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Abstract 

Purpose: Up to 30% of patients experience anterior knee pain after Total Knee 

Arthroplasty (TKA). It is thought that a change in the patellar tracking pattern after TKA 

might lead to anterior knee pain. To clarify this relationship, there is need for a technique 

to directly assess the patellar tracking pattern before versus after TKA. This study 

investigated to what extent dynamic Computed Tomography (CT) can be used to assess 

the patellar tracking pattern before versus after TKA. 

Materials and methods: Static and dynamic CT images with different acquisition and 

reconstruction parameters were obtained of two human cadaveric knees before and after 

TKA. Qualitative and quantitative image analysis and radiation dose calculations were 

performed to find the most suitable dynamic CT imaging method. The patellar tracking 

pattern before and after TKA was assessed from these dynamic CT images in terms of 

patellar flexion, tilt, rotation and shift. 

Results: CT images obtained at the highest tube voltage and tube current, reconstructed 

without a metal artifact reduction algorithm and with a bone reconstruction kernel 

provided the best image quality. These images were used to assess the patellar tracking 

pattern. With the developed method, differences were found between the pre and post 

TKA patellar tracking pattern.  

Conclusion: A method for the assessment of the patellar tracking pattern before versus 

after TKA using dynamic CT was successfully developed. Once automated, the developed 

method can be used to clarify the relationship between a change in the patellar tracking 

pattern after TKA and anterior knee pain. This may potentially guide orthopaedic 

surgeons in their surgical approach, ultimately improving TKA outcomes. 

 

Keywords: Anterior knee pain, Total knee arthroscopy, Patellar tracking pattern, 

Computed tomography, Dynamic imaging 
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1. Introduction 

Knee osteoarthritis (OA) is a leading cause of global disability. The global prevalence of 

radiographically confirmed symptomatic knee OA is 3.8%. [1] Total Knee Arthroplasty 

(TKA) is an effective and worldwide accepted treatment for severe knee OA, relieving pain 

and improving knee function [2]. However, up to 30% of patients experience anterior knee 

pain after TKA [3]. In 2019, 25,859 TKA surgeries and 3,069 knee revision surgeries were 

registered in the Netherlands. Patellar pain was the reason for revision in 20.2% of 

patients who underwent knee revision surgery. [4] With the rising number of revision 

surgeries after TKA in many countries, the financial burden on the healthcare system due 

to pain is increasing rapidly [5].  

The underlying pathology of anterior knee pain following TKA is not yet fully understood 

[6,7]. It is, however, thought that a change in the patellar tracking pattern after TKA 

might lead to anterior knee pain [5,6]. The patellar tracking pattern refers to the dynamic 

relationship between the patella and femoral trochlea during knee movement [8]. 

Cadaveric studies showed that TKA significantly changes the patellar tracking pattern 

[9]. The postoperative patellar tracking pattern is influenced by several factors, including 

the positioning, sizing and design of the (tibial, femoral and optionally patellar) 

components, but also by surgical soft tissue releases and the formation of scar tissue 

[5,10].  

To clarify the relationship between a change in the patellar tracking pattern after TKA 

and anterior knee pain, there is need for a technique to directly assess the patellar 

tracking pattern before versus after TKA. Current techniques are unsatisfactory, as they 

are either subjective (e.g. the intraoperative ‘no thumb technique’ [11]) or static (e.g. based 

on the position of the patella on conventional radiography or Computed Tomography (CT) 

images) [12]. Therefore, the first aim of this study is to develop a technique to dynamically 

assess the patellar tracking pattern before versus after TKA. Once this technique has 

been developed, the relationship between (a change in) the patellar tracking pattern and 

anterior knee pain can be addressed in a clinical study. Insight in how the patellar 

tracking pattern might contribute to anterior knee pain could potentially guide 

orthopaedic surgeons in their surgical approach, ultimately improving TKA outcomes and 

preventing revision surgeries.  

To dynamically assess the patellar tracking pattern, a CT scan with multiple repeated 

acquisitions during active knee flexion and extension would be preferable [12]. However, 

there is no standard protocol for the dynamic imaging of a knee after TKA with CT. In 

addition, usage of CT after TKA is limited by artifacts that appear due to the metallic 

implant components. Typically, metal artifacts are visible as dark and bright streaks in 

the vicinity of the metallic objects, resulting in a loss of anatomic detail [13]. Metal 

artifacts are caused by multiple mechanisms, including beam hardening, Compton 

scatter, Poisson noise, photon starvation and edge effects [13,14]. These mechanisms 

corrupt the projection data behind the metal, resulting in a wrong representation of the 

tissue when reconstructing an image. Metal artifacts are especially noticeable with high 

density and high atomic number metals [14]. Consequently, the implant material 

influences the presence of metal artifacts. In addition to metal artifacts, motion artifacts 

can occur as well, especially with dynamic CT imaging. Motion causes blurring and double 
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images, as well as long range streaks, thereby lowering the temporal resolution of the CT 

images [13].  

CT acquisition, reconstruction and visualization parameters can be adjusted to improve 

image quality and reduce metal artifacts. Increasing the x-ray tube voltage and tube 

current, both acquisition parameters, are classic examples to reduce metal artifacts. 

Furthermore, the use of a soft tissue reconstruction kernel instead of a bone 

reconstruction kernel reduces the visibility of the metal artifacts. In addition, the 

corrupted projection data can be identified and replaced by Metal Artifact Reduction 

(MAR) algorithms. However, the proposed methods all have their downsides. For 

example, scanning at a higher tube voltage and tube current increases the radiation dose, 

while a soft tissue kernel reduces the spatial resolution, and MAR algorithms can create 

new artifacts. Finally, the material of the metal implant can also influence the presence 

of metal artifacts. [14]  

For the dynamic assessment of the patellar tracking pattern, a good visibility of the bones 

(especially the patella) and implant components (in particular the femoral component) is 

essential, while keeping the radiation dose As Low As Reasonably Achievable (ALARA). 

The second aim of this study is to find a method to dynamically image a knee after TKA 

with CT that meets these requirements. Accordingly, the influence of CT imaging 

parameters (i.e. tube voltage, tube current and reconstruction technique) on image quality 

(i.e. visibility of bones and implant components and presence of metal and motion 

artifacts) will be investigated. Additionally, it will be examined whether the material of 

the implant (cobalt-chromium versus oxidized zirconium) influences image quality. 

Finally, it will be investigated how tube voltage and tube current influence the radiation 

dose. 
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1.1. Research questions and thesis outline 

The main question of this research is as follows: To what extent can dynamic CT be used 

to assess the patellar tracking pattern before versus after TKA? To answer this research 

question, this thesis is divided into two parts. The first part will focus on finding a suitable 

method (i.e. meeting the requirements of a good visibility of the bones and implant 

components while keeping the radiation dose ALARA) to image a knee after TKA with 

dynamic CT. Sub-questions that will be answered in the first part, are:  

1. What is the influence of tube voltage, tube current and reconstruction technique on 

the visibility of the bones and implant components and on the presence of metal and 

motion artifacts when dynamically imaging a knee after TKA? 

2. To what extent does the material of the implant (cobalt-chromium versus oxidized 

zirconium) influence the visibility of the bones and implant components and the 

presence of metal and motion artifacts when dynamically imaging a knee after TKA? 

3. What is the influence of tube voltage and tube current on radiation dose when 

dynamically imaging a knee after TKA? 

The second part of this thesis will concentrate on developing a technique to assess the 

patellar tracking pattern before versus after TKA from dynamic CT data. The following 

sub-questions will be answered in the second part: 

4. What are the positions of the metal implants and bones from the dynamic CT data of 

a knee before and after TKA? 

5. What is the patellar tracking pattern in terms of patellar flexion, tilt, rotation and 

shift before and after TKA? 

6. Is there a difference in the patellar tracking pattern before versus after TKA? 
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2. Materials and methods 

The materials and methods section first describes how the data was obtained. 

Subsequently, the method for finding a suitable dynamic CT imaging method is described. 

Finally, it is described how the patellar tracking pattern was assessed from the dynamic 

CT data.  

 

2.1. Data acquisition  

Two fresh-frozen human cadaveric right knees were implanted with a bi-cruciate 

stabilizing total knee system (Journey II BCS, Smith & Nephew, Watford, England, 

United Kingdom) by an orthopeadic surgeon with 10 years of experience (Figure 1a). Of 

the available implants, the first cadaveric knee received a left cobalt-chromium (CoCr) 

femoral component and the second cadaveric knee received a right oxidized zirconium (Zr) 

femoral component (Figure 1b). The size of the femoral components was identical. Both 

cadaveric knees did not receive a patellar component. Pre TKA static and dynamic CT 

data of the cadaveric knee with the CoCr femoral component was available. Post TKA 

static and dynamic CT data of both cadaveric knees were obtained. CT imaging was 

performed with the Aquilion ONE PRISM Edition (Canon Medical Systems Corporation, 

Otawara, Tochigi, Japan). For static CT imaging, the cadaveric knees were placed in 

extension on the scanner table. For dynamic CT imaging, the proximal femur was fixated 

at the end of the scanner table, with the tibia hanging over the edge of the table. A wooden 

stick was attached to the distal tibia. While scanning, the cadaveric knee was flexed and 

extended by one of the researchers via the wooden stick (Figure 1c). A total of 41 CT scans 

were obtained in 10 seconds, providing a frame rate of 4.1 s-1. Each dynamic CT data set 

thus comprised of 41 CT scans at different knee flexion angles, referred to as dynamic CT 

frames. 

CT imaging parameters (tube voltage in kilovolts (kV), tube current in milliamperes (mA), 

exposure time in milliseconds (ms), exposure in milliampere-seconds (mAs), slice 

thickness in millimeter (mm) and pixel spacing (similar row and column spacing) in mm) 

of the pre TKA static and dynamic CT data are shown in Table 1. These pre TKA imaging 

parameters were in accordance with the imaging parameters that are used in our 

institution for scanning knees without metal implants. Pre TKA static CT scans were 

obtained with a tube voltage of 100 kV and an exposure of 10 mAs. A bone kernel was 

used for image reconstruction. Pre TKA dynamic CT frames were obtained with a tube 

voltage of 100 kV and an exposure of 7 mAs. A soft tissue kernel was used for image 

reconstruction. CT imaging parameters of the post TKA static and dynamic CT data are 

shown in Table 2. As for the pre TKA static CT scans, post TKA static CT scans were 

obtained with a tube voltage of 100 kV and an exposure of 10 mAs. In addition, post TKA 

static CT scans with a tube voltage of 120 kV and an exposure of 40 and 150 mAs were 

obtained. As for the pre TKA dynamic CT frames, post TKA dynamic CT frames were 

obtained with a tube voltage of 100 kV and an exposure of 7 mAs. Additional post TKA 

dynamic CT frames with a tube voltage of 120 kV and an exposure of 17 mAs were 

obtained. Post TKA static CT scans and dynamic CT frames were reconstructed with both 

a soft tissue and a bone kernel and both with and without the Single Energy Metal Artifact 
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Reduction (SEMAR) [15] algorithm. This resulted in a total of 16 static CT reconstructions 

and 12 dynamic CT reconstruction sets post TKA.  

 

 
Figure 1: a) Implantation of a total knee system in a cadaveric knee. b) Cadaveric knee with a total knee 

system. c) Flexion and extension of the cadaveric knee in the CT scanner via a wooden stick construction. 

 

Table 1: CT imaging parameters (tube voltage in kilovolts (kV), tube current in milliamperes (mA), exposure 

time in milliseconds (ms), exposure in milliampere-seconds (mAs), slice thickness in millimeter (mm) and 

pixel spacing (similar row and column spacing) in mm) of the pre TKA static and dynamic CT data.  

 Tube 

voltage 

(kV) 

Tube 

current 

(mA) 

Exposure 

time (ms) 

Exposure 

(mAs) 

Slice 

thickness 

(mm) 

Pixel 

spacing 

(mm) 

Pre TKA static 100  20 500 10 1.0 0.44 

Pre TKA dynamic 100  40 175 7 0.5 0.98 

 
Table 2: CT imaging parameters (tube voltage in kilovolts (kV), tube current in milliamperes (mA), exposure 

time in milliseconds (ms), exposure in milliampere-seconds (mAs), slice thickness in millimeter (mm) and 

pixel spacing (similar row and column spacing) in mm) of the post TKA static and dynamic CT data. 

 Tube 

voltage 

(kV) 

Tube 

current 

(mA) 

Exposure 

time (ms) 

Exposure 

(mAs) 

Slice 

thickness 

(mm) 

Pixel 

spacing 

(mm) 

Post TKA static 100  20 500 10 0.5 0.40 

120 20 500 10 0.5 0.40 

120 80 500 40 0.5 0.40 

120 300 500 150 0.5 0.40 

Post TKA dynamic 100 40 175 7 0.5 0.98 

120 40 175 7 0.5 0.98 

120 100 175 17 0.5 0.98 
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2.2. Search for suitable dynamic CT imaging method 

The aim was to find a suitable method (i.e. good visibility of the bones and implant 

components while keeping the radiation dose ALARA) to image a knee with dynamic CT 

after TKA. Accordingly, a qualitative image analysis of the post TKA static CT 

reconstructions and dynamic CT reconstruction sets was executed first. Second, a 

quantitative image analysis of the post TKA static CT reconstructions was performed. 

Third, a calculation of the effective dose of the static CT scans and dynamic CT data sets 

was executed.  

 

2.2.1. Qualitative image analysis 

The influence of tube voltage, tube current and reconstruction technique on the visibility 

of the bones and implant components and on the presence of metal and motion artifacts 

was investigated by qualitative assessment of the post TKA static CT reconstructions and 

dynamic CT reconstruction sets of the knee with the CoCr implant. The presence of metal 

and motion artifacts and the visibility of the patella, femoral condyles, proximal tibia, 

femoral component and tibial component were rated on a five-point Likert scale (Table 3). 

Rating was performed by an orthopaedic surgeon with 10 years of experience and a 

radiologist with 3 years of experience in musculoskeletal radiology, who reached a 

consensus. Static CT reconstructions were visualized with 3D Slicer (version 4.10.2) [16] 

and dynamic CT reconstruction sets were visualized with VV Viewer (version 1.4) [17]. 

All reconstructions were displayed in a bone window (i.e. window width of 1800 

Hounsfield Units (HU) and window level of 400 HU). 

Similarly, the influence of the implant material on the visibility of the bones and implant 

components and the presence of metal and motion artifacts was investigated. The 

presence of metal and motion artifacts and the visibility of the patella, femoral condyles 

and femoral component of three dynamic frames of the knee with the CoCr femoral 

implant and three dynamic frames of the knee with the Zr femoral implant were rated. 

As the material of the tibial component was the same for both cadavers, the questions 

related to the tibia were left out of consideration. The dynamic frames were obtained with 

the same kV, mAs and reconstruction technique (i.e. 120 kV, 7 mAs, non-SEMAR and a 

bone kernel) for both implants. All reconstructions were displayed in a bone window. 

 
Table 3: Subjective evaluation criteria for qualitative image analysis. 

Q1: Visibility of the patella 

Very poor (1) Poor (2) Moderate (3) Good (4) Very good (5) 

Q2: Visibility of the femoral condyles 

Very poor (1) Poor (2) Moderate (3) Good (4) Very good (5) 

Q3: Visibility of the proximal tibia 

Very poor (1) Poor (2) Moderate (3) Good (4) Very good (5) 

Q4: Visibility of the femoral component 

Very poor (1) Poor (2) Moderate (3) Good (4) Very good (5) 

Q5: Visibility of the tibial component 

Very poor (1) Poor (2) Moderate (3) Good (4) Very good (5) 

Q6: Presence of metal and motion artifacts 

Maximum (1) Heavy (2) Moderate (3) Minimum (4) Absent (5) 
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2.2.2. Quantitative image analysis 

The influence of tube voltage, tube current and reconstruction technique on static CT 

image quality was quantitatively assessed. The mean attenuation value, image noise and 

Signal-to-Noise Ratio (SNR) of the patellae from the post TKA static CT reconstructions 

of the knee with the CoCr implant were calculated using MATLAB (version 2020a, 

MathWorks, Natick, Massachusetts, United States). The patella was segmented using 3D 

Slicer (version 4.10.2) [16]. Segmentation was performed by thresholding on HU followed 

by manual fine-tuning (i.e. painting, erasing and smoothing). The post TKA static CT 

reconstructions were masked with the segmented patella and from the voxels within the 

masked volume, the mean attenuation value in HU was calculated. Image noise was 

defined as the standard deviation (SD) in HU within the masked volume. SNR was 

calculated by dividing the mean attenuation value by the image noise.  

 

2.2.3. Effective dose calculation 

The influence of tube voltage and tube current on the radiation dose was investigated by 

calculating the effective dose (ED) of each static CT scan and each dynamic CT data set 

by multiplication of the measured dose length product (DLP) with a DLP/ED conversion 

coefficient of 0.0004 mSv/(mGy∙cm) [18]. 
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2.3. Assessing the patellar tracking pattern 

To assess the patellar tracking pattern before versus after TKA from dynamic CT data, 

the positions of the bones and implant components were determined first through 

segmentation and registration. Subsequently, based on these positions of the bones and 

implant components, patellar motion analysis was performed, in which the patellar 

tracking pattern was assessed in terms of patellar flexion, tilt, rotation and shift. In 

Appendix 1, it is described which steps were taken to design this method, it is discussed 

which methods were not sufficient and recommendations for future optimisation of the 

method are provided. 

 

2.3.1. Segmentation 

From the pre TKA static CT scan and from four different pre TKA dynamic CT frames 

(i.e. the frame with the maximum tibiofemoral flexion angle, the frame with the minimum 

tibiofemoral flexion angle and two frames in between), the femur, tibia and patella were 

segmented using a 3D Dense-U-Net neural network [19]. From the post TKA static CT 

reconstruction with the least artifacts and the best visibility of the bones and implant 

components, the femur, femoral component, tibia, tibial component and patella were 

segmented using 3D Slicer (version 4.10.2) [16]. Segmentation was performed by 

thresholding on HU followed by manual fine-tuning (i.e. painting, erasing and smoothing). 

Similarly, from four different dynamic CT frames of the post TKA dynamic CT 

reconstruction set with the least artifacts and the best visibility of the bones and implant 

components, the femoral component, tibial component and patella were segmented. 

 

2.3.2. Registration 

Rigid point cloud registration was used to register the femur, tibia and patella from the 

pre TKA static CT scan to respectively the femur, tibia and patella from each of the four 

pre TKA dynamic CT frames. This resulted in a transformation (rotation and translation) 

referred to as Tpre static → pre dynamic for the femur, patella and tibia for each of the four 

dynamic frames. Rigid point cloud registration was performed using the Coherent Point 

Drift (CPD) algorithm [20] in MATLAB. The post TKA static femoral component, tibial 

component and patella were registered to respectively the femoral component, tibial 

component and patella from of each of the four post TKA dynamic CT frames using rigid 

binary mask registration followed by rigid image registration in Elastix (version 5.0.1) 

[21,22]. This provided the transformation Tpost static → post dynamic of the femoral component, 

tibial component and patella for each of the four dynamic frames. The pre TKA static 

bones were registered with the post TKA static bones using rigid point cloud registration 

(CPD algorithm) in MATLAB, giving the transformation Tpre static → post static for the femur, 

tibia and patella. Finally, the manufacturers Computer-Aided Design (CAD) model of the 

femoral component was registered to the femoral component from the post TKA static 

scan using rigid point cloud registration (CPD algorithm) in MATLAB, providing the 

transformation TCAD → post static of the femoral component. A schematic overview of the 

segmentation and registration process is shown in Figure 2. 
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2.3.3. Patellar motion analysis 

The patellar tracking pattern was assessed by determining the patellar flexion, tilt, 

rotation and shift at the four different tibiofemoral flexion angles. Motion analysis was 

based on the anatomical coordinate system of the human knee as proposed by Miranda et 

al. [23]. Based on this coordinate system, the femoral, patellar and tibial anatomical 

reference frames of the pre TKA static bones were calculated. The anatomical reference 

frames consisted of an anteroposterior (AP), mediolateral (ML) and proximodistal (PD) 

axis. An example of a segmented femur, patella and tibia with their anatomical reference 

frames is shown in Figure 3. The previously found transformations were applied to the 

anatomical reference frames of the pre TKA static bones to obtain the anatomical 

reference frames of the pre TKA dynamic, post TKA static and post TKA dynamic bones. 

As the femur and femoral component were fixated, the transformation  

Tpost static → post dynamic of the femoral component could be applied to the static post TKA 

femoral anatomical reference frame to obtain the dynamic post TKA femoral anatomical 

reference frame. Accordingly, the transformation Tpost static → post dynamic of the tibial 

component could be applied to the static post TKA tibial anatomical reference frame to 

obtain the dynamic post TKA tibial anatomical reference frame.  

For the pre TKA and post TKA dynamic frames, Euler angles were calculated for the 

patellar anatomical reference frame with respect to the femoral anatomical reference 

frame. Patellar flexion was described by the first Euler angle, patellar tilt was described 

by the second Euler angle and patellar rotation was described by the third Euler angle. 

Patellar flexion was defined as the rotation of the patella about the femoral ML axis. 

Patellar flexion was positive when the distal apex of the patella moved posteriorly relative 

to the proximal pole. Patellar tilt was defined as the rotation of the patella about the 

femoral PD axis. Patellar tilt was positive when the lateral edge of the patella rotated 

towards the femur relative to the medial edge of the patella (lateral tilt). Patellar rotation 

was defined as the rotation of the patella about the femoral AP axis. Patellar rotation was 

positive when the distal pole of the patella moved medially relative to the proximal pole 

of the patella (medial rotation). Patellar shift was defined as the translation of the patella 

along the femoral ML axis. Patellar shift was positive when the patella shifted medially 

along the femoral ML axis (medial shift). [24]  

Patellar tracking was visualized by projecting the origin of the patellar anatomical 

reference frame on the (native or implant) femoral trochlea along the patellar AP axis for 

each of the four tibiofemoral flexion angles. The tibiofemoral flexion angles were 

determined by calculation of the Euler angles of the tibial anatomical reference frames 

with respect to the femoral anatomical reference frame. The tibiofemoral flexion angle 

was then described by the first Euler angle, which was defined as the rotation of the tibia 

about the femoral ML axis. 
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Figure 2: Schematic overview of the segmentation and registration process.  

 

 
Figure 3: Example of segmented femur, tibia and patella with their anatomical reference frames. The 

anteroposterior axis is indicated with a red arrow (with the arrow pointing anteriorly), the mediolateral axis 

is indicated with a blue arrow (with the arrow pointing medially) and the proximodistal axis is indicated with 

a green arrow (with the arrow pointing proximally).  
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3. Results 

The results of the search for a suitable dynamic CT imaging method is provided first. This 

is followed by the results of the assessment of the patellar tracking pattern before versus 

after TKA.  

 

3.1. Search for suitable dynamic CT imaging method 

A complete overview of the results is shown in Appendix 2, where the results of the 

qualitative image analysis on the influence of CT imaging parameters on image quality 

are presented in Table A for the static CT images and in Table B for the dynamic CT data 

sets. In Table C, the results of the qualitative image analysis on the influence of the 

implant material on image quality are presented. Table D presents the results of the 

quantitative image analysis on the influence of CT imaging parameters on image quality. 

The effective doses of the static and dynamic CT scans are shown in Table 4.  

 

3.1.1. Qualitative image analysis 

For the static non-SEMAR reconstructions, increasing the tube voltage and tube current 

improved the visibility of the patella and the femoral component and lowered the presence 

of metal artifacts. For the static SEMAR reconstructions, increasing the tube voltage and 

tube current did not change the visibility of the patella at all. The visibility of the femoral 

component scored best at the lowest tube voltage and tube current for the static SEMAR 

soft tissue reconstructions. For the static SEMAR bone reconstructions, there was no clear 

relationship between the tube voltage and tube current and the visibility of the femoral 

component. In addition, there was no clear relationship between tube voltage and tube 

current and the presence of metal artifacts for all static SEMAR reconstructions. For the 

static non-SEMAR reconstructions, the soft tissue and bone kernel received the same 

score at the lowest kV and mAs. At the highest kV and mAs, the bone kernel received the 

best score. At intermediate kV and mAs, the static soft tissue reconstructions scored 

better than the static bone reconstructions. For the static SEMAR reconstructions, there 

was no clear relationship between reconstruction kernel and visibility of the bones and 

implant components or presence of metal artifacts. Furthermore, the use of the SEMAR 

algorithm did not seem to improve the visibility of the bones and implant components and 

the presence of metal artifacts in the static CT reconstructions. Examples of static CT 

images reconstructed with either a soft tissue or a bone kernel and either with or without 

the SEMAR algorithm are shown in Figure 4. From this figure it can be noticed that the 

static CT images reconstructed with a soft tissue kernel have a lower spatial resolution 

than the static CT images reconstructed with a bone kernel. Moreover, in the static CT 

images reconstructed with the SEMAR algorithm, new streak artifacts can be observed 

and the posterior edge of the patella has disappeared. 

For the dynamic non-SEMAR soft tissue reconstruction sets, increasing the tube voltage 

and tube current improved the visibility of the patella and the femoral component. The 

presence of metal and motion artifacts did not change. For the dynamic non-SEMAR bone 

reconstruction sets, there was no clear relationship between tube voltage and tube current 

and visibility of the of the patella. The visibility of the femoral component did not change. 

The presence of metal and motion artifacts improved with an increasing tube voltage and 



14 
 

tube current. For the dynamic SEMAR reconstruction sets, the visibility of the patella 

improved with an increasing tube voltage and tube current. The presence of metal and 

motion artifacts did not change with an increasing tube voltage and tube current. For the 

dynamic SEMAR soft tissue reconstruction sets, there was no clear relationship between 

tube voltage and tube current and visibility of the femoral component. For the dynamic 

SEMAR bone reconstruction sets, increasing the tube voltage and tube current did not 

affect the visibility of the femoral component. For the dynamic non-SEMAR 

reconstruction sets, there was no clear relationship between reconstruction kernel and 

visibility of the patella. The use of a soft tissue reconstruction kernel improved the 

visibility of the femoral component and lowered the presence of metal and motion 

artifacts. For the dynamic SEMAR reconstruction sets, there was no clear relationship 

between reconstruction kernel and visibility of the bones and implant components. The 

presence of metal and motion artifacts remained the same. Furthermore, the use of the 

SEMAR algorithm did not seem to improve the visibility of the bones and implant 

components and the presence of metal artifacts in the dynamic CT reconstruction sets. 

Examples of dynamic CT images reconstructed with either a soft tissue or a bone kernel 

and either with or without the SEMAR algorithm are shown in Figure 5. From this figure 

it can be noticed that the dynamic CT images reconstructed with a soft tissue kernel have 

a lower spatial resolution than the dynamic CT images reconstructed with a bone kernel. 

Moreover, in the dynamic CT images reconstructed with the SEMAR algorithm, new 

streak artifacts can be observed and the posterior edge of the patella has disappeared. 

The dynamic CT reconstruction sets scored lower than the static CT reconstructions on 

the visibility of the bones and implant components and on the presence of metal and 

motion artifacts. Furthermore, the CoCr implant resulted in an overall better visibility of 

the bones and implant components and less metal and motion artifacts than the Zr 

implant.  

 

3.1.2. Quantitative image analysis 

The mean HU decreased with an increasing tube voltage and tube current for all 

reconstructions, except for the non-SEMAR bone reconstructions, where the 120 kV 40 

mAs reconstruction had a higher mean HU than the reconstructions obtained at the other 

kV and mAs settings. Image noise decreased as well with an increasing tube voltage and 

tube current for all reconstructions, except for the reconstructions obtained at the highest 

kV and mAs settings, where the image noise increased. For the non-SEMAR soft tissue 

reconstructions, SNR decreased with an increasing tube voltage and tube current. For the 

non-SEMAR bone and for the SEMAR reconstructions, there was no clear relationship 

between tube voltage and tube current and SNR. Images reconstructed with a soft tissue 

kernel had less noise and a better SNR than images reconstructed with a bone kernel. 

SEMAR reconstructions had a higher SNR than non-SEMAR reconstructions but also a 

higher image noise. 

 

3.1.3. Effective dose calculation 

The ED of the static and dynamic CT data obtained at different tube voltages and 

exposures is shown in Table 4. Increasing the tube voltage and tube current increased the 

effective dose. Dynamic scanning resulted in a higher effective dose than static scanning.  
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Table 4: Effective dose (mSv) of the static and dynamic CT data obtained at different tube voltages (kV) and 

exposures (mAs). 

 Tube voltage (kV) Exposure (mAs) Effective dose (mSv) 

Static  100 10 0.008 

120 10 0.014 

120 40 0.055 

120 150 0.207 

Dynamic 100 7 0.069 

120 7 0.125 

120 17 0.313 

 

 
Figure 4: Axial CT slices of static a) non-SEMAR soft tissue, b) SEMAR soft tissue, c) non-SEMAR bone and 

d) SEMAR bone reconstructions obtained at 120 kV and 40 mAs. All reconstructions are displayed in a bone 

window (window width of 1800 HU and window level of 400 HU). 
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Figure 5: Axial CT slices of dynamic a) non-SEMAR soft tissue, b) SEMAR soft tissue, c) non-SEMAR bone 

and d) SEMAR bone reconstructions obtained at 120 kV and 17 mAs. All reconstructions are displayed in a 

bone window (window width of 1800 HU and window level of 400 HU). 
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3.2. Assessing the patellar tracking pattern 

The maximum tibiofemoral flexion angle in the pre TKA dynamic CT data set was 55°. 

The minimum tibiofemoral flexion angle was 12° and the frames in between had a 

tibiofemoral flexion angle of 25° and 36°. In the post TKA dynamic CT data set, the 

maximum tibiofemoral flexion angle was 62°, the minimum tibiofemoral flexion angle was 

8° and the frames in between had a tibiofemoral flexion angle of 16° and 42°. 

The pre and post TKA patellar flexion, tilt, rotation and shift at the four different 

tibiofemoral flexion angles are shown in Figure 6. Differences could be observed between 

the pre and post TKA patellar flexion, tilt, rotation and shift. These differences are 

described in Appendix 3.  

To visualize the patellar tracking pattern pre and post TKA, a projection of the origin of 

the patellar anatomical reference frame along the patellar AP axis on the (native or 

implant) femoral trochlea is depicted in Figure 7 for each of the four tibiofemoral flexion 

angles. Differences between the pre and post TKA patellar tracking pattern could be 

observed. These differences are described in Appendix 3. 

 

 
Figure 6: Pre (blue) and post (red) TKA patellar flexion (top left), patellar tilt (top right), patellar rotation 

(bottom left) and patellar shift (bottom right). Positive patellar flexion indicates that the distal apex of the 

patella moves posteriorly relative to the proximal pole, positive patellar tilt indicates lateral tilt, positive 

patellar rotation indicates medial rotation and positive patellar shift indicates medial shift.  
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Figure 7: Visualisation of pre (upper) and post (lower) TKA patellar tracking pattern by projection of the 

origin of the patellar anatomical reference frame on the (native or implant) femoral trochlea along the patellar 

AP axis for each of the four tibiofemoral flexion angles. Left in the image is lateral and right is medial.  
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4. Discussion  

In this study, it was investigated to what extent dynamic CT can be used to assess the 

patellar tracking pattern before versus after TKA. The first part of this study aimed at 

finding a suitable method to image a knee after TKA with dynamic CT. The second part 

of this study aimed at developing a technique to assess the patellar tracking pattern 

before versus after TKA from dynamic CT data.  

 

The static CT reconstruction that provided the best overall image quality according to the 

qualitative image analysis was the reconstruction obtained at the highest kV and mAs, 

without the SEMAR algorithm and with a bone reconstruction kernel. Therefore, this 

static CT reconstruction was used for assessing the patellar tracking pattern. The 

dynamic CT reconstruction set that provided the best image quality according to the 

qualitative image analysis was the reconstruction set obtained at the highest kV and mAs 

without the SEMAR algorithm and with a soft tissue reconstruction kernel. However, 

usage of a soft tissue reconstruction kernel is known to reduce the spatial resolution. 

Therefore, the dynamic CT reconstruction set obtained at the highest kV and mAs without 

the SEMAR algorithm and with a bone reconstruction kernel was used for assessing the 

patellar tracking pattern instead.  

Considering the effective dose and thereby making a trade-off between image quality and 

radiation dose, it is recommended to obtain static CT data of patients post TKA at 120 kV 

and 10 mAs and dynamic CT data at 120 kV and 7 mAs. This results in a total effective 

dose of 0.139 mSv (0.014 mSv for the static scan and 0.125 mSv for the dynamic scan). 

The effective dose of the pre TKA static and dynamic scan is 0.077 mSv (0.008 mSv for 

the static scan and 0.069 mSv for the dynamic scan). For both the static and the dynamic 

CT data, non-SEMAR reconstructions with a bone reconstruction kernel are 

recommended. Furthermore, it is recommended to implant a CoCr instead of a Zr femoral 

component as this results in less metal artifacts. This is most likely due to the lower 

atomic number of CoCr compared with Zr .  

Increasing the CT tube voltage and tube current is known to reduce artifacts and improve 

image quality [14,25,26]. This is in line with the majority of the findings in our study. 

However, in our quantitative image analysis, increasing the exposure from 40 mAs to 150 

mAs resulted in an inexplicable increase in image noise and a decrease in SNR. Previous 

literature also found that implantation of a CoCr instead of a Zr implant reduces metal 

artifacts [14,26]. This is in accordance with the findings of our study. Usage of a soft tissue 

reconstruction kernel instead of a bone reconstruction kernel is also known to reduce the 

visibility of artifacts and decrease image noise [14]. This is in line with the results of the 

quantitative image analysis, as the images reconstructed with a soft tissue kernel had a 

lower image noise and a higher SNR than the images reconstructed with a bone kernel. 

In the qualitative image analysis of our study, it was dependent on the tube voltage and 

tube current and on the static or dynamic imaging whether the reconstructions obtained 

with a soft tissue or a bone kernel received a higher score. A disadvantage of using a soft 

tissue reconstruction kernel is that it reduces the spatial resolution of the image [14]. In 

our study, it was also noticed that the soft tissue reconstructions had a lower spatial 

resolution than the bone reconstructions. Due to the smoothing, the edges of the patella 
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were less sharp in the soft tissue reconstructions. This was not desirable, as it was 

expected to reduce the accuracy of the segmentation and registration process. 

The results of our study also suggest that the use of a SEMAR algorithm does not improve 

the visibility of the bones and implant components and the presence of metal artifacts. To 

understand this, it should first be understood how the SEMAR algorithm works. The 

SEMAR algorithm first generates an original image from the original sinogram by 

Filtered Back-Projection (FBP). Metal is segmented from this original image to generate 

a metal-only image, which is then forward projected to obtain a metal-only sinogram. 

Subsequently, a metal-free sinogram is created by estimation of the metal corrupted 

sinogram data. A prior image is then generated from the metal-free sinogram by FBP, to 

which a gradient optimization process is applied via forward projection. This gradient 

optimization process smoothes transitions in the sinogram while maintaining image edge 

content. FBP is then used again to obtain the final metal-free image. The final SEMAR 

image is created by adding the previously segmented metal to the metal-free image. The 

effectiveness of the SEMAR algorithm depends highly on the estimation of the metal 

corrupted sinogram data. Sharp transitions between the original sinogram data and the 

estimated sinogram data can result in new streak artifacts. [15] Although the gradient 

optimization process should prevent this by smoothing sharp transitions, we could still 

observe some new streak artifacts in our SEMAR images (Figure 4 and Figure 5). This is 

in accordance with previous literature, where the SEMAR algorithm was also found to 

reduce the original artifacts while introducing new artifacts [14,27–29]. Furthermore, 

although the gradient optimization process is claimed to preserve edges, the posterior 

edge of the patella was completely lost in the SEMAR images (Figure 4 and Figure 5). 

This was undesirable for this study, as it hampered the segmentation of the patella. In 

addition, the estimated HU values in the SEMAR images seemed incorrect, especially in 

areas close to metal edges. This would also hamper the (HU-based) segmentation and 

registration process. Thus, although the SEMAR images appeared less blurry than the 

non-SEMAR images and the large black and white streaks were lost, new streak artifacts 

appeared, crucial edges were lost and estimated HU values seemed incorrect. Therefore, 

we do not recommend the use of images reconstructed with the SEMAR algorithm for the 

assessment of the patellar tracking pattern.  

 

A technique for the assessment of the patellar tracking pattern before versus after TKA 

using dynamic CT was developed. Differences were found between the pre and post TKA 

patellar flexion, tilt, rotation and shift. To our knowledge, this was the first study that 

used dynamic CT after TKA to assess the patellar tracking pattern. However, other 

researchers aimed to assess the patellar tracking pattern after TKA as well. Single-plane 

fluoroscopy, biplanar radiography, static CT and static MRI have all been investigated.  

Sharma et al. [30] used dynamic single-plane sagittal fluoroscopy in combination with 

static CT to measure the patellar tracking pattern post TKA. An advantage of their 

method is the possibility to assess the patellar tracking pattern dynamically under 

weight-bearing circumstances. A limitation of their method is that it relies on projected 

2D images, and therefore requires 3D-to-2D registration. The accuracy of the motions in 

the mediolateral direction, which are in fact the motions that are of most interest, is 

therefore expected to be poorer than with the method that was described in our study, as 
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our method relies on 3D-to-3D registration. Another limitation of their method is that it 

is dependent on the placement of a patellar component.  

Shandiz et al. [31] and Sharma et al. [32] used sequential biplanar sagittal radiography 

at eight different knee flexion angles in combination with static CT to investigate pre and 

post TKA patellofemoral weightbearing kinematics. An advantage of biplanar 

radiography compared to single-plane radiography is the improved reliability for motions 

in the mediolateral direction. However, it still requires 3D-to-2D registration, and thus 

the accuracy of the motions in the mediolateral direction is expected to be less accurate 

than with the method that was described in our study. Another limitation of biplanar 

radiography is that the observed movement is not truly dynamic, as it is based sequential 

static images at different flexion angles. Moreover, their methods also depend on the 

placement of a patellar component. Sharma et al. [32] compared the poses of the bones 

and implant components from the sequential biplane images with the poses from the CT 

scans. They found an absolute difference of 0.88° for patellar flexion, 0.58° for patellar tilt, 

0.41° for patellar rotation and 0.13 mm for patellar shift. The mean interobserver 

repeatability of their method was 2.01° for patellar flexion, 2.77° for patellar tilt, 1.87° for 

patellar rotation and 1.20 mm for patellar shift. The mean intraobserver repeatability of 

their method was 1.98° for patellar flexion, 1.67° for patellar tilt, 1.28° for patellar 

rotation and 1.85 mm for patellar shift. 

Ho et al. [33] imaged subjects before and after TKA with CT at 0° and 30° knee flexion 

while they pushed against a weight, providing static muscular activation. With this 

method, they were able to measure patellar flexion, tilt and shift. A limitation of their 

method compared to the method that was developed in our study is that the observed 

movement was not truly dynamic, as it was based on static CT images at different flexion 

angles. Furthermore, flexion angles greater than 30° could not be reached. In addition, 

the method was dependent on the placement of a patellar component. Ho et al. [33] 

compared the poses of the bones and implant components from the CT images with the 

poses from a coordinate measuring machine and found an absolute difference of 0.24° for 

patellar flexion, 0.19° for patellar tilt and 0.18 mm for patellar shift. The repeatability of 

their 3D-to-3D registration method was 0.29° or less for rotation and 0.11 mm or less for 

translation.  

Von Eisenhart-Rothe et al. [34] measured the patellar shift and tilt of healthy volunteers 

and post TKA patients in an open Magnetic Resonance Imaging (MRI) scanner at 0°, 30° 

and 90° knee flexion under static muscular activation. A limitation of their method 

compared to the method that was developed in our study is that the observed movement 

was not truly dynamic, as it was based on static magnetic resonance images at different 

flexion angles. Furthermore, the method was dependent on the placement of a patellar 

component. Moreover, compared with CT, usage of MRI to image subjects post TKA 

creates metal artifacts as well and the implant metal may distort the magnetic field. In 

addition, MRI has a lower spatial resolution and is more expensive, less available and 

more time-consuming than CT. [33]  

To date, none of the previously described methods have made their translation to daily 

clinical practice. Furthermore, the difference in methodology between studies 

investigating pre and post TKA patellofemoral kinematics hampers a fair comparison. 

Therefore, it is necessary to reach consensus on a method for assessing patellar tracking 

before and after TKA. We propose dynamic CT, as it is a relatively fast, simple, 
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inexpensive and accessible technique. Furthermore, the observed movement is truly 

dynamic and the method relies on 3D-to-3D registration, which is expected to be more 

accurate than the 3D-to-2D registration that is used in fluoroscopy and biplanar 

radiography, especially for movements in the mediolateral direction. Additionally, the 

previously described studies used different coordinate systems to describe patellar 

kinematics pre and post TKA. Pre TKA, anatomical coordinate systems were computed. 

Post TKA, prosthesis coordinate systems, using design features of the prosthesis 

components, were computed. Our method uses anatomical coordinate systems both pre 

and post TKA, which is expected to make the comparison between pre and post TKA 

kinematics more accurate. Moreover, our method does not rely on the placement of a 

patellar component. This is an advantage, as the placement of a patellar component is 

controversial [35].  

A limitation of this study is the absence of quadriceps muscle activation due to the passive 

motion of the cadaveric knee. Furthermore, a right knee was implanted with a left femoral 

component as a right femoral component was not available. Consequently, the observed 

patellar tracking pattern is not representative for the actual patellar tracking pattern in 

a patient. However, when applying the proposed method to patients instead of cadaveric 

knees, the patellar tracking pattern can actually be studied under muscular activation 

and with the correct femoral component implanted. Another limitation of this study is 

that only 4 of the 41 dynamic frames were analysed because of the time-consuming 

segmentation and registration process. Therefore, we recommend to automate this 

process in the near future. This would enable all patellofemoral flexion angles to be 

studied. Automatization could for example be achieved by training a convolutional neural 

network with CT scans affected by metal artifacts [36]. It might also be investigated 

whether segmentation of the patella can be automated, for example by edge detection of 

the anterior surface of the patella, as the anterior surface is least affected by metal 

artifacts. Another limitation is that the method that was proposed in this study to assess 

the patellar tracking pattern cannot create weight-bearing circumstances. Weight-

bearing circumstances can be achieved with fluoroscopy. Nevertheless, fluoroscopic 

analysis is expected to be less accurate for motions in the mediolateral direction, which 

are in fact the movements that are of most interest. Finally, although it has been 

attempted to move the cadaveric knees at a constant velocity, an exact same velocity for 

each of the dynamic CT frames in one data set and between the dynamic data sets with a 

different kV, mAs and femoral implant could not be assured. As motion artifacts are 

expected to be higher for objects with a higher velocity, this might have hampered a fair 

comparison. Additionally, increased motion artifacts are expected to complicate the 

segmentation and registration process. It would therefore be advised to aim at 

maintaining a constant velocity during the flexion and extension movement of the knee 

when imaging patients with dynamic CT.  

 

Future research should investigate the accuracy and precision of the proposed method. It 

can however be reasoned that the accuracy and precision depend on several factors, the 

most import of which is the spatial resolution of the CT images. The spatial resolution of 

the CT images influences the accuracy and precision of the segmentation process and 

image registration process. The spatial resolution is for example affected by slice 

thickness, pixel spacing, reconstruction kernel and motion. The maximum slice thickness 
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and pixel spacing of the CT images that were used in this study was 1 mm. A bone 

reconstruction kernel was used, as this provided a better spatial resolution than a soft 

tissue reconstruction kernel. The accuracy of the point cloud registrations relied on the 

accuracy of the segmentations, but also on the accuracy of the registration algorithm. The 

CPD rigid point cloud registration algorithm that was used in this study has an accuracy 

of less than 0.1° in determining the rotation matrix, even with a lot of noise and outliers 

in the point sets [20]. Moreover, the precision is influenced by the inter- and intraobserver 

variability of the segmentations, but these were not examined in this study.  

For future research, it is also strongly recommended to automate the segmentation and 

registration process. This can speed up the process, thereby enabling more flexion angles 

to be studied in a shorter period of time. Moreover, it would offer the possibility to apply 

the method to a larger patient population. These patients may then be asked to complete 

a questionnaire on anterior knee pain, for example the Kujala questionnaire [37,38]. 

Subsequently, the relationship between (a change in) the patellar tracking pattern after 

TKA and anterior knee pain could be clarified. Insight in how the patellar tracking 

pattern might contribute to anterior knee pain may potentially guide orthopaedic 

surgeons in their surgical approach, ultimately improving TKA outcomes and preventing 

revision surgeries.  
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5. Conclusion 

A method for the assessment of the patellar tracking pattern before versus after TKA 

using dynamic CT was successfully developed. Future research to the accuracy and 

precision of the developed method should be performed. Furthermore, automation of the 

segmentation and registration process is advised. Subsequently, the developed method 

can be used to clarify the relationship between (a change in) the patellar tracking pattern 

after TKA and anterior knee pain. This may potentially guide orthopaedic surgeons in 

their surgical approach, ultimately improving TKA outcomes and preventing revision 

surgeries.   
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Appendix 1: Design space exploration for assessing the 

patellar tracking pattern 

In this study, a method for the assessment of the patellar tracking pattern using dynamic 

CT was developed. This Appendix describes the steps that were taken to design this 

method, discusses methods that were not sufficient and provides recommendations for 

future optimisation of the method.   

 

Segmentation 

For the assessment of the patellar tracking pattern, accurate segmentations of the bones 

and implant components were required. Pre TKA, a convolutional neural network was 

used to automatically segment the femur, patella and tibia in both the static and dynamic 

scans. Post TKA, this convolutional neural network could not be used to segment the 

bones. Neither did segmentation techniques that were solely based on thresholding or 

region growing. This was due to the metal (and motion) artifacts that were present in the 

(dynamic) post TKA scans. Especially the posterior part of the patella was severely 

affected by these artifacts. Therefore, it was decided to perform a thresholding operation 

followed by manual fine-tuning (i.e. with painting, erasing and smoothing) to segment the 

post TKA bones and implant components. The implant components did not need much 

manual fine-tuning. However, the patella did require a lot of manual fine-tuning. 

Segmentation of the patella was therefore the most time-consuming part of the whole 

segmentation and registration process. Accordingly, future research should focus on 

automatization of the segmentation process of the patella, for example by using a 

convolutional neural network that is trained on images with metal (and motion) artifacts. 

Segmentation based on edge detection of the anterior surface of the patella might also be 

attempted, as the anterior surface was least affected by metal artifacts. 

Considering the time-consuming segmentation process, it was not feasible to segment the 

bones and implant components in all 41 dynamic CT frames. Therefore, it was decided to 

select four dynamic CT frames to continue with. The dynamic CT frames with the 

maximum and minimum tibiofemoral flexion angles were first selected, as this would 

provide information on the patellar tracking pattern over a maximum trajectory. 

Subsequently, two dynamic CT frames in between were selected.  

 

Registration 

As the segmentations of the post TKA patellae required a lot of manual fine-tuning, it was 

decided to register these patellae using rigid image registration (instead of rigid point 

cloud registration). The dynamic CT image was the fixed image, the static CT image was 

the moving image and the fixed image was masked with the segmentation of the patella 

of the dynamic image. Despite adjustments of the registration parameters, this did not 

provide a good registration. Masking the fixed image with a dilated version of the 

segmentation of the patella of the dynamic image also did not suffice. Therefore, it was 

decided to use an initial transform. This initial transform was the result of a binary mask 

registration, where the segmentation of the dynamic patella was the fixed image, the 

segmentation of the static patella was the moving image and the fixed image was masked 

with a dilated segmentation of the dynamic patella. Image registration was then 
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performed with the result of the binary mask registration as an initial transform, the 

dynamic CT image as the fixed image and the static CT image as the moving image. The 

fixed image was masked with a dilated version of the segmentation of the patella of the 

dynamic image. However, this still did not provide a good registration. Therefore, the 

transformed static patella segmentation, that resulted from the binary mask registration, 

was multiplied with the dynamic patella segmentation. The results was then dilated and 

used to mask the fixed image. Together with some adjustments in the transformation 

parameter file, this finally resulted in a sufficient registration of the post TKA static and 

dynamic patellae. The result was sufficient as the anterior surfaces showed a good 

overlap. The transformation parameters that were used for the binary mask registration 

are shown in Appendix 4. The transformation parameters that were used for the image 

registration are shown in Appendix 5. It should be noted that a very small step length and 

only one resolution were used for the image registration. For larger step lengths and more 

resolutions, the registration result worsened.   

All other registrations were carried out with rigid point cloud registration. The Coherent 

Point Drift (CPD) algorithm [20] was used, as it did not rely on an initial transform 

estimate. A disadvantage of the CPD algorithm is that it is relatively slow. A different 

registration algorithm might therefore be preferred when all dynamic frames are to be 

analysed. 

 

Patellar motion analysis 

For the patellar motion analysis, the anatomical coordinate system of the human knee as 

proposed by Miranda et al. [23] was chosen as it was the conventional anatomical 

coordinate system that was used in our department to describe knee kinematics. The 

choice for Euler angles resulted from the fact that this immediately provided the three 

angles that we were interested in (i.e. patellar tilt, shift and rotation).   
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Appendix 2: Qualitative and quantitative image analysis 

results 
Table A: Qualitative image analysis results of the influence of tube voltage, tube current and reconstruction 

technique on the visibility of the bones and implant components and on the presence of metal and motion 

artifacts for the static CT scans.   
Q1 Q2 Q3 Q4 Q5 Q6 

100 kV 10 mAs non-SEMAR soft tissue 2 3 4 2 3 2 

120 kV 10 mAs non-SEMAR soft tissue 4 4 5 4 4 3 

120 kV 40 mAs non-SEMAR soft tissue 4 4 5 4 4 3 

120 kV 150 mAs non-SEMAR soft tissue 4 3 4 4 5 3 

100 kV 10 mAs SEMAR soft tissue 3 2 5 4 4 3 

120 kV 10 mAs SEMAR soft tissue 3 3 4 3 3 2 

120 kV 40 mAs SEMAR soft tissue 3 3 3 3 4 3 

120 kV 150 mAs SEMAR soft tissue 3 3 3 3 4 3 

100 kV 10 mAs non-SEMAR bone 2 3 4 2 3 2 

120 kV 10 mAs non-SEMAR bone 2 2 4 2 3 2 

120 kV 40 mAs non-SEMAR bone 3 3 4 3 4 2 

120 kV 150 mAs non-SEMAR bone 5 5 5 4 5 4 

100 kV 10 mAs SEMAR bone 3 3 4 3 3 2 

120 kV 10 mAs SEMAR bone 3 3 3 2 3 2 

120 kV 40 mAs SEMAR bone 3 4 4 4 4 4 

120 kV 150 mAs SEMAR bone 3 4 5 4 4 3 

 

Table B: Qualitative image analysis results of the influence of CT imaging parameters on the visibility of the 

bones and implant components and on the presence of metal and motion artifacts for the dynamic CT scans.  
Q1 Q2 Q3 Q4 Q5 Q6 

100 kV 7 mAs non-SEMAR soft tissue 2 1 3 2 2 2 

120 kV 7 mAs non-SEMAR soft tissue 2 2 3 3 3 2 

120 kV 14 mAs non-SEMAR soft tissue 3 3 3 3 3 2 

100 kV 7 mAs SEMAR soft tissue 1 1 2 1 2 1 

120 kV 7 mAs SEMAR soft tissue 2 1 2 2 3 1 

120 kV 14 mAs SEMAR soft tissue 2 1 2 1 2 1 

100 kV 7 mAs non-SEMAR bone 2 2 3 2 2 1 

120 kV 7 mAs non-SEMAR bone 3 3 3 2 2 1 

120 kV 14 mAs non-SEMAR bone 1 2 3 2 2 2 

100 kV 7 mAs SEMAR bone 1 1 2 2 2 1 

120 kV 7 mAs SEMAR bone 1 1 2 2 2 1 

120 kV 14 mAs SEMAR bone 2 2 2 2 2 1 
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Table C: Qualitative image analysis results of the influence of the implant material on the visibility of the 

bones and implant components and on the presence of metal and motion artifacts.  
Q1 Q2 Q4 Q6 

CoCr implant frame 1 4 4 4 4 

CoCr implant frame 2 4 4 4 4 

CoCr implant frame 3 3 4 4 3 

Zr implant frame 1 3 3 2 2 

Zr implant frame 2 3 3 3 2 

Zr implant frame 3 3 3 3 3 

 

Table D: Quantitative image analysis results of the influence of tube voltage, tube current and reconstruction 

technique on static CT image quality. 

  HU mean Image noise SNR 

100 kV 10 mAs non-SEMAR soft tissue  259.37   376.03   0.69  

120 kV 10 mAs non-SEMAR soft tissue  199.48   347.89   0.57  

120 kV 40 mAs non-SEMAR soft tissue  199.03   346.99   0.57  

120 kV 150 mAs non-SEMAR soft tissue  179.16   351.62   0.51  

100 kV 10 mAs SEMAR soft tissue  980.35   697.53   1.41  

120 kV 10 mAs SEMAR soft tissue  782.51   538.46   1.45  

120 kV 40 mAs SEMAR soft tissue  761.22   508.08   1.50  

120 kV 150 mAs SEMAR soft tissue  752.81   527.17   1.43  

100 kV 10 mAs non-SEMAR bone  192.92   408.18   0.47  

120 kV 10 mAs non-SEMAR bone  174.62   383.73   0.46  

120 kV 40 mAs non-SEMAR bone  206.83   375.91   0.55  

120 kV 150 mAs non-SEMAR bone  180.76   379.27   0.48  

100 kV 10 mAs SEMAR bone  836.35   624.96   1.34  

120 kV 10 mAs SEMAR bone  720.67   516.41   1.40  

120 kV 40 mAs SEMAR bone  706.98   502.67   1.41  

120 kV 150 mAs SEMAR bone  696.17   516.30   1.35  
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Appendix 3: Cadaveric patellar tracking pattern pre versus 

post TKA 

This Appendix provides the differences in the patellar tracking patterns pre versus post 

TKA of the cadaveric knee. However, it should be noted that the observed patellar 

tracking patterns do not represent the actual patellar tracking patterns in a patient. This 

is due to the absence of quadriceps muscle activation and to the implantation of a left 

femoral component in a right knee.  

The pre and post TKA patellar flexion, tilt, rotation and shift at the four different 

tibiofemoral flexion angles are shown in Figure 6. Both pre and post TKA, the patellar 

flexion angle increased with an increasing tibiofemoral flexion angle. The post TKA 

patellar flexion angle was always higher than the pre TKA patellar flexion angle, with a 

maximum difference of about 20° which was observed at about 10° of knee flexion. Both 

pre and post TKA, the patellar tilt was medially oriented in the first degrees of 

tibiofemoral flexion and became laterally oriented after about 30° of knee flexion pre TKA 

and after about 15° of knee flexion post TKA. Pre TKA, the patella continued to tilt more 

laterally with an increasing tibiofemoral flexion angle. Post TKA, the patella also tilted 

more laterally with an increasing tibiofemoral flexion angle, but after 42° of tibiofemoral 

flexion, the patella tilted slightly less laterally. For knee flexion angles greater than 10°, 

the patellar tilt was always higher post TKA than pre TKA with a maximum difference of 

about 6° at a knee flexion angle of about 40°. Both pre and post TKA, patellar rotation 

was always medially oriented. Pre TKA, the patella rotated slightly more laterally in the 

first 25° of knee flexion and then rotated more medially with an increasing knee flexion 

angle. Post TKA, the patella rotated slightly more medially until 15° of knee flexion and 

then rotated more laterally with an increasing knee flexion angle. For tibiofemoral flexion 

angles greater than 25°, patellar rotation was more lateral post TKA than pre TKA, with 

a maximum difference of about 3° at a knee flexion angle of about 55°. Both pre and post 

TKA, the patellar shift was lateral for all knee flexion angles. Pre TKA, the patella shifted 

more laterally with an increasing knee flexion angle. Post TKA, the patellar shift was 

almost constant. Patellar shift was slightly more lateral post TKA than pre TKA for knee 

flexion angles until 30° and then became slightly more medial. However, the maximum 

difference in patellar shift pre versus post TKA was less than 1.5 mm. This maximum 

difference was observed at the first degrees of knee flexion.  

To visualize the patellar tracking pattern pre and post TKA, a projection of the origin of 

the patellar anatomical reference frame along the patellar AP axis on the (native or 

implant) femoral trochlea is depicted in Figure 7 for each of the four tibiofemoral flexion 

angles. Pre TKA, the patella entered the femoral trochlea from medially and then moved 

laterally with an increasing knee flexion angle. Post TKA, the patella entered the groove 

in the femoral component from laterally and then roughly remained at the same 

mediolateral position while the knee flexion angle increased. 
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Appendix 4: Transform parameter file for binary mask 

registration 
// ********************* 
// * rigid 
// ********************* 
 
// ********************* 
// * ImageTypes 
// ********************* 
(FixedInternalImagePixelType "float") 
(MovingInternalImagePixelType "float") 
(UseDirectionCosines "true") 
 
// ********************* 
// * Components 
// ********************* 
(Registration "MultiResolutionRegistration") 
(FixedImagePyramid "FixedSmoothingImagePyramid") 
(MovingImagePyramid "MovingSmoothingImagePyramid") 
(Interpolator "NearestNeighborInterpolator") 
(ResampleInterpolator "FinalNearestNeighborInterpolator") 
(Metric "AdvancedMeanSquares") 
(Resampler "DefaultResampler") 
(Optimizer "AdaptiveStochasticGradientDescent") 
(Transform "EulerTransform") 
 
// ********************* 
// * Mask settings 
// ********************* 
(ErodeMask "false") 
 
// ********************* 
// * Optimizer settings 
// ********************* 
(NumberOfResolutions 4) 
(MaximumNumberOfIterations 250) 
(ASGDParameterEstimationMethod "DisplacementDistribution") 
(AutomaticParameterEstimation "true") 
(AutomaticTransformInitialization "true") 
(AutomaticTransformInitializationMethod "CenterOfGravity") 
(Scales 10000.0 10000.0 10000.0 1.0 1.0 1.0) 
 
// ********************* 
// * Pyramid settings 
// ********************* 
(NumberOfHistogramBins 32) 
 
// ********************* 
// * Sampler parameters 
// ********************* 
(NumberOfSpatialSamples 2500) 
(ImageSampler "RandomCoordinate")  
(CheckNumberOfSamples "true") 
(NewSamplesEveryIteration "true") 
(MaximumNumberOfSamplingAttempts 5) 
 
// ********************* 
// * Output settings 
// ********************* 
(DefaultPixelValue 0) 
(WriteTransformParametersEachIteration "false") 
(WriteTransformParametersEachResolution "false") 
(WriteResultImage "true") 
(ResultImageFormat "mha") 
(ResultImagePixelType "float") 
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Appendix 5: Transform parameter file for image registration 
// ********************* 
// * rigid 
// ********************* 
 
// ********************* 
// * ImageTypes 
// ********************* 
(FixedInternalImagePixelType "float") 
(MovingInternalImagePixelType "float") 
(UseDirectionCosines "true") 
 
// ********************* 
// * Components 
// ********************* 
(Registration "MultiResolutionRegistration") 
(FixedImagePyramid "FixedSmoothingImagePyramid") 
(MovingImagePyramid "MovingSmoothingImagePyramid") 
(Interpolator "BSplineInterpolator") 
(ResampleInterpolator "FinalBSplineInterpolator") 
(Metric "AdvancedMattesMutualInformation") 
(BSplineInterpolationOrder 1)  
(Resampler "DefaultResampler") 
(Optimizer "AdaptiveStochasticGradientDescent") 
(Transform "EulerTransform") 
 
// ********************* 
// * Mask settings 
// ********************* 
 (ErodeMask "true") 
 
// ********************* 
// * Optimizer settings 
// ********************* 
(NumberOfResolutions 1) 
(MaximumNumberOfIterations 500) 
(ASGDParameterEstimationMethod "DisplacementDistribution") 
(AutomaticParameterEstimation "true") 
(MaximumStepLength 0.001) 
(AutomaticTransformInitialization "false") 
(AutomaticScalesEstimation "true") 
 
// ********************* 
// * Transform settings 
// ********************* 
(HowToCombineTransforms "Compose") 
 
// ********************* 
// * Pyramid settings 
// ********************* 
(NumberOfHistogramBins 32) 
 
// ********************* 
// * Sampler parameters 
// ********************* 
(NumberOfSpatialSamples 5000) 
(ImageSampler "RandomCoordinate")   
(CheckNumberOfSamples "true") 
(NewSamplesEveryIteration "true") 
(MaximumNumberOfSamplingAttempts 5) 
(FinalBSplineInterpolationOrder 3) 
 
// ********************* 
// * Output settings 
// ********************* 
(DefaultPixelValue -2048) 
(WriteTransformParametersEachIteration "false") 
(WriteResultImageAfterEachResolution "true") 
(WriteResultImage "true") 
(ResultImageFormat "mha") 
(ResultImagePixelType "float") 



 

 


	4f486259-8bff-4a89-b2a6-f91fc9814c9f.pdf
	1. Introduction
	1.1. Research questions and thesis outline

	2. Materials and methods
	2.1. Data acquisition
	2.2. Search for suitable dynamic CT imaging method
	2.2.1. Qualitative image analysis
	2.2.2. Quantitative image analysis
	2.2.3. Effective dose calculation

	2.3. Assessing the patellar tracking pattern
	2.3.1. Segmentation
	2.3.2. Registration
	2.3.3. Patellar motion analysis


	3. Results
	3.1. Search for suitable dynamic CT imaging method
	3.1.1. Qualitative image analysis
	3.1.2. Quantitative image analysis
	3.1.3. Effective dose calculation

	3.2. Assessing the patellar tracking pattern

	4. Discussion
	5. Conclusion
	References
	Appendix 1: Design space exploration for assessing the patellar tracking pattern
	Segmentation
	Registration
	Patellar motion analysis

	Appendix 2: Qualitative and quantitative image analysis results
	Appendix 3: Cadaveric patellar tracking pattern pre versus post TKA
	Appendix 4: Transform parameter file for binary mask registration
	Appendix 5: Transform parameter file for image registration


