration box, and radiology personnel is instructed to align the knee with RSA
images, but not with CT images. It is yet to be determined how alignment differences influence the
results. The mismatch in alignment could be solved in CTBMA by rotating the axis in software
procedures or by physically aligning the knee in the CT scanner. Furthermore, differences in
measurements between CTBMA and RSA could be due to small differences in the origin of the
migration coordinate system. The origin for migration is defined at the geometric center of the
prosthesis, which differ for the two methods. In model-based RSA the geometric center of the
prosthesis model is calculated according to a CAD model of the prosthesis. In CTBMA the origin is the
geometric center of the prosthesis mask obtained by segmentation and could differ from the original
prosthesis resulting in different geometric centers. Therefore, migration results could differ since these
centers determine the origin of the coordinate system.

Robustness of CTBMA depends on how the different parameters in subsequent steps of the method
affect the migration measurements. One of these parameters is the spatial resolution of CT images.
CTBMA is expected to be limited by the voxel size of the CT images, however, our data suggest that
in this dataset with varying pixel sizes the spatial resolution of the CT images is still good enough for
the method to be comparable to RSA. We tested this with a subanalysis of CT images with estimated
better spatial resolution. In this subanalysis of patients with only one knee in the field of view the limits
of agreement did not improve for TT and TR. Also, the limits of agreement did not improve for Ry as its
constricted to the slice thickness. The limits of agreement did improve slightly for the Z-axis in the
images with better spatial resolution. This improvement of 0.25 mm and 0.25° for T, and R, was small
and may be not clinically relevant, however it does show a trend of improvement for measurement in
images with better spatial resolution.

CTBMA is performed in a graphical user interface which enables optimization of registration until the
registration is correct. Therefore, the user is in control of correct registration and as a consequence
responsible for correct migration results. This is comparable to RSA where the user also repeats pose
estimation measurements when results differ from expectations, usually when high migration values
are measured.

5.2 CTBMA AND OTHER METHODS OF MIGRATION ANALYSIS

To the best of our knowledge, this is the first study to measure tibial component migration with CTBMA
in patients and compare these results to RSA. Our method was based on Scheerlinck et al. using
volume registration for alignment of rigid bodies [31]. Scheerlinck et al. evaluated in vitro accuracy and
precision of CTBMA in hip implants. The limits of agreement for accuracy did not exceed 0.28 mm for
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translations and 0.20° for rotations [31]. The limits of agreement for precision did not exceed 0.09 mm
and 0.14°. This study also estimated the clinical precision of CTBMA in five patients and reported that
this value was dependent on spatial resolution of CT image [31]. Another study also measured tibial
component migration using volume matching, however this was MRI-based and in vitro [47]. The
reported precision of zero motion was between 0.58 mm and 1.97 mm for translation and 0.88° and
3.77° for rotation, which was not as precise as RSA, but still showed that displacement calculation is
possible using other imaging modalities. Alternatively, surface matching was used instead of volume
matching [35], [48]. The reported precision for hip implants without the use of bone markers was 0.10-
0.16 mm in translation and 0.21°-0.31° in rotation. Another study, in acetabular cups, compared
CTBMA with RSA and determined the limits of agreement in the same way as the precision of the
double RSA examination [33]. The largest limits of agreement (mean + 1.96 SD) reported were in the
sagittal axis for translations (T, ) [-0.47 to 0.39 mm] and in the longitudinal axis for rotations (Ry ) [-
1.31 to 1.21°]. Their CTBMA used tantalum beads for defining of the mask, in contrast to our marker-
free method. Obviously only a marker-free method overcomes the limitations of marker use. Overall,
CTBMA seems a promising marker-free alternative to RSA for migration analysis.

5.3 CLINICAL RELEVANCE OF CTBMA

Data collection for CTBMA could fit in normal clinical practice, resulting in a more accessible way to
test new implant designs in patients. One of the main advantages of CTBMA is that this method does
not require markers for migration measurement. This, in contrast to RSA, in which several markers are
needed to measure migration. Hence, RSA is sensitive to marker migration and marker occlusion. Yet
more importantly, CT scanners are widely available in contrast to RSA research set-ups, allowing for a
more feasible evaluation of new implants using CTBMA. This adds potential to aid in resolving the
guest of new implants, which guarantees quality and safety to patient care [15], [49]. Furthermore, for
CTBMA no trained radiology personnel or additional equipment such as a calibration cage is needed.
Still, similar to RSA, personnel is needed for data analysis. In our study, part of the analysis was
conducted using a paid segmentation toolkit, but there are open-source alternatives for segmentation.

5.4 LIMITATIONS TO CTBMA

First, the main limitation of CTBMA compared to RSA is the higher radiation dose. The current study
focused solely on the knee and especially for other joints the radiation dose might be a consideration
for the applicability of CTBMA. The overall risk of radiation exposure is dependent on the specific dose
absorbed by each organ and weighted for radiation type, which is quantified by the effective dose
(mSv) [50]. The reported effective dose in literature is for CT scan of the knee 0.16 mSv and is for
knee RSA 0.003 mSv [51], [52]. The cumulative radiation dose of CT scans in our study ranged
between 2.05 and 23.90 mGy and decreased from one to five years postoperative. This decrease in
radiation dose is partly explained by dose optimization, and partly by the fact that a whole leg CT was
included in the one year follow-up visit, contributing to a larger cumulative dose at that time-point.
Therefore, the radiation dose of CT scans in future studies should be less than our reported radiation
dose.

Second, whether CTBMA robustness is compromised by material properties of prostheses is
unknown. These material properties could, for example, affect metal artifacts in CT images which
could challenge the use of CTBMA. In the current study, the metal artifacts surrounding the tibial
component did not cause much inconvenience. However, the metal artifacts surrounding the femoral
component were more present, potentially limiting the usability of CTBMA.

Third, CTBMA assumes rigid body displacement and therefore does not take possible changes in the
shape or density of the bone into account. For example, osteophytes, bone remodeling, stress
shielding and osteoporosis could change the aspect of the bone in follow-up imaging. This might
interfere with the registration, although we did not encounter problems regarding the bone-bone
registration in the current study.

9.5 STRENGTHS AND LIMITATIONS OF THIS STUDY

This study was the first to measure migration with CTBMA for tibial components in patients having
received TKA. We have developed a novel graphical user interface for practical and easy use of image
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registration and migration measurement. However, some limitations have to be considered when
interpreting the results.

First, the sample size is less than the calculated required sample size (e.g. power analysis) for
validation of rotation measurements. The calculated sample size was 10 TKAs for the translation and
67 TKAs for the rotation measurements. We only included seventeen patients for the analysis, hence
we could only evaluate 17 TKAs.

Second, the applicability of CTBMA on migration greater than 0.55 mm and 1.63° is unknown, since
we only observed migration measurements lower than these values. This is partly explained by the
fact that we could only use data between one and five years postoperatively. From earlier studies we
know that the majority of early migration occurs in the first six months postoperatively and then is
followed by a stabilization period [7]. We could not measure the migration that occurred during the first
postoperative year. Hence, we do not know the limits of agreement of CTBMA and RSA for larger
migration measurements.

Third, only 20 out of 74 patients completed all CT scans during follow-up. Loss to follow-up mainly
occurred between one and five years postoperatively. Chiefly, the five year follow-up period was
between August 2020 and July 2022, a time during which the COVID-19 pandemic played a large role
in society. Hence, this might explain the loss to follow-up during this period.

Fourth, the segmentation for defining the mask was executed by one person by hand. Although
manual segmentation is often used as the ground truth [36], the method is labor intensive and prone to
intra- and inter-observer variability. In our study, the threshold was set manually for each CT image
independently. Also, the researcher was not an expert in segmentation. The segmentation could be
standardized by automated thresholding. Alternatively, another option would have been the use of
advanced segmentation methods, such as statistical shape models, which are reported to have a
higher accuracy compared to manual segmentation [36]. These advanced CT image segmentation
methods, however, require large training datasets which were not available. Yet another option for
mask defining in general would be model-based CTBMA, similar to model-based RSA, in which the
model of the prosthesis is used to identify the underlying voxels. The drawback of model-based
analysis is the dependence of availability of the models. Hence, manual segmentation is currently the
best available method that is usable in clinical practice.

Fifth, alignment optimization in CTBMA is sensitive to local minima resulting in incorrect registration.
To overcome this problem, we used an align match for initial alignment of the images. These align
masks included the bone markers of the tibia, so these may have helped the align match. Based on
this initial align match, the bone and prosthesis were matched and migration was calculated. The bone
markers could therefore have had an indirect effect on the results. However, in additional experiments
the align match seems also possible using the prosthesis mask. Therefore, CTBMA seems to be
feasible without markers.

Finally, our radiology department altered the standard knee protocol during the follow-up of this study,
resulting in differences in CT parameters and consequently different spatial resolutions. Such
heterogenous CT data resemble daily clinical practice and also show the robustness of CTBMA.

5.6 FUTURE RESEARCH

5.6.1 Within current data

In future analyses of the current project, an additional seven patients could be added if they complete
follow-up. Data collection on these patients is expected to end around July 2022. With these additional
seven patients, the required sample size for rotation measurements will not yet be met but it will
provide a better representation of the population.

Also, in addition to migration of the tibial component the migration of the femoral component should be
analyzed. In the current analysis, we solely focused on tibial component because the Dutch
arthroplasty register (LROI) suggest that tibial components migrate more often than femoral
components [53]. Segmentation of the femoral components could be more challenging due to the
more present artifacts compared to tibial components.
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Furthermore, it would be interesting to see if limits of agreement differ for the two different tibial
designs of this study, since different designs could result in different artifacts potentially affecting the
accessibility of segmentation. This was outside the scope of the current study.

Lastly, the robustness of the method could be tested with a sensitivity analysis. A sensitivity analysis
could be used to detect the influences of certain input parameters to the output of the method. This
analysis can be used to see which parameter in CTBMA should be further optimized.

5.6.2 Future studies

First of all, future studies should investigate the applicability of CTBMA for overall use of quality control
of new implants. Including implant designs with other material properties and other joints. Further
external validation of CTBMA is advised. Also, the agreement between CTBMA and RSA in larger
sample sizes and larger variations in migration measurements. The latter could be achieved by
imaging direct postoperative after TKA.

Furthermore, more constant use of a CT protocol is needed to achieve more consistency in CT
images. The spatial resolution of CT images can be improved by limiting the size of the field of view,
meaning that the field of view only contains the knee and nothing more. This will improve pixel size
and is expected to improve results of CTBMA, although our study did not provide prove for a better
agreement between CTBMA and RSA when the spatial resolution of the images were better.

Future research should also include the clinical precision of the method by assessing double
examinations, similar to RSA.

5.6.3 Possible improvements of CTBMA

A suggestion to improve CTBMA is to include measurement of maximal total point of motion (MTPM).
MTPM is the TT of a point on the implant which moved the most [6] and is used to classify early
migration when the value exceeds 0.5 mm at six months postoperatively [7]. Hence, this will be an
improvement to use in clinical studies comparing new implant designs.

Another improvement would be to reduce manual steps in the method to improve objectiveness of
method. Some options are proposed earlier such as automated segmentation and model-based
CTBMA.

Finally, a formal study reporting the in vitro accuracy and precision results of CTBMA should be
published so that the scientific community can enhance and build upon these results.
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6. CONCLUSION

In this work, CT-based migration analysis (CTBMA) was investigated as alternative to roentgen
stereophotogrammetric analysis (RSA) for the migration measurement in total knee arthroplasty
(TKA). This was the first study to investigate CTBMA for tibial components in TKA. In a prospective
study, tibial component migration was measured between one year (YR1) and five years (YR5)
postoperatively, both with CTBMA and model-based RSA (currently the gold standard). For CTBMA,
masks of the tibial component and tibia (bone) were defined by manual segmentation in the CT image
of YR1. The underlying voxel intensities of these masks were matched on the CT image of YR5 using
image registration. This was performed by means of a graphical user interface, which allows visual
verification of the image registration. Migration is defined as a shift in position of the prosthesis over
time. The derivation of the coordinate transformation for the calculation of migration is given.

The displacement of tibial component relative to the tibia was measured in TKA for seventeen
patients. These migration measurements were compared to RSA using Bland-Altman plots which
provided limits of agreement. The limits of agreement, [-0.46 mm to 0.33 mm] for total translation and
[-0.88° to 0.64°] for total rotation, were within the pre-defined values of £ 0.5 mm and + 0.8°
respectively. These results indicate that CTBMA is comparable to RSA for migration measurement of
tibial components in TKA. Hence, CTBMA could be considered as a promising marker-free alternative
method for evaluation of tibial component migration in TKA in hospitals with a similar CT scanner.

In future research, the accuracy, clinical precision and robustness of CTBMA could be evaluated.
Future studies could include analysis of other joints, implants and designs, as well as further external
validation to indicate the applicability of CTBMA.
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APPENDIX A: DEVELOPMENT OF METHOD

This appendix covers the development of the methodology of CT-based migration analysis (CTBMA)
used for the clinical study. These experiments are performed on three different datasets.

An overview of the datasets and accompanying experiments are given in table 6. All three datasets
consist of CT images:

Dataset A represents a cadaveric bone with cemented total knee prosthesis for zero-migration
measurement. This dataset is used for the development of the segmentation algorithm, to
closely represent clinical data, with (known) zero-migration influences.

Datasets B represent the micromanipulator which can apply a translation and rotation to the
attached tibial component. This dataset is used to determine the accuracy of the segmentation
algorithm, while applying a known displacement and rotation of the prosthesis with respect to
the tibia. The dataset is also used to evaluate the accuracy by varying segmentation algorithm
parameters.

Dataset C represents clinical CT images of patients knee after total knee replacement. This
dataset is used to determine the order of registration in the data used for the clinical study.
Furthermore this datasets represents data from clinical practice.

Table 6: overview of three datasets A, B and C. The second row of images show the images as seen in the CTRSA-software.

©

Cadaveric human bone + | Cadaveric human bone + uncemented Patients: one and five
cemented total knee tibial component attached to years after total knee
prosthesis micromanipulator prosthesis
Experiment 1 + 2 Experiment 3 + 4 Experiment 5 + 6

In this appendix, the experiments on datasets A,B and C are described. Each experiment contains the
following structure: aim, hypothesis, method, results, conclusions and discussions. These experiments
are summarized in table 7.
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Table 7: Experiments conducted for the development of the method

Exp. | Dataset | Aim Hypothesis Altered
parameters
1 A Try out segmentation The combination of region grow with Segmentation
method and determine morphological opening and closing
segmentation algorithm results in a visual accurate mask
of prosthesis
2 A Verification of calculation | Migration measurements approaches | Segmentation
of migration zero
3 B Determine amount of The migration is more accurate when | Segmentation
pixel dilation for the edges are included in segmentation
segmentation algorithm (thus pixel dilation is better than
normal / erode)
4 B Order of registration Using prosthesis registration as Registration
starting point for bone registration
results in less calculation time and
more accurate results
5 C Determine align mask Initial alignment of CT images is Segmentation
similar for different align masks & registration
6 C Order of registration Using prosthesis registration as Registration
starting point for bone registration
results in migration values closer to
zero

All these experiments contributed to the method of CTBMA as used in chapter 3 of this master thesis.

The pipeline of CTBMA is shown in figure 11. In this image, the flow of information is from left to right.
The method exists of four steps: data acquisition, mask defining, registration and calculation of
migration. Mask defining using segmentation is performed in Mimics, a software toolbox of Materialise,
which offers a wide range of tools to segment the anatomy to create masks. A mask is a group of
pixels with the same label. Three masks were obtained by segmentation: an align mask, a mask of the
bone, and a mask of the prosthesis. The registration is done based on the underlying voxel values of

these masks, using open software Elastix. The registration is performed with a novel in-house build
graphical user interface (CTRSA-software, Python v3.9.7,)%. In this graphical user interface, three
steps are needed for image registration: the initial alignment (align), the alignment of bone and the
alignment of prosthesis. The align registration is always used first. The registration of bone and
prosthesis are based on this align (using the align registration as starting point) unless specified
otherwise.

-

REGISTEATION

-

DATA ACGQUISITION

-

hiASE DEFINING

CALCULATION OF
MIGRATION

CTRSA-software
{date)

- Baseline image In baseline image: -

- Follow up image - Align mask
- Prosthesis mask

- Bone mask

Figure 11: Pipeline of CTBMA consisting of four steps: data acquisition, mask defining, registration and calculation of migration. The
information provided by each step corresponds to the information provided by the experiments.

1 The CTRSA-software does not contain version number, therefore the date of use during experiments was added. To indicate

which version was used. See end of appendix A for comparison between an older and newer version of CTRSA-software.
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DATASET A: CADAVERIC BONE

Set-up: Two cadaveric tibia bones of human origin with cemented tibial component in TKA. The tibial
component was firmly attached to the bone and therefore, theoretically, the migration will approach
zero displacement. The set-up was moved and removed from the CT scanner so that the position was

changed between each CT scan.

CT data: There are 5 CT scans available for each cadaver (2485 and 2509) named: SEMAR_S01,
SEMAR_S02, SEMAR_S03, SEMAR_S04 and SEMAR_SO05. Data acquisition processing was equal

in all CT volumes, see table 8.

Table 8: Overview of CT parameters of CT images used in dataset A.

Parameter Setting
Scanner Toshiba, Aquilion ONE
Slice Thickness (mm) 0.5

Pixel Spacing (mm\mm) 0.976\0.976
Number of Frames 640

Rows 512
Columns 512
Convolution Kernel FC30?

CT tube voltage (kVp) 120

Xray Tube Current (mA) 30

Scan Options VOLUME_CT
Data collection Diameter 500

Focal spot 0.9\0.8

Experiment 1: Try out segmentation method
Aim: Define the mask of tibial component and tibia.
Hypothesis: The combination of region grow with morphological opening and closing results in a
visual accurate mask.
Method: Compare the six different segmentation algorithms on required operator time and feasibility
of the aim. The segmentation mask is visually inspected, and the performance of segmentation is
qualitatively assessed. All segmentations are performed manually.
- Data: Kadaver2509_LeftkKnee-S01_SEMAR.
- Segmentation:
o b5x different mask of tibia component of prosthesis and corresponding tibia bone.
o Segmentation algorithm for prosthesis:
1. Threshold to include the prosthesis
a. Small or large threshold interval, see figure 12.
2. Region grow (select tibia component)
a. 6 or 26 connectivity? 6 connectivity (neighboring faced voxels) and 26
connectivity (neighboring faces, nodes and vertices)
3. Morphological opening/closing ? (one part, filled)
a. morphological opening (erode followed by an open) and closing (dilate
followed by an open): 1 or 2 pixels?
o Segmentation algorithm for bone:
4. Threshold to include bone.
5. Region grow (select tibia bone).
6. Boolean operation to extract prosthesis from bone (subtraction = bone mask
minus prosthesis mask).
- Registration: not used in this experiment.

Results:

A custom threshold (segmentation in step 1a in method above) is set based on the histogram of the
CT image, see figure 12 where the left image represent a large threshold and the right image
represents a small threshold.

2 FC30 refers to a Toshiba convolution kernel used in image reconstruction.
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Ok

Cancel

Ok Cancel

Figure 12: Example of user interface in Mimics for thresholding. An example of a large threshold (left) and a small threshold (right) for

defining the prosthesis mask.

The multiple steps in the segmentation algorithm with resulting mask of the prosthesis are seen in
table 9. In this table, the defining of the prosthesis mask is visualised step by step using the
segmentation tools of Mimics.

Table 9: Segmentation algorithm. Flow of segmentation steps is from left to right. Abbreviations: LT = large threshold, RG = region grow,
6c = 6 connectivity, O = open, px = pixel

Start Threshold Region grow Morphological Region grow Morphological Region
>>> opening & closing 1 opening & grow
pixel closing 2 pixels
‘ ’
Name Prothesis_ | Prosthesis_LT_R Prothesis_LT_O_CI | Prothesis_Tibia_M | PTM_O_Close_ | PTM_RG
LT G6¢ ose ask 2px

Required operator time for segmentation of PTM_RG: + 23 min. The processing time in Mimics is
negligible with respect to the required operator time. Another mask was made based on a small
threshold to visually compare these masks see figure 13. Also, a difference in mask was seen when
region grow was performed with 6 connectivity (neighboring faced voxels) and 26 connectivity
(neighboring faces, nodes and vertices) to the selected voxel and those voxels which are connected to
it, see figure 14. Furthermore, morphological opening (erode followed by an open) and closing (dilate
followed by an open) of 1 pixels and 2 pixels results in different masks, mainly the affecting the tibia
plateau, see figure 15. All objects of prosthesis and corresponding bone are seen in figure 16.
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Large Threshold (122 — max) Small threshold (1800 — max)

¥ «

PTM_RG Prothesis 5T RG_26c

Figure 13: Visual example of final mask when as first step a large threshold (left tibia component) and small threshold (right tibia
component) is used.

6 - connectivity 26 - connectivity

V&

Prothesis_ST_RG_ Prothesis_ST_RG_26c

Figure 14: Visual example of difference in the masks when 6 connectivity (left tibia component) and 26 connectivity (right tibia component)
is used for region grow.

1 pixel 2 pixels

Prothesis_ST_OC_lpx

Figure 15: Visual example of the difference in masks when 1 pixel (left) and 2 pixel (right) is used for morphological open and close.

PTM_RG
= Prothesis LT RG 6¢c_OC2px Prothesis_ ST_OC_2px Prothesis ST RG_6¢ Prothesis_ ST RG_26¢
%

U .

Bone_Tibia_MinusPTM_R Bone_Tibia_MinusOC2px Bone_Tibia_MinusRG6c Bone_Tibia_MinusST26¢ Bone_Tibia_MinusOClpx

Prothesis_ST_OC_1px

P

Figure 16: The six different masks of the prosthesis with corresponding bone masks.
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Conclusion and discussion:

- The CT image contains metal artifacts resulting in visually inaccurate tibia plateau in all
masks.

- Athreshold + region grow when using a large threshold does not results in a decent
segmentation by visual inspection, since the tibia and femur are still included. Therefore,
additional segmentation steps are required. A smaller threshold seems to result in a better
representation of the tibial component and costs less operator time due to less subsequent
manual steps.

- A Boolean operation (subtraction, bone mask minus prosthesis mask) to exclude prosthesis
mask from bone mask works sufficiently by visual inspection.

- The different steps of segmentation results in different masks of prosthesis and bone, but
does this result in different migration measurement? This will be investigated in experiment 2.

Experiment 2: Migration measurement of zero-migration with 6 different masks

Aim: Calculate the migration of the prosthesis relative to the bone for six different masks with zero-
migration.

Hypothesis: For different types of masks, the migration still approaches zero in translation and
rotation.

Method: The segmentation masks differ for prosthesis and bone in this experiment.

- Data:
o Baseline image: Kadaver2509 LeftKnee-S01_SEMAR
o Follow-up image: Kadaver2509_LeftKnee S02_SEMAR - S05_SEMAR
- Segmentation:
o In baseline image: 6x different mask of tibia component of prosthesis and
corresponding tibia bone from experiment 1
o Segmentation algorithm for prosthesis:

Experiment | Segmentation algorithm
2.0 Large threshold, RG 6¢, OC 1 px, RG 6¢, OC 2 px
2.1 Small threshold, RG 26¢, OC 2 pixel
2.2 Small threshold, RG 6¢
2.3 Small threshold, RG 26¢
2.4 Small threshold, RG 26¢, OC 1 px
2.5 Small threshold, RG 6¢, manual edit to make it symmetrical
around Y-axis

Abbreviations: LT = large threshold, RG = region grow, 6¢ = 6 connectivity, O =
open, C = close px = pixel

- Reqgistration:
o CTRSA-software (date: 02-12-2021)

Results:

The migration of prosthesis relative to the bone results of the six different masks in four follow-up
moments are seen in figure 17 and 18. For masks 2.0 until and including 2.4 the translations in all 4
follow-up moments are between -0.1 and 0.1 mm in all directions. The rotations for masks 2.0-2.4 are
between -0.1 and 0.1 degrees except for R,,, which corresponds to rotations around the inferior-

superior axis. The symmetrical mask of 2.5 results in the largest value of -2.21 degrees for R,,.
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Figure 17: Migration results for six different tibia masks and corresponding mask of tibia bone in four different follow-up fu2-fu5 (n = 4).

Experiment 2.0

Tx Ty

mfu5 ©fu2 mfu3 mfud

Experiment 2.2

mfu5 ©fu2 Efu3 mfud
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_ ] ]
Ty Tz Rx Ry
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Experiment 2.3
I [

Ty Tz Rx Ry

mfu5 = fu2 mfu3 mfud

Experiment 2.5

Ty Tz Rx R

mfus5 = fu2 mfu3 mfud

Translations (mm) and rotations (degrees) measurements are given in x, y and z direction. Abbreviations: fu = follow-up.

Rz
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Experiment 2:
Mean Translation and Mean Rotation (+ 1xSD)
for 6 different segmentation masks in 4 follow-up scans

0,1
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-0,25
-0,3
-0,35
2.0 2.1 2.2 2.3 2.4 2.5
Number of segmentation mask
B Mean Translation (mm) W Mean Rotation (deg)
PTM _RG i
= Prothesis LT RG 6¢ 0C2px Prothesis_ST_OC_2px Prothesis_ST_RG_6¢ Prothesis_ST_RG_26¢ Prothesis_ST_OC_lIpx

Figure 18: Migration results of mean translation (blue bar) and mean rotation (grey bar) and the standard deviation (black vertical line with
cap) for six different masks (2.0 - 2.5) in four different follow-up scans (n = 4). The number of segmentation mask correspond with the
image of the prosthesis mask below. The corresponding mask of tibia bone is not visible in this figure.

The mean £ SD of migration for the six different masks are seen in table 10. The translations are <
0.05 mm in all directions for all masks except for mask number 2.5. The rotations for all masks but 2.5
are <0.05° around the X-axis and Z-axis, but not around the Y-axis. Depending on the type of mask
the mean + SD of R, varies between 0.04° and 1.4°.

Conclusion:

- The mean + SD of zero-migration measurement is in the same order for all masks as long as

the mask is asymmetrical (thus the tibia plateau needs to be included in the mask).
Discussion:

- The rotation around the Y-axis (R,,), which corresponds to rotations around the inferior-
superior axis varies between the different masks.

- The values for R,, of mask number 2.5 is explained by the mask being symmetrical in Y-axis.
This rotation symmetry is difficult for correct alignment

- This experiment contains one type of prosthesis, one type of CT scan, and only 4 follow-up
images, therefore the results should be interpreted with care.

- For precision measurement 1xSD could be low (only 53% of data is included assuming data is
normally distributed)

- The segmentation & registration part of method are linked and influence each other; which
part of the errors are explained by segmentation of bone, segmentation of prosthesis,
segmentation of align, registration method, spatial resolution of image and/or other factors?
This could be determined by performing a sensitivity analysis to determine the largest
contributing factor for errors in migration measurement.
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Table 10: Migration results for six different masks and corresponding mask of tibia bones: mean (+/- SD). Results greater than 0.1 mm or
deg are highlighted. Abbreviations: Exp = experiment, RG = Region Grow, OC = Morphological Opening and Closing, px = pixel, PTM =

rosthesis mask, ST = Small Threshold, 26¢ = 26 connectivity (parameter for region grow).

Ex Mask Mask prothesis TX Ty Tz Rx Ry Rz
P prosthesis (migrating) (mm)  (mm) (mm) (deg) (deg) (deg)
001 | -001 -003 -003 009 -0.03
2.0 ? PTM_RG (0.02) | (0.02) (0.02)  (0.04)  (0.4)  (0.03)
- . 0.02 0 002 002 005 -0.04
2.1 ( ; R R R (0.01)  (0.01) (0.01) | (0.04)  (0.04)  (0.02)
: . 003| 002 002 0 003 -006
2:2 ‘Q Prothesis_ST_RG_6c (0.01) | (0.03) | (0.04) | (0.04) (0.22) (0.03)
. 002 002 0o 001 016 -0.04
2:3 @ R AEE R S HEL 56 0) | (0.01) (0.02) 0.02) (0.08)  (0.01)
W . 0.02 001 0 0/ 006 -005
24 @ Prothesis_ST_OC_1px (0) | (0.01)  (0.02)  (0.02) (0.26) (0.02)
. . 0.06 0 001 001 -067 -0.06
2.5 % Prothesis_ST_RG_6c_Edit | v ' (002) | (0.09) | (0.04)  (1.4) (0.04)
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DATASET B: MICROMANIPULATOR

Set-up: A cadaveric bone with a tibial component of size 5. The prosthesis was not fixed to the bone.
Attached to the prosthesis is a micromanipulator for mechanical translation and rotation. The accuracy
of the micromanipulator is 0.012 mm / 0.01 deg. Patient motion is simulated with phantom movement
in between CT scans.

Micromanipulator settings: Rotation of 0.5, 1.0, and 1.5 degrees in z-axis of micromanipulator,
which corresponds to the Y-axis in the CTRSA-software.

CT data: A standardized knee-prosthesis scan protocol was used. Data acquisition and processing
were the same for the 24 CT volumes, see table 11.

Table 11: Overview of CT parameters of CT images used in dataset B.

Parameter Setting
Scanner Toshiba, Aquilion ONE
Slice Thickness (mm) 0.5

Pixel Spacing (mm\mm) 0.301\0.301
Number of Frames 640

Rows 512
Columns 512
Convolution Kernel FC30

CT tube voltage (kVp) 120

Xray Tube Current (mA) 30

Scan Options VOLUME_CT
Data collection Diameter 500

Focal spot 0.9\0.8

Experiment 3: How many pixel dilation is needed?

During the course of the research, the question was posed, if the accuracy of CTBMA is affected by
the segmentation masks. In this dataset, the segmentation is relatively straightforward with respect to
experiment 1 and 2. This is due to the air between prosthesis and bone, making the segmentation
limited to threshold and region grow. The masks were dilated and eroded to test if this affects the
accuracy of CTBMA.

Aim: Determine amount of pixel dilation for the segmentation algorithm.

Hypothesis: The migration is more accurate when edges are included in segmentation (thus pixel
dilation is better than normal / erode).

Method: Calculate migration for six different masks for the applied rotations.

- Data:
o Baseline image: zero rotation (002).
o Follow-up image: Positive rotation of 0/ 0.5/ 1.0/ 1.5 degrees around the Z-axis of
micromanipulator, which corresponds to the Y-axis in the CTRSA-software.
- Segmentation:
o Prosthesis:
Number Segmentation algorithm
Threshold + RG
Threshold + RG + 1 px dilation
Threshold + RG + 2 px dilation
Threshold + RG + 10 px dilation
Threshold + RG + 2 px erodation
Threshold + RG + 10 px erodation
RG = region grow, px = pixel
o Bone: threshold + region grow (select tibia bone) + Boolean operation (substraction:
bone mask minus prosthesis mask).
- Registration:

OO |WIN|F
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o CTRSA-software version (07-12-2021).

Results:
The migration results are represented in figure 19 and 20.

Migration is negative for Y-axis (instead of positive in z-axis: the CT coordinate system versus
micromanipulator coordinate system).
The translation in X direction seems to be correlated with increasing rotation around the Y-
axis.
In all masks expect for 10 pixel erodation, a translation in Z-axis is seen during a specific
follow-up moment.
Total time for experiment:

- Preparing data: + 2 hours

- Computational time: £ 2 hours (computer properties: Intel(R) Xeon(R) CPU quadcore,

installed RAM 12.0 GB, NVIDIA Quadro FX 1700)

The origin of the migrating coordinate system does not co-align with the center of rotation from
the micromanipulator, see figure 21.

3,0 -

Figure 21: CT image with segmented tibia
bone and tibia component with attached
micromanipulator. Origin of coordinate
system. This origin is determined by the
center of a bounding box.
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A: Normal Mask B: 1 pixel dilation
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Figure 19: Migration results of experiment 3 with applied rotation around Z-axis for normal mask (A), 1 pixel dilation (B), 2 pixel dilation (C),
10 pixel dilation (D), 2 pixel erodation (E), and 10 pixel erodation (F). Migration results are given for four applied rotations around the Z-
axis: 0 degrees (r0.0), 0.5 degrees (r0.5), 1.0 degrees (r1.0), and 1.5 degrees (r1.5).
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mm or degrees

Experiment 3:
Mean Translation and Mean Rotation £ 1xSD
for 6 different segmentation masks in 4 follow-up scans (n = 4)
Corrected for applied rotation of 0.0 /0.5 /1.0 / 1.5 degrees

NormalMask Dilated1px Dilated2px Dilated10px Erode2px Erodel0px

Segmentation mask

B Mean Translation (mm) W Mean Rotation (deg)

Figure 20: Migration results (mean * 1xSD) of mean translation (blue bar) and mean rotation (grey bar) and the standard deviation (black
vertical line with cap) for six different segmentation masks in four different follow-up scans (n = 4). Note that rotations are most relevant in
this figure, as the input of the micromanipulator is set to specific rotations.

Conclusion:

Based on this experiment it seems that the normal mask is sufficient for measuring the applied
rotation. Also, dilation of mask to include the edges seems not to be needed. An erodation of
prosthesis mask could even result is less accurate measurement of applied rotation.

The point of rotation does not co-align with the origin of coordinate system. A rotation around
a point other than the origin results in a translation as well.

In this version of CTRSA-software, the center of mass is determined by the center of a
bounding box. In model-based RSA the center of mask is determined differently, this option
could be valuable to be added to the CTRSA-software for comparing to model-based RSA.
Applied rotation on micromanipulator is in the positive direction, measured rotation in CTRSA-
software is in the negative direction.

Discussion:

This experiment contains one type of prosthesis, one type of CT scan, and only 4 follow-up
images, therefore the results should be interpreted with care.

One type of rotation (only rotation around Z-axis), therefore the accuracy of translation
measurements is unknown.

Prosthesis does not touch the bone, which results in air between the prosthesis and bone.
Therefore, the segmentation is not representative to the clinical situation where the prosthesis
touches the bone, as is seen in dataset A and C. Also, dilating the mask in this situation will
only result in adding air to the masks. It is unknown how dilating the mask in a clinical situation
would influence the migration results, since the prosthesis mask could include voxels
belonging to other volumes than the prosthesis.

The center of mass is determined by the whole mass of the micromanipulator, not just the tibia
component of prosthesis. In future analysis, the segmentation mask of prosthesis should only
include the tibia component and not the micromanipulator.
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Experiment 4: Order of registration
Aim: Determine order of registration.
Hypothesis: Using prosthesis registration as starting point for bone registration results in less
calculation time and in migration values closer to zero (considering no migration is expected).
Method:
- Data:
- Baseline image: zero rotation (002).
- Follow-up image: Rotation of 1.0 degrees around Z-axis of micromanipulator, which
corresponds to the Y-axis in the CTRSA-software (see experiment 3).
- Segmentation;
- Baseline image: Threshold + region grow 6¢ + normal mask (no dilation or erode) (see
experiment 3).
- Registration:
- Version CTRSA-software, date of use: 07/12/2021.
- Three different analysis, which differ in the order of registration:
1. Align > bone (align) > prosthesis (align).
2. Align > bone (align) > prosthesis (bone).
3. Align > prosthesis (align) > bone (prosthesis).
Where, align refers to the initial alignment of the CT images.
> refers to the order of registration.
(algin) / (bone) / (prosthesis) refers to the registration used as starting point for
following registration.

Results:
The results of time and migration are given in table 12.

- Registration of reference based on align followed by migration based on align results in
exactly the same migration results as registration of migration based on align followed by
reference based on align. Thus: align > reference (align) > migrating (align) = align > migrating
(align) > reference (align) in this dataset.

- The time it takes for the software for one single registration (thus for registration of two
images) is between 1m41s and 1m48s. The total computational time of the three registrations
together is therefore about 5 minutes in this dataset (computer properties: Intel(R) Xeon(R)
CPU quadcore, installed RAM 12.0 GB, NVIDIA Quadro FX 1700).

- Migration results are equal for all three analysis.

Table 12: Total time elapsed for the three registrations (align, reference and migrating) for the three different orders of registration in one
patient (n = 1). File name: Micromanipulator_Rzp-002_NoAR-r1.0-NormalMask1.0_migration. Abbreviations: m = minute, s =
seconds

Order | Order of registration Time Migration results
of
test
Align Reference | Migrating Tx [Ty Tz Rx Ry Rz

1 align > reference (align) > migrating (align) 1m41ls 1.48s 1.45s 0.24 |-0.01 0.02 |0.02 }-0.99 0.01
2 align > reference (align) > migrating (based 1m41ls 1.46s 1.46s

on reference) 0.24 |-0.01 0.02 |0.02 }-0.99 0.01
3 align > migrating (align) > reference (based 1m41ls 1.44s 1.48s

on migrating) 0.24 -0.01 |0.02 |0.02 -0.99 0.01

Conclusion and discussion:
- The three different registration analysis result in same results for translation and rotation. The
order is therefore interchangeable for this data.
- The difference in computational time for the three different order of registration is negligible.
- Experiment should be repeated in clinical data, since the registration could be more complex
in in vivo compared to in vitro. This will be shown in experiment 6.
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DATASET C: CLINICAL DATA
In a randomized controlled trial, two types of TKA’s were compared [24]. Data from this study included
18 pairs of CT images.

CT data: See chapter 4 table 2 for the CT data of each patient.

The segmentation method, based on previous experiments, in the clinical setting is described in figure
22. The registration mentioned in this figure will be explained in experiment 5 and 6. Calculation of
migration is explained in chapter 3.
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Mask to object
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ACQUISITION MASK DEFINING OF MIGRATION

Figure 22: Schematic overview of CT-based migration analysis. Abbreviations: YR = year, dcm = dicom, stl = standard triangle language,
mha = Metalmage Medical Format, A, = Migration transform matrix, Ag = transform matrix of bone and 4 = transform matrix of
prosthesis.

Experiment 5: Which align mask to use?

Aim: Determine the align mask.

Hypothesis: Initial alignment of CT images is similar for different align masks.

Method: Try out segmentation + registration in five patients. Two of them had Persona prosthesis
(PNS19 + PNS22) and two had NexGen (PNS21 + PNS25). One patient (PNS15) was chosen to
check the method when follow-up image contained two knees in the CT image.

- Data:
- Baseline image: CT YR1.
- Follow-up image: CT YR5.
- Segmentation:
- Baseline image: segmentation algorithm for prosthesis and bone see figure 22.

Three different masks for align (align refers to the initial alignment of CT images):

1. Align with total knee (soft tissue included).
a. Segmentation algorithm: threshold to include entire knee (soft tissue, bone and
prosthesis).
2. Align with prosthesis (femoral + tibial component) .
a. Segmentation algorithm: threshold to include prosthesis.
3. Align with tibial component (use same mask as prosthesis mask)
a. Segmentation algorithm: threshold + region grow + morphological operations.
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- Registration:
- Version CTRSA-software, date of use: 07/12/2021.
- The order of registration is the same for all patients: align > reference (align) >

migrating (align).

The align mask is chosen based on the following arguments: visually checked if the registration was
successful in all five patients, time of registration (less is better), low migration values (this is expected
if registration is performed well) and time of segmentation (less is better).

Results:
The results for the three different masks for align:

1. Successful registration in all five patients. Also when follow-up image contains two knees in
CT image. The segmentation time was less than 1 minute, unless the leg touched the other
leg. Then additional time was needed to separate these using split mask or crop function (both
functions in Mimics).

2. Incorrect registration in PNS19 and PNS15. Align mask contained many additional pixels
which were not the prosthesis. It was very time consuming to manually remove these pixels.

3. No visual registration to check, therefore, results are only reported for PNS19. No extra
segmentation time was needed, since the same mask is used as is needed for prosthesis-
prosthesis registration.

The migration values of PNS19 for the tree different align mask are seen in table 13. The total
translation and total rotation of five patients are visualized in figure 23.

Table 13: Migration results for experiment 7: which align mask to use? The migration of PNS19 is given for three different align masks
used. Abbreviations: Exp = experiment.

Corresponding exp name in files | Mask for align Tx Ty Tz Rx Ry | Rz
Exp5b Total knee | 0.05| -0.21|0.03|-0.08 | 0.07 0.15

Exp5 | Prosthesis tibia + femur | 17.10 | -52.53 | 5.90 | 7.62 | 1.71 | -11.70

Exp5a prosthesis tibia | -0.01 | -0.20 | 0.03 | -0.08 | 0.07 0.15
Align with total knee (exp5b) Align with total prosthesis
2 (exp5)
© , 100
215 ol
@ w20
T 3 L 60
g BTT S 40 -
| |
£ I R E 2
0 n u 0 - TR
PNS15 PNS19 PNS21 PNS22 PNS25 PNS15 PNS19 PNS21 PNS22 PNS25
Patients Patients

Figure 23: Total Translation (mm) and Total Rotation (degrees) of 5 patients for two different align masks: knee and total prosthesis. Be
aware of the differences in the Y-axis.

Conclusion and Discussion:

- The alignment with total knee was chosen to use in the entire dataset.
- Based on this experiment it is not ruled out that using the tibia component as align mask is
inferior to the whole knee as align mask.
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Experiment 6: Order of registration

Aim: Determine order of registration.

Hypothesis: The registration of prosthesis is better than on bone, therefore, registration of bone with
prosthesis as starting point results in more accurate registrations.

Method: Repeat of experiment 4 (order of registration) in clinical data. However unknown, the
migration is expected to be around zero. Migration values other than zero, were expected to be less
accurate registrations.

- Data:
- Baseline image: CT YR1
- Follow-up image: CT YR5
- Segmentation;
- Baseline image: see segmentation algorithm in figure 22.
- Registration:
- Version CTRSA-software, date of use: 07/12/2021
- Three different analysis, which differ in the order of registration:
1. Align > bone (align) > prosthesis (align).
2. Align > bone (align) > prosthesis (bone).
3. Align > prosthesis (align) > bone (prosthesis).
Where, align refers to the initial alignment of the CT images.
> refers to the order of registration.
(algin) / (bone) / (prosthesis) refers to the registration used as starting point for
following registration.

The order of registration is compared between all patients with visual good registration (n = 16) and a
subset of patients (n = 12) where the patients with one of the two CT images contained two knees,
negatively affecting the spatial resolution.

Results: The three-dimensional plots of translation and rotation measurements of the patients are
seen in table 14. The ellipsoid is fitted around all data, making it useful for intuitive and comparative
interpretations, as well as for visual outlier detection. For translations, the ellipsoid of analysis 2 and 3
are smaller than for analysis 1. For rotations the ellipsoid of analysis 1 and 2 are similar, in contrast to
that of analysis 3, which shows a smaller volume. All ellipsoids are smaller in the subset of patients (n
=12) compared to all patients (n = 16).

Conclusion:

For this version of the CTRSA-software, the outliers can be explained by the pixel size of the CT
images. We choose number 3 for the order of registration, because this analysis shows the smallest
ellipsoid for all patients, which would be the most accurate registration considering the results are
expected to be close to zero.

Discussion:

The results are given with an older version of CTRSA-software, it is therefore unknown if the choice for
order of registration order would be the same in the newer version of CTRSA-software. This is
because some critical transformation function may have been changed in the newer version of
CTRSA-software. See section below regarding the differences between older and newer version of
CTRSA-software.
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Table 14: Three-dimensional scatterplot of total translation and total rotations of 16 patients (left column) and 12 patients (right column)
with fitted ellipsoid (blue ellipsoid) around the data of patients (red stars). The intersection of the blue dotted lines inside the ellipsoid
represent the middle of the ellipsoid. The origin of the axes (black arrows) is positioned at (0, 0, 0) and length of these axes correspond it
the size of the ellipsoid. Three different analyses are shown for both number of patients which corresponds with the following order of
registration: (1) Align > bone (align) > prosthesis (align). (2) Align > bone (align) > prosthesis (bone). (3) Align > prosthesis (align) > bone

(prosthesis).

N =16

N=12

1

Rotation

Translation

Rotation
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Newer version of CTRSA-software
All experiments were conducted with an older version of software, in contrast to the results reported in

chapter 3 which were conducted with a newer version of the software. Old version refers to the
versions before 02-04-2022 and new version refers to version after 02-04-2022 till 18-06-2022.

The functional differences between the older version and newer version of CTRSA-software (software

for CTBMA):

- Method for determining the center of mask:
- Old version: the middle of a bounding box.
- New version: calculation of center of mask.
- Changes in coordinate transformation, see chapter 3:
- Older version: Ay, = Ap'- Ag
- Newer version: Ay = Ag!- Ap

Compare results new vs old version:

» Dataset A: zero migration experiment 2.4:

CTRSA version (date | Analysis
of use) Tx Ty Tz Rx Ry Rz
Old version (02/12/2021) Kadaver2509_Leftknee-SEMAR_S01-
SEMAR_SO05-Experiment2.4 0.02 0.02 0.02 0.03 -0.28 -0.04
Old version (02/12/2021) Kadaver2509_Leftknee-SEMAR_S01-
S02_SEMAR-FU2 0.01 -0.00 -0.02 -0.01 0.27 -0.05
Old version (02/12/2021) Kadaver2509_Leftknee-SEMAR_S01-
SO03_SEMAR-FU3 0.02 0.02 0.01 0.01 0.26 -0.08
Old version (02/12/2021) Kadaver2509_Leftknee-SEMAR_SO1-
S04_SEMAR-FU4 0.01 0.01 -0.00 -0.02 0.01 -0.03
CTRSA version (date | Analysis
of use) Tx Ty Tz Rx Ry Rz
New version (07/06/2022) Kadaver2509_LeftKnee-SEMAR_S01-
SEMAR_S05-Experiment2.4 0.02 0.02 0.02 0.04 -0.19 -0.04
New version (07/06/2022) Kadaver2509_Leftknee-SEMAR_S01-
S02_SEMAR-FU2 0.02 -0.00 -0.02 -0.01 -0.02 -0.04
New version (07/06/2022) Kadaver2509_LeftKnee-SEMAR_S01-
S03_SEMAR-FU3 0.03 0.00 -0.02 0.00 0.02 -0.06
New version (07/06/2022) Kadaver2509_Leftknee-SEMAR_S01-
S04_SEMAR-FU4 0.02 0.01 -0.00 -0.02 0.02 -0.03
» Dataset B: Micromanipulator with rotation of 1.5 degrees:
CTRSA version (date of | Analysis
use) TX Ty Tz Rx Ry Rz
New version (07/06/2022) Micromanipulator_Rzp-002_NoAR-r1.5-
NormalMask1.5 0.24 -0.12 0.05 0.06 -1.48 0.01
Old version (07/12/2021) Micromanipulator_Rzp-002_NoAR-r1.5-
NormalMask1.5 0.36 -0.11 0.07 0.06 -1.48 0.01

Conclusions:

- Results in zero-migration measurement are comparable.
- Results in data with micromanipulator are similar for rotations, for the translation the results
differ slightly with a maximum value of 0.12 mm for Tx in this specific data.
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APPENDIX B: BLAND-ALTMAN PLOTS

The Bland-Altman plots of the translations and rotations.

Comparison of methods: CTBMA VS RSA (n = 17)
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Figure 24: Bland-Altman plots of translations (mm) in X, Y, and Z-axes (left panel) and rotations (degrees) around the X, Y, and Z-axes
(right panel) of 17 patients (blue dots) for comparison between the two methods: CTBMA and RSA. The solid line is the mean difference
between the two methods. The dashed lines represent the limits of agreement. Differences = CTBMA-RSA, Means = (CTBMA+RSA)/2, SD

= Standard Deviation, mean diff = mean difference between the two methods.
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Comparison of methods: CTBEMA VS RSA (n = 12)
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Figure 25: Subanalysis of CT images of all patients with only one knee in the baseline and follow-up CT image. Bland-Altman plots of
translations (mm) in X, Y, and Z-axes (left panel) and rotations (degrees) around the X, Y, and Z-axes (right panel) of 12 patients (blue
dots) for comparison between the two methods: CTBMA and RSA. The solid line is the mean difference between the two methods. The
dashed lines represent the limits of agreement. Differences = CTBMA-RSA, Means = (CTBMA+RSA)/2, SD = Standard Deviation, mean

diff = mean difference between the two methods.
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APPENDIX C: HISTOGRAM PLOTS

Histogram of CTBMA
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Figure 26: Histogram plots of translations (mm), rotations (mm), TT (mm) and TR (degrees) of A) CTBMA, B) RSA and C) differences
(CTBMA - RSA). The frequency represent the number of patients and x, y, and z represents the corresponding axis.
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