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1
General introduction 

Approximately 1.71 billion people suffer from musculoskeletal disorders worldwide, 
making it the leading cause of disability3. Due to the aging population this number 
is rapidly increasing, significantly limiting peoples’ mobility, wellbeing and ability to 
participate in society. As a result, the direct and indirect social and economic burden 
of musculoskeletal disorders is high and continues to grow. After low back pain, knee 
pain is the most common musculoskeletal condition, affecting 1 in 5 of the general 
population and 1 in 4 of young, active adults and adolescents at some point14. 

The knee consists of three bones, the femur (thigh bone), tibia (shin bone) and the patella 
(kneecap) that are connected by ligaments and tendons. Together these form two joints; 
the tibiofemoral joint (TFJ) connecting femur and tibia and the patellofemoral joint (PFJ) 
between the femur and the patella (figure 1). The patella is the largest sesamoid bone in 
the body and is part of the knee extensor mechanism. While it was initially thought the 
sole function of the patella was to act as a lever arm for the quadriceps muscle during 
extension, research indicates that the patella influences motor control of movement4, 6. 

Figure 1. Anatomy of the knee. The knee consist of two joints; the tibiofemoral joint, between the 
femur and tibia and the patellofemoral joint, between the femur and patella31.
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The TF and PF joint collectively have 12 degrees of freedom (DoF), as the femur, patella 
and tibia can all rotate and translate along three axis. During flexion and extension of 
the knee, complex movement occurs in all DoF. From full extension to approximately 30° 
of flexion, the patella is situated superior to the femoral trochlea and medial and lateral 
movement is mainly constrained by the soft tissues. At approximately 30° of flexion, the 
patella engages with the femoral trochlea and bony congruence is the primary restraint 
for medial or lateral movement24, 30. 

The patellofemoral joint is a source of common pathologies, with patellofemoral pain 
(PFP) being the most prevalent symptom27. Patellofemoral pain and patellar disorders are 
associated with patellar maltracking, a condition in which the patella follows an unusual 
path to and through the femoral trochlea. Patellar tracking is governed by an intricate 
interplay between the soft tissues, neuromuscular control and bony congruence of the 
patella and femur22, 24. If this interplay is severely disrupted, (sub) luxations of the patella 
from the trochlear groove may occur, which is referred to as patellofemoral instability 
(PFI). Patella luxations are painful and may cause damage to neighbouring tissues. In 
the short term, this restricts movement and ability to participate in exercise. On the 
long term, patellofemoral pain and instability have been associated with osteoarthritis7. 

Although the mechanism behind development of patellar maltracking and 
patellofemoral instability has not been fully understood, several predisposing factors 
have been identified, such as21:
• Laxity of the medial soft tissue constraints and/or (over)tightness of the lateral soft 

tissue constraints, which cause the patella to move in lateral direction (too) easily. 
• Trochlear dysplasia, a pathological morphology of the femoral trochlea that causes 

incongruency between the femur and the trochlea reducing (lateral) constraint. 
• Patella alta (high riding patella) where the patella has a superior position with 

respect to the trochlear groove. As a result the patella engages with the femoral 
trochlea at flexion angles larger than the typical 30°, which can cause the patella to 
luxate more easily. 

• Pathological knee alignment, which can cause the lateral component of forces 
acting on the patella to become too large, resulting in luxation. Examples are valgus 
alignment (knock knees) or excessive femoral anteversion, an inward rotation of the 
femur leading to ‘kneeing in’. 

• Insufficient neuromuscular control, which can cause altered onset and duration 
of medial muscle activation during active daily tasks, contributing to more lateral 
forces and subsequent movement of the patella. 

If patellofemoral instability persists, various (surgical) treatments may be considered 
which aim to restore the normal movement (kinematics) of the knee. As the cause 
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of patella maltracking often is complex and multifactorial, treatment is equally 
complex. Choosing the right treatment therefore requires an accurate diagnosis and 
quantification of biomechanical causes of pain or instability. For this purpose, numerous 
different classifications and measurements have been developed. These classifications 
and measurements are made on the basis of both physical examination and/or medical 
imaging. While physical examination can be performed during knee movement, 
the results are dependent on the practitioner and therefore difficult to generalise, 
manifested by weak interrater reliability1,16,28. In addition, despite being dynamic, 
movement during physical examination is often passive (i.e. without muscle activation) 
rendering the measurement unrepresentative of a physiological situation. 

Measurements for patellar maltracking that are based on medical imaging have a slightly 
better interrater reliability, but these measurements are typically performed on static 
images, with the patient lying still on their back11. Potential vital information that is 
needed to determine the biomechanical cause of maltracking, such as the effect of joint 
motion and the influence of the soft tissues and muscles is thereby not captured. As 
there is a weak correlation between static measurements and dynamic knee kinematics, 
performing measurements on static images may not be the best method to identify and 
quantify the patient specific cause of patellar maltracking13.

For this reason, multiple in-vivo imaging techniques have been developed and 
researched for the purpose of dynamic diagnosis and postoperative evaluation of 
(surgical) interventions of the knee8,10,25,26. This involves the use of different imaging 
modalities such as fluoroscopy, dynamic MRI and dynamic CT while applying different 
loading conditions, such as a squat, lunge or flexion-extension movement against 
gravity. 

In multiple review studies, current state of the art and applications of dynamic imaging 
for the patellofemoral joint was studied5,18,23. These studies concluded that dynamic 
imaging is able to provide an in-depth understanding of the (patient specific) kinematics 
of the tibiofemoral and patellofemoral joint and underline the importance of dynamic 
imaging to identify the biomechanical cause of disorders and evaluation of intervention. 
However, despite providing potential valuable information, dynamic imaging is rarely 
used in a clinical setting. 

Apart from obvious causes such as the unavailability of dynamic imaging technology, 
there are other practical causes that prevent widespread use in daily clinical practice. 
For example, technique dependent limitations, such as time-consuming scan protocols 
or protocols that require intensive coordination and cooperation of the patient, are 
unfeasible for frail patients with painful knees. Furthermore, previous dynamic imaging 
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studies used manual measurements and manually determined coordinate systems, 
which are necessary for the kinematic description. In the case of dynamic imaging, 
this is not only too time-consuming for use in clinic practice, but also introduces 
inter- and intra-rater variability that makes it difficult (if not impossible) to compare 
and generalise results from different studies11,19. Lastly, definitions and methods used 
to describe tibiofemoral and patellofemoral remain ambiguous2,15. This complicates 
the comparison, combination and interpretation of the complex movements of the 
tibiofemoral and patellofemoral joint across different studies. 

Of the different modalities, dynamic computed tomography (CT) has the most 
straightforward and least time-consuming scan protocol and therefore seems to be a 
promising method for use in the clinic and with frail patients. Using a rotating Xray 
source and a detector plate, a CT scanner is able to create high resolution 3D volumetric 
images. First generation CT scanners had a single row of detectors, allowing one 
detector-sized slice to be imaged per rotation17. Through improved sensor technology, 
reconstruction algorithms and increased computational power, current CT scanners can 
scan multiple slices at higher resolution. Recent innovations in multislice imaging allow 
imaging of 320 slices at once with a slice thickness of 0.5mm. As a result, 160 mm of 
axial slices can be imaged per rotation of the gantry. By imaging in quick succession, 
anatomical structures within the field of view of 160 mm can by dynamically imaged 
similar to video. This offers possibilities for dynamic diagnostic imaging of knee 
kinematics and its pathologies. 

Dynamic CT or 4DCT was originally introduced in cardiology for coronary angiography 
and has since then been introduced in other fields such as neurology and orthopaedics 
[20]. Due to high spatial and temporal resolution, dynamic CT imaging of the knee 
may offer a means of unravelling the complex aetiology of patellofemoral disorders. 
Combined with relatively short duration and simplicity of a dynamic CT scan protocol, 
it is theoretically feasible to use it in a clinical setting. However, before dynamic CT 
imaging can be implemented in the clinical workflow of patients with patellofemoral 
disorders, a number of challenges will need to be addressed. This thesis addresses some 
of these challenges and explores how dynamic CT can be implemented in the clinical 
workflow of patients with complex knee alignment disorders.

Thesis outline 

The aim of this thesis is to implement dynamic CT imaging in the clinical workup of 
complex knee disorders in order to objectively quantify knee kinematics and the 
effect of patellofemoral instability. To this purpose, several methods are proposed to 
automatically extract knee kinematics from dynamic CT images. The results from these 
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studies provide insights in the limitations of current diagnostic measurements and how 
dynamic CT imaging could improve diagnosis and treatment of knee disorders of a 
dynamic nature. 

Many different methods can be used to describe and quantify knee kinematics. The 
method of kinematic description not only influences the results, but also determines 
the extent to which it can be interpreted, normalised and visualised. Because of the 
straightforward interpretation and visualisation, anatomical coordinate systems and 
their position over time are commonly used for the description of knee kinematics. 
Anatomical coordinate systems are calculated based on the geometry and orientation 
of bones, and relative motions between them are described around and along the axes 
of these coordinate systems. However, anatomical coordinate systems are non-identical 
as a result of anatomical differences within a population. As a result, differences found 
in the description of knee kinematics may partly be explained by anatomical differences 
rather than by knee pathologies. The lack of a generally accepted, accurate and consis-
tent knee coordinate system complicates inter-subject comparison of knee kinematics. 
In chapter 2 the sensitivity of an anatomical coordinate system to anatomical variations 
found in a population is determined using a statistical shape model. 

In chapter 3 we determine the sensitivity of the Tibial Tuberosity-Trochear Groove (TT-
TG) distance to specific patient positioning inside the CT scanner. The TT-TG distance 
is a commonly used measurement to determine the insertion of the patellar tendon 
on the tibia in relation to the femoral trochlear groove and is based on static imaging. 
The measurement is performed in the coordinate system of the CT scanner assuming 
that the patient is correctly positioned within the scanner, which may not always be 
the case. The measurement is often used to determine whether surgical treatment is 
necessary and therefore has a significant influence on clinical decision making. In this 
chapter we determine if and to what extent the TT-TG distance measurement is affected 
by variations in patient positioning during scanning. Furthermore, we determine the 
extent to which these alignment deviations occur during routine CT scans of the knees 
where a standard alignment protocol is used.

Knee movement, loading and knee morphology are related and altered knee 
morphology due to pathology or trauma can therefore affect movement and change 
tissue loading9,29. Therefore, an important question in orthopaedic and trauma surgery is 
how morphology and function of damaged anatomical structures can be reconstructed 
in order to restore normal movement. In case of non-congenital defects, such as trauma, 
the unaffected contralateral joint is commonly used as a guide for treatment. In chapter 4  
the symmetry of the left and right tibial plateau of young healthy individuals are 
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quantified to determine whether left-right mirroring can be used as a reliable method 
to optimize 3D surgical planning of patients with fractures in the tibial plateau.

Patellofemoral disorders are commonly associated with patella maltracking but what 
patellar maltracking exactly involves is complicated and ill-defined. In chapter 5 
normative tibiofemoral and patellofemoral kinematics are determined from 100 healthy 
volunteers. For this purpose, a fully automatic method of extracting knee kinematics 
from dynamic CT was developed which is presented in this chapter. In addition to 
median knee kinematics, the results of this study show the degree of variability present 
in a healthy population. These results may be used to demonstrate how and to what 
extent knee disorders affect knee kinematics and provide insights into native knee 
kinematics. The latter can be used to restore the kinematics of affected knees.

In chapter 6, three-dimensional tibiofemoral and patellofemoral kinematics of 39 
patients with patellofemoral disorders are compared to 100 healthy volunteers. This 
section demonstrates whether and to what extent there are statistically significant 
differences between these populations. Understanding these differences is vital for 
improving diagnosis and treatment of patellofemoral maltracking disorders and to 
unravel the complex aetiology.

Finally, in chapter 7 the results of this thesis are summarized and discussed and indi-
cates for future research are formulated. 
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Abstract

Introduction: Accurate assessment of knee kinematics is important to investigate knee 
pathology and the effect of orthopaedic interventions. Anatomical coordinate systems 
are used to describe knee kinematics but inherently show interpersonal differences. 
The purpose of this study was to determine the sensitivity of an anatomical coordinate 
system of the knee to anatomical variation, and to establish its effect on the description 
of knee kinematics. 

Methods: A statistical shape model of the knee was made based on a CT dataset. 
The statistical shape model was used to generate shapes with a specific variation. A 
coordinate system was calculated and the rotations relative to a mean coordinate 
system were calculated. From a dynamic CT dataset, knee kinematics were calculated 
for a flexion-extension movement. The largest rotational changes of the coordinate 
systems were then applied to the knee kinematics. 

Results: The femoral and tibial coordinate system were relatively insensitive to 
anatomical variation, while the patellar coordinate system showed a larger sensitivity. 
Hence, tibiofemoral kinematics could be calculated with an accuracy of <5.01°, while 
patellofemoral kinematics showed a noticeably larger range of uncertainty (<13.48°). 

Conclusion: The findings from this study can be used to investigate whether differences 
in knee kinematics are due to anatomy or pathology. 
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Introduction

Accurate assessment of knee kinematics is important to investigate knee pathology 
and to investigate the effect of orthopaedic interventions. Although knee disorders 
predominantly cause problems during dynamic activities, current diagnostic imaging 
and associated radiological measurements are primarily performed on static images. 
Consequently, crucial information on the effect of joint motion or the influence of soft 
tissues such as ligaments and muscles is being ignored. The relationship between static 
radiological measurements and their effect on joint dynamics remain unclear. Surgical 
interventions based on these measurements may therefore be sub-optimal. 

Innovations in the field of multislice CT imaging allow for dynamic CT imaging. After 
being introduced in the field of cardiology, dynamic CT imaging (4DCT) has made its way 
to other fields such as orthopaedics1. Dynamic CT imaging of the knee during a flexion-
extension movement allows in-depth assessment of tibiofemoral and patellofemoral 
kinematics. However, in order to be able to use 4DCT imaging for diagnostic purposes, 
suitable joint reference frames are required to describe the joint kinematics.

Over the last decades many methods have been proposed to describe and quantify 
knee joint kinematics, for example using a finite helical axis2–5, or using the position 
and orientation of an anatomical coordinate system over time6–8. Because it does not 
depend on anatomy, the helical axis has shown to be an accurate method to describe 
and reproduce knee motion, but clinical interpretation, visualization and normalization 
are complex and not always intuitive9. Anatomical coordinate systems, on the other 
hand, are easier to interpret, but they are inherently non-identical due to inter-subject 
anatomical differences, introducing uncertainties in the description of kinematics that 
are related to anatomy rather than movement itself. The lack of a generally accepted, 
accurate and consistent knee coordinate system complicates inter-subject comparison 
of knee kinematics. This in turn makes it difficult to quantify the effects of musculoskeletal 
disorders on joint function and kinematics, and to discriminate between kinematic 
differences caused by anatomical variation or pathology. 

Previously, several studies examined the interrater variation of coordinate systems7,8,10. 
However, these studies have not investigated the influence of inter-subject anatomical 
differences on the coordinate system, and their effect on the description of knee 
kinematics. This issue was recognized and addressed by Kedgley et al. who studied 
the effect of coordinate system rotations based on manually determined landmarks11. 
That study underlined the need for an automated standardized coordinate system, but 
lacks information on the relationship between the coordinate system variation and 
anatomical variation. 
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In a similar study by Morton et al. the effect of landmark variation on the kinematic 
description of the knee was examined by means of probabilistic analysis12. While this 
study sheds light on the sensitivity of kinematic descriptions to landmark variation, the 
landmarks were probed manually and landmark variation was not representative for 
variations that are seen in populations.

In the current paper we investigate the sensitivity of a coordinate system to anatomical 
shape variations using a statistical shape model. Using knee kinematics extracted from 
dynamic CT imaging, we investigated how variations of the coordinates system due to 
common anatomical variation may influence the description and quantification of knee 
kinematics.

Materials & Methods

In order to investigate the sensitivity of a coordinate system to anatomical shape 
variations, two imaging datasets were used: a conventional CT dataset for generation 
of a statistical shape model and a dynamic CT dataset for the extraction of knee 
kinematics. The statistical shape model was used to quantify the anatomical variation. 
Next, coordinate systems were assigned to the shape models while perturbating the 
most prominent shape variations to simulate the effect of anatomical variation on 
the location and orientation of the coordinate systems. Finally, these variations in 
coordinate systems were applied to a dataset of dynamic CT scans to determine the 
effect of anatomical variation on joint kinematics. Figure 1. shows a flowchart of the 
adopted methodology. 

Effect of anatomical
varia on on knee joint

coordinate system

Dynamic CT dataset

Conven onal CT
dataset

Sta s cal shape
model and anatomical

varia on

Effect of anatomical
varia on on

descrip on of knee
kinema cs

Figure 1. Flowchart of the materials and methods From conventional CT data, statistical shape 
models of the femur, tibia and patella were made in order to quantify anatomical variation. The 
effect of anatomical variation on the knee coordinate system was then calculated. From a second 
dynamic CT dataset, knee kinematics were extracted. The previously found, worst case effect of 
anatomical variation on the coordinate system was then applied to the coordinate system of the 
dynamic dataset. From this the effect of anatomical variation on the description of knee kinematics 
using the anatomical coordinate system was calculated.
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Conventional CT dataset
An anonymized CT dataset was obtained from the radiology department of the Rad-
boudumc for which ethical approval was given by the local ethical committee. The me-
dian voxel dimensions were 0.782x0.782x1 mm. From 79 (17 female, 62 male) complete 
datasets, the femur, patella, and tibia were manually segmented by an experienced lab 
technician using Mimics (Materialise, Leuven, Belgium), and stored as surface meshes. 
Datasets that showed visible defects such as lesions or excessive bone proliferation 
were excluded. 

Dynamic CT dataset
Ethical approval was obtained from the institutional ethical committee to scan 20 pa-
tients with patellofemoral instability using a dynamic CT scan protocol. 

Patients were scanned with a Canon Aquilion ONE Prisma (Canon medical systems) CT 
scanner, creating 320 images with voxel dimensions of 0.976x0.976x0.5mm for dynamic 
scanning and 626 images with the same in plane resolution for the static scan. 

A single high resolution scan (field of view 500 mm) was made of both knees in full 
extension. The scanner table was then moved to the end of the scanner and a pillow was 
placed in the patient’s poplitial fossa, allowing free movement of the knee within the 
field of view of the scanner (figure 2). 

Figure 2. a) High resolution static scan with 50cm field of view. b) & c) Medium resolution dynamic 
scan from 90 degrees of flexion to full extension and back against gravity, with 16 cm field of view.

Patients were asked to perform a knee extension-flexion movement from 90° to 0° of 
flexion and back to 90° in approximately 10 seconds. The dynamic scanning sequence 
was initiated after the patient had performed a few practice runs and the radiologist 
was satisfied with the pace of movement, in order to minimize any inconsistencies and 
possible motion artifacts. During the flexion-extension movement 41 CT images were 
made. 
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The static and dynamic images were automatically segmented using a trained 3D 
DenseUNet with Adam optimizer13. Each segmented mask was converted to a surface 
mesh using Matlab R2018b.

Statistical shape model and anatomical variation
To create a statistical shape model (SSM) of the femur, patella, and tibia, the meshes 
were loaded in Matlab R2018b, where all structures were smoothed (5 iterations, 
lambda: 0.6), remeshed to improve mesh quality, and downsampled (12000 vertices for 
tibia and femur, 5000 for the patella). All meshes were registered separately to their 
corresponding structure (i.e. femur, patella, and tibia) of one randomly chosen knee 
using a coherent point drift (CPD) algorithm14. Correspondence points were established 
simultaneously. 

Principal component analysis was performed on the correspondence points, and eigen-
vectors and eigenvalues were calculated using singular value decomposition. 

The mean shape was calculated by summing the correspondence points divided by the 
number of datasets.

The model compactness and generalization ability were determined using a ‘leave-one-
out’ approach. The generalization ability is the ability of the model to describe a shape 
that was not in the training set and is determined by fitting the SSM to a shape that is 
left out of the training set and calculating the root mean square error15–17. 

The described variation per principal component, the cumulative described variation 
and the generalization ability were visualized in a box-line plot (figure 3).

Anatomical coordinate systems
The definition of the anatomical coordinate system was based on the paper by Miranda 
et al., with minor adaptations. A detailed description on the coordinate system and 
the adaptions can be found in Chen et al.18 and Miranda et al7. All coordinate frames 
consisted of three orthogonal axes: the superior-inferior (SI) axis, the medial-lateral (ML) 
axis and the anterior-posterior (AP) axis. A brief description of the coordinate systems 
is given below.

First, the inertial axes of the femur were calculated using a flood fill algorithm, filling 
the shape with point masses. In order to calculate the ML axis, the vertices on the 
articulating surfaces of the femur were identified by fitting separate cylinders through 
the femoral condyles. The center of mass of the faces corresponding to the articulating 
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vertices were projected on their respective cylinders resulting in two points, which 
formed the ML axis. The origin of the coordinate system was defined in the middle of 
these points. The AP axis was calculated by taking the cross product of the calculated 
ML axis and the previously calculated 3rd inertial axis (the long axis of the femur). Lastly, 
the SI axis was calculated as the cross-product of the ML and AP axis, resulting in an 
orthogonal femoral coordinate system. 

For the patellar coordinate system, first, the inertial axis and center of mass were 
calculated. Next, a plane was fitted through the 30% most anterior vertices of the patella, 
based on the inertial axis. The AP axis was then calculated perpendicular to this plane 
with its origin in the center of mass of the patella. The sign of the axis was determined 
in agreement with the external frame. Using an iterative algorithm the vertex furthest 
away from the center of mass perpendicular to the AP axis was calculated and labelled 
as the inferior pole. The vector between the center of mass and the inferior pole was 
taken as the SI axis. Lastly, the ML axis was calculated as the cross product of the AP and 
ML axis. The origin of the coordinate system was the center of mass. 

To determine the tibial coordinate system, the method proposed by Miranda et al. was 
used. The inertial axes of the tibia were calculated using the flood fill algorithm. The 
largest cross sectional area along and perpendicular to the 3rd inertial axis (the long axis 
of the tibia) was calculated, after which the tibial plateau was separated with a mesh 
cutting algorithm. The AP,ML and SI axis correspond to the 2nd, 3rd and 1st inertial axis. 
The origin was the center of mass of the tibial plateau. Figure 4 shows an example of the 
femoral, patellar and tibial coordinate system. 
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Figure 3. Coordinate system of femur, tibia and patella

The effect of anatomical variation on the knee joint coordinate system
To determine the effect of variation on the coordinate systems, first, the number 
of principal components (PCs) needed to describe 95% of the shape variation was 
determined for the femur, patella and tibia separately. By varying each of these isolated 
PCs from -2 to +2 standard deviations with increments of 0.2 standard deviations, while 
maintaining all others at zero, 21 shape instances per PC were created. 

For each of the shape instances the coordinate system was calculated. The difference in 
orientation of the axes of the newly calculated coordinate system and that of the mean 
shape was determined and visualized per PC in a boxplot (Figure 5).

Changing the shape, and scaling in particular, also affects the location of the origin of 
the coordinate system. When comparing translations between patients, relative numbers 
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or ratios should be used. However, this is not possible for rotations. For this reason only 
rotations are considered in the current paper.

Determination of the effect of anatomical variation on description of knee 
kinematics
The coordinate systems of the femur, patella and tibia were calculated for each of the 20 
patients in the 4DCT dataset. The static meshes were then registered onto the dynamic 
counterparts using a coherent point drift algorithm (Myronenko 2010). The rotations and 
translations of this registration were saved and applied to the static coordinate system, 
resulting in41 (the amount of time instances of the dynamic sequence) positions and 
orientations of the coordinate system per 4DCT. 

The maximal variations of the coordinate system that were found by varying the principal 
components of the statistical shape model were then applied to a randomly chosen, 
representative (static) coordinate system of the dynamic dataset. This was based on the 
principal component showing the largest rotation and was done for both the maximal 
negative rotation as the maximal positive rotation. The transformation superimposing 
the static and dynamic meshes was applied to the normal and perturbed coordinate 
systems to calculate their dynamic position and orientation. By calculating the angles 
between the coordinate systems, the (perturbed) kinematics were calculated. The 
angles between the 41 femoral, tibial, and patellar coordinate systems, were calculated 
in the conventional order (flexion, internal -external rotation, ab-adduction)19. 

Results

SSM
The femoral and tibial model were considerably more compact than the patellar model. 
Moreover, the first principal components of the femoral and tibial model described 
a large amount of cumulative variation, whereas the variation in the patellar model 
was distributed evenly over a larger number of PC’s. Six, twenty two and six principal 
components were required to describe 95% of the cumulative shape variation of the 
femur, patella and tibia, respectively. Respectively, the corresponding generalizability 
was 0.6, 0.9 and 0.4 mm. 

For all models, the influence of the first principal component was the greatest, and 
comprised a scaling factor. The quality metrics of the SSM are visualized in figure 3.
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Influence on static coordinate system
The femoral and tibial coordinate system showed less sensitivity to common anatomical 
variation than the patellar coordinate system. Although higher order principal components 
described an ever decreasing degree of variation, the largest rotations of the coordinate 
systems were found in higher order pcs. The largest rotations of femur, patella and tibia 
were found in the 6th, 9th and 5th principal components, respectively. These principal 
components described approximately 2%, 3% and 3% of the total variation found in that 
particular model, respectively. The effects of isolated anatomical variation is visualized in 
figure 5, and the extremes of the rotations are depicted in Table 1.

Rotations

  Femur Patella Tibia

  AP SI ML AP SI ML AP SI ML

Max + 1.31˚ 5.72˚ 1.23˚ 6.75˚ 3.07˚ 1.89˚ 3.05˚ 0.55˚ 1.57˚

Max - -1.11˚ -5.83˚ -1.14˚ -4.87˚ -2.82˚ -1.89˚ -1.62˚ -0.53˚ -1.45˚

Table 1. Overview of the largest rotations of the femur, patella and tibia coordinate 
system with respect to their counterpart calculated on the mean shape.

Rotation of the coordinate system
The largest rotation of the coordinate system of the femur was found around the SI-
axis (-5.83° to 5.72°), corresponding to an internal/external rotational movement of the 
femur. 

The rotation of the tibial coordinate system was largest around the AP axis (-1.61° 
to 3.05°), corresponding to ab/adduction movement of the tibia. The second largest 
rotation was around the ML axis (-1.45° to 1.57°), corresponding to a flexion-extension 
movement. 

The largest rotations or the patellar coordinate system was around the AP axis (-4.87˚ to 
6.75˚), corresponding to internal and external patellar rotation. The 2nd and 3rd largest 
rotation were around the SI- (-2.82˚ to 3.07˚) and ML- (-1.89˚ to 1.89˚) axis corresponding 
to patellar tilt and patellar flexion.
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Influence on kinematic description
Rotations of the anatomical coordinate system due to anatomical differences caused 
variations in the calculation of tibiofemoral and patellofemoral kinematics. The 
description of the tibiofemoral flexion and internal/external rotation angle was relatively 
insensitive to the common variation of the coordinate system. Calculating kinematics 
with the perturbed coordinate system yielded an ‘uncertainty’ range of 2.52° and 1.09° 
respectively. Description of ab/adduction was influenced to a larger extent with a 5.01° 
bandwidth. 

The description of patellofemoral kinematics were overall more influenced by common 
variations in the coordinate system. The flexion angle was the least affected and showed 
an average uncertainty of 3.53˚, followed by the patellar tilt with an uncertainty of 6.65˚ 
degrees, and lastly the patellar rotation with an uncertainty of 13.48˚ degrees. Figure 
6 shows the effects of calculating tibiofemoral and patellofemoral kinematics using a 
non-perturbed and perturbed coordinate system. 
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Figure 6. Tibiofemoral and Patellofemoral kinematics with a bandwidth for extremes of rotations 
found due to anatomical differences.
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Discussion

The aim of the current study was to determine the sensitivity of an anatomical 
coordinate system of the knee to isolated variations in anatomy, and to determine its 
effect on the quantification of tibiofemoral and patellofemoral kinematics. Our findings 
suggest that calculation of the tibiofemoral flexion, ab/adduction and internal/external 
rotation angles calculated with the described anatomical coordinate system is relatively 
insensitive to anatomical variations found in a population. To our knowledge, this is the 
first article that links anatomical variation directly to variations in knee kinematics. 

The femoral coordinate system showed the largest rotation around the SI axis (- 5.83˚ to 
5.72˚) in the 6th principal component, which translates to an internal-external rotation 
movement. The 6th principal component of the model influenced the femoral rotation. 
In cases where a severe femoral anteversion is seen, the effect on the description of 
patellofemoral kinematics should therefore be taken into account. 

The largest rotations found in the tibia coordinate system were found to be around the 
AP and ML axis, which showed considerable variation (AP -1.62˚ to 3.05˚, ML -1.45˚ to 
1.57˚). These results are in line with literature (Quintens et al. 2019), which show that 
the tibial plateau is subject to the largest variation found in the tibia. The tibial variation 
is reflected in the tibiofemoral kinematics in figure 6, which showed an uncertainty of 
±5.01˚ and 1.09˚ and 2.52˚ in the description of ab-adduction, internal-external rotation 
and flexion angle, respectively of the tibia with respect to the femur. The rotations found 
for the tibial and femoral coordinate system were in the same range as calculated in the 
paper by Miranda et al. even though it was calculated on a more diverse range of knee 
shapes. 

The maximum bandwidth of the tibiofemoral kinematics is 5.01 degrees. Considering 
the wide range of created shapes from -2 to +2, the tibiofemoral axis system can be 
considered robust and accurate. This accuracy is a meaningful outcome as it affects 
patellofemoral kinematics, which is often plotted against the tibiofemoral flexion angle. 
In addition, it offers the possibility to use the tibiofemoral angles for the interpolation 
of patellofemoral kinematics between two different timeframes of the dynamic dataset, 
possibly offering new insights and possibilities for better inter-subject comparison. 

The patellar coordinate system was more sensitive to anatomical variation, and hence, 
the description of patellofemoral kinematics showed larger uncertainty, in line with 
literature8. From Figure 5 we can conclude that shape variation of the patella was spread 
out over a larger number of principal components. This underlines that the patella 
does not have the distinct landmarks required for a robust coordinate system. This was 
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also reflected in the description of patellofemoral kinematics (figure 6), where a large 
uncertainty in patellar tilt and foremost patellar rotation was observed. Description 
of these parameters is largely influenced by the patellar anatomy. The significant 
uncertainty in the description of patellar rotation can be accredited to the large variation 
of the inferior pole of the patella. Although here again, the extreme variation has been 
applied to determine the kinematic uncertainty, and it is likely to be smaller in practice, 
this must be taken into account when attempting inter-subject comparison. The high 
variation of the patella raises the question whether it is possible to calculate a patellar 
coordinate system that is robust enough to allow accurate inter-subject comparison of 
rotation, tilt and flexion. 

It is difficult to compare the results of the current study with those from the literature, 
due to differences in coordinate system definitions. Morton et al. investigated to what 
extent a landmark-based coordinate system changes as a result of variations in landmark 
placement12. Similar to the present study, their research showed tibiofemoral kinematics 
is more robust to changes in landmarks than patellofemoral kinematics. In addition, as 
in the present study, the tibiofemoral flexion angle was most robust. Interestingly, the 
order of the axes that showed most of the rotations is different, which may be due to 
differences in the definition of the coordinate system. 

To our knowledge this is the first study that quantifies the sensitivity of an anatomical 
coordinate system to anatomical variation. The main strengths of this study are the 
parameterization of anatomical variation using an SSM, and the use of dynamic CT data 
for the calculation of knee kinematics. Results from this study can be used to define 
an accurate and unified description of tibiofemoral and patellofemoral kinematics 
that allows for discrimination between anatomical and pathological effects on joint 
movement. 

Several limitations should be noted. The first limitation relates to the data that was 
used for generating the SSM. The RMS error of the SSM is comparable to those found in 
literature. However, the data that was used to create the SSM was not exhaustive. There 
may be differences in knee anatomy between people of different ethnicities21,22. Adding 
more and/or diverse data would allow for a better generalization ability, and would 
more accurately describe all shape variations found in the population. In the current 
study, the maximum rotations found were used. However, as the box plots show, the 
majority of the rotations was smaller. Therefore, it is not expected that extending the 
data set will have a substantial impact on the outcome of this study.

The second limitation relates to the generation of shape instances used for sensitivity 
analysis of the coordinate system. A typical shape found in a population is a linear 
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combination of eigenvalues for the principal component that is added to the mean 
shape. Varying a single PC from -2SD to +2SD while maintaining all others at zero 
creates a shape instance that is unlikely to exist in reality. The current approach, 
however, allowed us to assess which specific anatomical variation caused a rotation of 
the coordinate system. 

A third limitation of this study is that the SSMs did not include the relation between 
the three separate models (i.e. femur, patella, and tibia). Information on congruency of 
the femur, tibia and patella were therefore lost in the process. Consequently, it was not 
possible to investigate mutual relationships in form, and to what extent they have a 
strengthening or cancelling effect on the bandwidth found in the kinematic descriptions.

Lastly, a single coordinate system was evaluated. The way a coordinate system is 
calculated obviously has an effect on its sensitivity for anatomical variation. The 
strength of the used coordinate system is that it is based the articulating surfaces and 
is widely used in literature. As the maximal rotations that were found were applied to 
a single representative kinematic measurement, it is not an exhaustive description of 
the possible ‘bandwidth’ of kinematic measurements of a larger population. However 
it does provide insight in the expected effect on the kinematic description of the knee 
joint. 

Understanding the impact of surgical interventions on joint biomechanics is important 
to improve surgical techniques and outcomes. It is difficult to determine the accuracy 
required for a successful intervention. However, as state of the art surgical navigation 
allows surgeons to perform surgery with an accuracy within 1mm and 1°, the evaluation 
of outcomes requires the same accuracy or better. Our results show that possible 
variation in kinematic measurement as a result of anatomical variation in a population 
is possibly larger. 

In conclusion, the description of both tibiofemoral and patellofemoral kinematics 
is influenced by anatomical variation. While tibiofemoral kinematic description is 
insensitive to anatomical variation (<5.01˚ variation), anatomical variation of the patella 
combined with the lack of distinct features complicate a general, unified coordinate 
system for the patella. The present study demonstrates the extent of uncertainty that 
can be expected when describing tibiofemoral and patellofemoral kinematics of a 
population, and to what extent meaningful comparisons can be made. 
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Abstract

Background: The TT-TG distance is a commonly used measure to distinguish between 
healthy and pathological lateral insertion of the patellar tendon on the tibia. Previous 
studies have reported on sensitivities of the TT-TG distance measurement to patient 
orientation in the scanner. The aim of this study was to determine the effect of differ-
ences in alignment of the femoral SI axis and the longitudinal axis of the CT scanner in 
the coronal plane (Scanner Femur Angle) on the TT-TG distance. 

Methods: One-hundred healthy subjects between 18-35 years underwent a CT scan of 
both knees. Calculation of the TT-TG distance was automated to ensure reproducibility. 
The SFA of both knees of all subjects was determined. SFA’s of -7° to 7° were simulated, 
to simulate different orientations of the subject in the scanner. The effect of orientation 
on the TT-TG distance was calculated.

Results: Image data of 97 healthy subjects were included. The mean TT-TG distance in 
scanned orientation was 13.28±3.76mm. The mean TT-TG distance was 12.49±3.85mm. 
The mean SFA was 1.02±2.23°. Simulating changes the SFA resulted in changes in the 
measured TT-TG distance. For every degree of change in SFA, a change of approximately 
1mm in TT-TG distances was observed.

Conclusion: The TT-TG distance is sensitive to changes in the SFA. The prevalence of 
SFA’s unequal to zero and poor recognition on the axial views on which the TT-TG is 
measured, suggest that errors that complicate intra- and intersubject comparison of the 
TT-TG distance, are easily introduced.
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Introduction

Patellofemoral instability is a knee disorder characterized by (partial) dislocations 
of the patella from the femoral trochlear groove. Patellofemoral instability is a result 
of an imbalance in forces that guide the patella to and through the trochlear groove 
during motion8. During knee flexion instability include trochlear dysplasia, excessive 
patellar tilt, lateral or proximal insertion of the patellar tendon on the tibia and valgus 
malalignment13. 

During knee flexion, the quadriceps muscle exerts force on the patellofemoral joint, 
transmitting that force through the patellar center and patellar tendon to the tibia4. 
A lateral insertion of the patella tendon on the tibia causes a lateralizing force on the 
patella. When this force becomes too large, the patella can (sub)luxate. 

The lateral insertion of the patellar tendon is commonly quantified with the Tibial 
Tuberosity – Trochlear Groove (TT-TG) distance, which was widely introduced by 
Dejour et al2. The purpose of the TT-TG distance is to quantify the lateral pull of the 
patellar tendon on the patella. The TTTG distance has absolute cut-off values to assess 
clinical pathology. Distances below 15mm are considered normal, between 15-20mm 
are considered threshold values, and TT-TG larger than 20 is considered too large6. For 
patients with a TT-TG distance larger than 20mm, surgical treatment is considered to 
medialize the insertion of the patellar tendon, and to restore physiological patellar 
tracking. 

The TT-TG distance is commonly measured on MRI or CT images of the subject in passive 
supine position. On the axial slices, the slices containing the Tibial Tuberosity (TT) and 
the Trochlear Groove (TG) are selected and superimposed. The TT and TG points are 
selected and on the TG slice the Posterior Condylar Line (PCL) is drawn. The distance 
between the TT and TG parallel to the PCL is the TT-TG distance.

Several publications reported on the effect of patient orientation and pose in the scanner 
on the TT-TG distance measurement. For example, Tanaka and Saomalainen et al. have 
shown that the TT-TG decreases with increasing flexion angle9,11. This effect was most 
pronounced in the first 30° of flexion, where the tibia internally rotates with respect to 
the femur as a result of the screw home mechanism. The screw home mechanism causes 
a lateral translation of the TT, decreasing the TT-TG distance. 

Furthermore, Yao et al. reported on the influence of axial slice orientation on the TT-TG 
measurement14. This paper concluded that in a routine MRI scan up to 5° of abduction/
adduction of the femur with respect to the longitudinal axis (z-axis) of the scanner can be 
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expected, changing the axial slice direction and causing changes in TT-TG measurement 
approaching 40% of the total measurement. While multiplanar reconstruction (MPR) is 
able to negate the effect of ab/adduction on the axial slice orientation, this is rarely used 
in practice.

In a comprehensive meta-analysis, Tan et al. concluded that there were significant 
differences between the TT-TG distance measured on MRI versus CT10. When compared, 
TT-TG distances measured on CT were significantly larger than those measured on MRI. 
Furthermore, Ho et al. reported systematic technique dependent differences between 
CT and MRI5. As a result, measurements of the TT-TG distance based on CT and MRI do 
not seem to be interchangeable. 

Visually aligning subjects’ legs with the longitudinal axis of the CT scanner as during a 
routine CT scan, may therefore not provide sufficient standardisation, and may cause 
differences in measured TT-TG distances that are related to patient positioning rather 
than a lateral insertion of the patellar tendon. The TT-TG measurement continues to 
have an important role in distinguishing healthy and pathological insertion of the 
patellar tendon, and thus affects clinical decision making. It is vital to understand the 
effect of patient positioning inside the CT scanner on the TT-TG measurement to avoid 
under- or over-treatment of patients. 

The aim of this study is therefore twofold: 1) to determine the extent of differences in 
the orientation of the SI axis of the femur with respect to the longitudinal (z-axis) of the 
CT scanner in the coronal plane during a routine CT scan 2) to calculate the effect of this 
orientation on the TT-TG measurement. 

Materials & Methods

Institutional approval was obtained to perform a CT scan on 100 healthy volunteers. 
One-hundred subjects between the age of 18-35 years, without knee disorders, prior 
trauma or surgery to the knee, were recruited between 2020 and 2021 as part of an 
ongoing imaging study. Exclusion criteria were functional- or congenital disorders and 
diagnosed valgus malalignment. All participants signed an informed consent form prior 
to participating. 

All subjects underwent a high-resolution CT scan (voxel size 0.71x0.71x0.80mm) using 
the Canon Aquilion One CT scanner. The subject was positioned as during a routine 
CT scan of the knees; both legs in full extension and with feet pointing up while both 
legs were visually aligned with the longitudinal (z-axis) of the CT scanner. Data was 
pseudonymized and the left and right femur, patella, tibia and patellar tendon of all 
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subjects were segmented using a deep learning network7. Segmentation masks were 
transformed into 3D surface meshes with MATLAB, which were remeshed and smoothed 
to improve mesh quality12.

In order to determine to what extent there are differences in the orientation of the SI 
axis of the femur with respect to the longitudinal (z-axis) of the CT scanner in the coronal 
plane during a routine CT scan (hereinafter referred to as the Scanner Femur Angle or 
SFA), coordinate systems for the femur, patella and tibia were calculated. All coordinate 
systems consisted of a Superior-Inferior (SI), Anterior-Posterior (PD), Medial-Lateral (ML) 
axis and a coordinate system origin. The calculated femoral SI axis resembles the femo-
ral mechanical axis. A detailed description of the calculation of the coordinate systems 
can be found in a previously published articles1,3.

The SFA was calculated for the left and right femur of all subjects, and the mean and 
standard deviation of the SFA were determined. 

Landmarks
To ensure consistency of the measurement, calculation of the TT-TG distance was auto-
mated. Therefore the 3D coordinates of the trochlear groove, tibial tuberosity and pos-
terior condylar line were calculated, using a MATLAB algorithm. A detailed description of 
the landmark calculation, and how they compare to manually selected landmarks, can 
be found in previously published work1,3. The position of the automatically determined 
landmarks was visually checked by the first author and adjusted if necessary.

To calculate the effect of the SFA on the TT-TG measurement, the femur was first fully 
aligned with the CT scanner, by respectively aligning the posterior condylar line, femoral 
AP axis, and femoral SI axis with the x (horizontal) ,y (vertical) and z (longitudinal) axis of 
the CT scanner. The spatial relationship between the femur, tibia and all landmarks was 
maintained by applying the same transformation to all structures. The TT-TG distance in 
this ‘neutral’ orientation was calculated for all subjects as the difference between the TT 
and TG along the PCL, and the mean and standard deviation was calculated.

The difference between the TT-TG distance of the left and right knee was calculated 
in the scanner orientation and in the neutral orientation, to reveal if alignment causes 
interpersonal differences.

Yao et al. reported a mean SFA of 5°±2.3° in routine MRI scans14. Therefore a SFA of -7° 
to +7° was simulated with 1° increments, with respect to the neutral orientation. This is 
equivalent to a 7° adduction to 7°abduction orientation of the femur with respect to the 
longitudinal axis of the scanner. Again, the spatial relations between all structures were 
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maintained. Figure 1 shows an overview of the femur in neutral orientation, SFA = -7°, 
SFA = 7° and visualizes the effect on the TT-TG distance. The axial slices corresponding 
to these orientations are shown below the figure. 

As by definition the PCL is always in the same axial slice as the TG, the changing axial 
slice direction required recalculating the PCL. Therefore, for every orientation in the -7° 
to 7° range, the new PCL and the TT-TG distance along that line were calculated. 

a) b) c)

Figure 1. An overview of the different orientations of the femur with respect to the scanner z- axis 
(blue) and theircorresponding axial slices. The cyan line is parallel to the scanner z-axis and drawn 
from the TG point to the TT point. The green line is the TT-TG distance. a) The orientation where the 
SFA = -7° corresponding to an adducted leg. b) The neutral orientation where SFA = 0° and the femur 
SI axis is fully aligned with the scanner z-axis. c) The orientation where the SFA = +7° corresponding 
to an abducted leg.
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Results

One hundred healthy volunteers were successfully recruited, of which 71 were female 
and 29 were male. The mean age was 24±3.36 years and all subjects were between 18-
35 years old. 

Image data of three volunteers showed significant image artifacts and were excluded 
from further analysis. The remaining data of 97 volunteers was successfully segmented 
with the deep learning network. 

The TG, TT and PCL landmarks were calculated and visual inspection of the position of 
automatically calculated landmarks did not reveal anomalies. The mean TT-TG distance 
in scanned orientation was 13.28±3.76mm. All knees were rotated to the neutral 
orientation and the mean TT-TG distance in neutral orientation was 12.49±3.85mm. 

The femur SI axis was never fully aligned with the z-axis of the CT scanner. The mean 
and standard deviation of the SFA was 1.02±2.23° (range -5.88° to 6.62°) for the left 
femur and 1.07±2.21° (range -6.17° to 4.96° for the right femur). The mean and standard 
deviation of the sum of left and right SFA was -0.05°±2.28°.

Simulating changes in the SFA resulted in changes of the measured TT-TG distance. For 
every degree of change in SFA, a change of approximately 1mm in TT-TG distances was 
observed. Figure 2 shows the mean change and a trendline of the TT-TG distance for 
every degree SFA for all knees.
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Figure 2. A visual representation of the amount of change in TT-TG distance due to altered SFA.

Discussion

The TT-TG distance has an important role in distinguishing healthy and pathological 
insertion of the patellar tendon, and therefore affects clinical decision making. Previous 
studies have reported on sensitivities of the TT-TG distance measurement to patient 
orientation and pose in the CT and MRI scanner and that TT-TG measurements performed 
on MRI and CT images are not interchangeable. Although it is technically possible to 
correct any alignment issues after image acquisition using Multiplanar Reconstruction 
(MPR), this rarely happens in practice. The aim of this study was to determine the effect 
of differences in orientation of the SI axis of the femur and the longitudinal axis of the CT 
scanner or scanner femur angle, on the TT-TG measurement and to establish the mean 
SFA during a routine CT.

The key findings of this study are that the TT-TG distance measurement changes 
considerably if the SFA changes and that in many cases there is a substantial SFA. 
Figure 2 shows that for every degree change in SFA the TT-TG distance changes with 
approximately one millimeter. While the trend in the current data is similar to reported 
by Yao et al. ( 0.68mm/1° vs 1mm/1°), the absolute numbers are different14. This is to be 
expected as measurements performed on MRI and CT are not interchangeable, and TT-
TG distances measured on CT are significantly larger as a result of systematic differences 
in techniques5,10. 
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The effects as a result of SFA appear larger (~0.29mm/1° vs. 1mm/1°, respectively) than 
the effect of flexion on the TT-TG distance described in literature9. This can possibly 
be explained by the fact that a pure flexion rotation has no effect on the mediolateral 
position of the TT or TG, but the change in TT-TG distance is likely caused by internal/
external rotation of the tibia in the first degrees of flexion. However, changes in TT-TG 
due to slight flexion or ab/adduction can likely co-exist and complement each other, 
resulting in even larger variability. 

The mean SFA was 1.94°±1.49° and the maximum of 6.62°, while the sum of the SFA 
of the left and right femur was 0.05°±2.28°. This indicates that while the patient as a 
whole is generally aligned with the scanner z-axis, both femora are not. Furthermore, 
what becomes apparent from the axial views in figure 1, is that deviations in SFA of 
this magnitude (-7° to 7°) are hardly recognizable on the axial slices of the femur on 
which the measurement is performed. The combination of the significant effect of SFA 
on the TT-TG distance, the prevalence of SFA’s unequal to zero and poor recognition on 
the axial views on which the TT-TG is measured, indicate that there may be substantial 
differences of the measured TT-TG distance that are the result of patient orientation 
rather than lateral insertion of the patellar tendon.

Furthermore, although the sum of left and right SFA is centered around zero, the 
standard deviation is substantial (2.2816°). This may cause differences in TT-TG distance 
between the left and right knee. For this reason, caution is required when using the 
contralateral side as a guide during treatment of patients with patellar maltracking, for 
example for planning a tibial tubercle osteotomy. 

The change in TT-TG measurement as a result of SFA can be partly explained by 
trigonometry: an increased SFA will cause an increased TT-TG distance. As the posterior 
condylar line changes as a result of the rotation and cylindrical form of the femoral 
condyles this effect might be enhanced or negated. 

It is important to note that the choice of aligning the femoral SI axis with the scanner 
z-axis, rather than for example the tibial SI axis, was made for practical reasons and was 
considered the best method of conveying the importance of alignment. This study did 
not investigate whether this is the most effective way, and using the tibia alignment 
likely produces similar results. It may therefore not matter which structure is aligned, as 
long as it is done consistently.

Several limitations of the current study should be noted. Firstly, simulations were 
used in this study to investigate the effects of malalignment, rather than repeated CT 
scans with the aim to limit radiation exposure of participants. Unforeseen effects may 
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therefore not have been taken into account. However, the accuracy of rotations as in 
the present study cannot be imitated in an imaging study. No substantial differences in 
results between the effects of virtually relative to actual rotations are to be expected.

Secondly, this study was conducted on healthy subjects. The results of this study may 
therefore not be directly translatable to patients with patellofemoral instability, who 
may have a non-standard anatomy. However, this study indicates that TT-TG values 
are influenced by changes in SFA; it is highly likely that these differences are similar in 
healthy and pathological patient cohorts. 

This paper showed that the TT-TG measurement is highly sensitive to the SFA and stresses 
the importance of consistent alignment for reproducible TT-TG distance measurements. 
Due to physiological knee angles and poor visibility of alignment during the scan, 
alignment of both limbs with the scanner during scanning is challenging. It is therefore 
obvious to do this during post-processing, ideally using an automatically calculated 
anatomical coordinate system. This results in a TT-TG quantification that is consistent 
and performed in an objective, reproducible manner allowing more accurate intra- and 
intersubject comparison. As there is currently no widely accepted and available method 
to align the knee during scanning, the orthopaedic community should be aware of 
this sensitivity and, where possible, apply manual correction through interpolation to 
minimise differences.
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Abstract

Introduction: The tibial plateau is one of the crucial weight-bearing areas of the 
body. Fractures of the tibial plateau are intra-articular and therefore often technically 
challenging to treat. This study aims to investigate the symmetry of the left and right 
tibial plateau in young healthy individuals to determine whether left-right mirroring 
can be reliably used to optimize preoperative 3D virtual planning for patients with tibial 
plateau fractures. 

Methods: One hundred healthy subjects, without previous knee surgery, severe knee 
trauma, or signs of osteoarthritis were included for a previous dynamic imaging study 
of the knee. The subjects underwent a CT scan, scanning the left and right knee with 
a slice thickness of 0.8mm. 3D surface models of the femur, patella, and tibia were 
created using a convolutional neural network. The 3D models of the left and right tibias 
were exported to MATLAB © and the tibias were mirrored. The mirrored tibias were 
superimposed on the contralateral tibia using a coherent point drift surface matching 
algorithm. Correspondence points on both surfaces were established, the mean root 
squared distance was calculated and visualized in a boxplot and heatmaps.

Results: The overall mean difference between correspondence points on the left 
and right tibial plateau is 0.6276mm ± 0.0343mm. The greatest differences between 
correspondence points were seen around two specific surfaces on the outside the tibial 
plateau; where the distal tibia was cut 15mm below the tibial plateau and around the 
tibiofibular joint.

Conclusion: The differences between the left and right tibial plateau are small and 
therefore, we can be confident that the mirrored contralateral, unfractured, tibial 
plateau can be used as a template for 3D virtual preoperative planning for young 
patients without previous damage to the knee.
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Introduction

The tibial plateau is one of the crucial weight-bearing areas of the body. Fractures of 
the tibial plateau are intra-articular and therefore often technically challenging to treat. 
A bimodal distribution is seen in age; high-energetic trauma for younger patients in 
contrast to relatively low-energetic traumas in older patients with osteoporosis1. Patients 
with tibial plateau fractures are highly susceptible to complications including knee 
stiffness, posttraumatic osteoarthritis, and non- or mal-union2. Anatomic reconstruction 
of the articular surface is key to prevention of these complications. Recognition and 
understanding of the fracture and its fracture lines are crucial for determining the 
optimal surgical approach for fracture reduction 3. Preoperative planning could be 
important for the patients’ prognosis, and the choice of surgical technique has proven 
to be of impact on the functional recovery of the knee according to recent studies3-5.

Currently, radiographs and two- and three-dimensional (3D) computed tomography 
are used for surgical planning6-9. Since these images are static and virtual reduction is 
not possible, it can be difficult for surgeons to create an optimal strategy for surgical 
reduction. Consequently, surgeons are continuously looking for improvements in 
preoperative planning when treating complex fractures. Three-dimensional (3D) 
virtual planning is a relatively new tool that might improve the insight into fracture 
characteristics and thereby improve fracture reduction and decrease complications, 
blood loss, and operating time4,10,11. 3D Virtual planning can be provided by expert 
programs such as Sectra Medical Systems AB © (Linköping, Sweden) and Materialise © 
(Leuven, Belgium). These programs are gaining popularity and the additional value of 
these programs is currently being investigated.

For surgical planning, the contralateral, unfractured tibial plateau, is already used as a 
template for optimal reduction of the fractured tibial plateau3,12. Several studies have 
been performed on assessing limb symmetry using different methods13-16. In a study 
by Quintens et al.15, statistical shape modeling was used to gain insight into anatomical 
variations of the tibia using a principal component analysis based on five parameters 
of the tibia. Small differences in shape variation were found between the left and right 
tibial plateau. Whilst this demonstrates that there is a difference in shape variation 
within a population, it is less indicative of the left-right difference within one patient. 
Similarly, a study by Jang et al.16 compared 3D morphometric measurements on ten fresh 
frozen cadavers and found small within-subject differences of 1.1 ± 0.6 mm between 
the left and right proximal tibia of one subject. Although both previous named studies 
suggest a small difference between the left and right tibia, they can only draw a limited 
conclusion because of indirect left-right comparison, high age of participants, and small 
sample sizes. Therefore, we aim to investigate the symmetry of the left and right tibial 
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plateau in young healthy individuals to determine whether left-right mirroring can 
be used to optimize preoperative 3D virtual planning for patients with tibial plateau 
fractures. 

Methods

Data for this study was collected for a previous study on dynamic, four-dimensional 
(4D), imaging of the knee, which was approved by our local ethics committee (Ethics 
approval number: NL 72784091). The secondary use of this data was approved by all 
subjects in a written informed consent file. The procedures used in this study adhere 
to the tenets of the Declaration of Helsinki. One hundred healthy subjects, without 
previous knee surgery, severe knee trauma, or signs of osteoarthritis, were included. 
In the context of the ongoing imaging study, healthy individuals underwent a CT scan 
(Canon Aquilion One), scanning both knees with a slice thickness of 0.8mm. The images 
had voxel sizes of 0.782x0.782x0.8mm. For this study, 3D surface models of the femur, 
patella, and tibia were created using a convolutional neural network17. The 3D models 
of the left and right tibias were exported to MATLAB©. (The MathWorks Inc, Natick, 
Massachusetts, United States) The left tibias for each participant were mirrored in the 
sagittal plane. The mirrored left tibias were superimposed on the contralateral right 
tibia using a computer-based Coherent Point Drift surface matching algorithm18. The 
target and superimposed surface models were cut 15mm below the tibial plateau. The 
resulting surfaces were again superimposed to ensure alignment of the proximal tibia 
and to avoid point drift due to points outside our region of interest. Correspondence 
points were identified on both surfaces. The root mean squared distance between cor-
respondence points on both surfaces was calculated in millimeters and visualized in 
heatmaps. (Fig.1 Overview of methods).
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Figure 1. Overview of methods. a) The left tibia (red) is mirrored along the sagittal plane (blue). 
The surface of the mirrored left tibia is superimposed with the surface of the right tibia (black). b) 
The superimposed, mirrored left tibia and right tibia are cut 15 mm below the tibial plateau in an 
axial plane (blue). c) The resulting proximal parts of both tibias are again superimposed to prevent 
malposition due to distal surface points. d) Correspondence points are established (red & black) and 
the Euclidean distance between these points is calculated.

Results

The mean age of the participants was 24.1 years (range 18-34 years, 71 females, 29 males). 
The overall mean squared distance between correspondence points on the left and right 
tibial plateau is 0.6276mm ± 0.0343mm. The differences between all correspondence 
points were illustrated in a boxplot (Fig. 2 Boxplot of the Euclidean distance of all 
correspondence points on the left and right tibia). The greatest differences between 
correspondence points were seen around two specific surfaces of the tibia; where the 
distal tibia was cut 15 mm below the tibial plateau and around the tibiofibular joint (Fig. 
3 Overview of artefacts: a) Heatmaps were used to illustrate artefacts at (a) the cut-off 
edges of the tibia, and (b) the tibiofibular joint). The greatest left to right difference, 
of the subject with the largest mean difference, was 1.6mm. This difference was found 
on the medial plateau (Fig. 4 Heatmap investigating the largest distance between 
correspondence points observed in one subject’s tibial plateau (posterior view)).
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Figure 2. Boxplot of the Euclidean distance of all correspondence points on the left and right tibia

a)

b)

Figure 3. Overview of artifacts: a) Heatmaps were used to illustrate artifacts at (a) the cut-off edges 
of the tibia, and (b) the tibiofibular joint.
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Figure 4. Heatmap investigating the largest distance between correspondence points observed in 
one subject’s tibial plateau (posterior view).

Discussion

This study aimed to investigate the equality of the left and right tibial plateau in hundred 
healthy living subjects to establish whether mirroring the contralateral tibial plateau 
can be used to optimize the surgical reduction using 3D virtual planning software for 
patients with tibial plateau fractures. The overall average distance of correspondence 
points based on surface matching of the left and right tibial plateau was 0.6276mm ± 
0.0343mm. 

The distance of 0.6276mm lies in the range of one voxel size, which was 
0.782x0.782x0.8mm in this study. To translate this difference into clinical practice; 
differences in one voxel size are only recognizable in one slice of an axial CT scan of 
0.8mm. Increasing the resolution of the CT scans, could have potentially decreased the 
distances between the correspondence points. In current literature, the indication for 
surgical reduction of a tibial plateau fracture varies between a step-off and/or a gap 
of more than 2-5mm of the articular surface4,19-21. The average measured distance of 
0.6276mm between correspondence points on the left and right tibia is only a small 
difference within these clinical margins. Therefore, we are confident that this small dif-
ference is not clinically relevant, indicating the contralateral, unfractured, tibial plateau 
can be used as a template for reduction of the fractured tibial plateau.

Moreover, the knowledge from this study could not only be implemented for 3D virtual 
planning, but could also be used to address the quality of the postoperative reduction 
by comparing the postoperative CT scan of the fractured knee and the unfractured 
contralateral knee. However, for this comparison, it is critical to have access to a CT scan 
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with significant quality to ensure reduction of scattering of the osteosynthesis material. 
The clinical feasibility of this warrants further research evaluation.

For the participant with the greatest overall left-right difference, there was a localized 
difference of 1,6mm on the posterior side of the medial plateau. As figure 4 illustrates, 
the overall distances of the same subject were small, indicating that this is not a 
superimposing error. This abnormality could be a result of a previous unrecognized 
posttraumatic injury to the posterior side of the medial meniscus. Despite screening 
participants for a history of major knee trauma, unrecognized trauma cannot be 
completely ruled out. In this specific subject, we think this could be a result of twist 
injury. 

A potential limitation of this study is that there were some challenges with the 
segmentation of the CT scans. The discrimination of bone and soft tissue can be a 
difficult task in areas with low contrast. For example, around the tibiofibular joint, 
artificially high distances were be measured due to a poor discrimination of the junction 
of the tibia and fibula. However, these differences are minimal and do not influence the 
articular surface of the tibial plateau. Second, cutting the distal tibia 15 mm below the 
tibia plateau, complicates the determination of correspondence points around this cut 
off point. This may also have introduced artificially high distances. However, this results 
only in localized differences, which, due to the high number of total points, only slightly 
overestimates the average distance of all correspondence points. 

Concluding, based on our comparison of 100 CT scans of the knee in healthy, young 
individuals without previous damage to the knee, the differences between the left and 
right tibial plateau are negligible, and therefore, we are confident that the mirrored 
contralateral, unfractured, tibial plateau can be used as a template for the reduction of 
a fractured tibial plateau using 3D virtual preoperative planning.
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Abstract

Background: Accurate assessment of knee kinematics is important in the diagnosis 
and quantification of knee disorders and to determine the effect of orthopaedic 
interventions. Despite previous studies showing the usefulness of dynamic imaging and 
providing valuable insights in knee kinematics, dynamic imaging is not widely used in 
clinics due to a variety of causes. In this study normative knee kinematics of 100 healthy 
subjects is established using a fully automatic workflow feasible for use in the clinic.

Methods: One-hundred volunteers were recruited and a dynamic CT scan was made 
during a flexion extension movement. Image data was automatically segmented and 
dynamic and static images were superimposed using image registration. Coordinate 
systems for the femur, patella and tibia were automatically calculated as well as their 
dynamic position and orientation.

Results: Dynamic CT scans were made with an effective radiation dose of 0.08 mSv. The 
median tibial internal rotation was 4° and valgus rotation is 5° at full flexion. Femoral 
rollback of the lateral condyle was 7 mm versus 2 mm of the medial condyle. The median 
patella flexion reached 65% of tibiofemoral flexion and the median tilt and rotation 
were 5° and 0° at full flexion, respectively. The median mediolateral translation of the 
patella was 3 mm (medially) in the first 30° of flexion.

Conclusion: The current study presents TF and PF kinematic data of 97 healthy 
individuals, providing a unique dataset of normative knee kinematics. The short 
scanning time, simple motion and, automatic analysis make the methods presented 
suitable for daily clinical practice.
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Introduction

Knee disorders such as ligament injury or patellofemoral instability affect the dynamic 
functioning of the knee joint. Accurate assessment of knee kinematics is therefore 
important in the diagnosis and quantification of such disorders, and to determine the 
effect of orthopaedic interventions. Current diagnostic imaging in clinical practice, 
however, is predominantly taken while the subject is in passive, supine position. During 
imaging, potential important information on the effect of joint motion and the influence 
of soft tissues such as ligaments, tendons and muscles is thereby not captured1. To assess 
the potential added information during dynamic scanning, there is a need for objective 
and accurate determination of subject-specific knee kinematics, and the possibility of 
comparing them with normative kinematics, in a clinical setting.

In order to diagnose subject-specific knee kinematics and pathologies, several in-vivo 
dynamic imaging techniques of the knee joint have been developed using a variety of 
different modalities such as MRI, Fluoroscopy, CT or a combination of these techniques1,2. 
In these studies various loading conditions and dynamic tasks were investigated3–6. 
Unfortunately, these studies mainly focus on patellofemoral kinematics (PF) and very 
rarely the combination of tibiofemoral (TF) and PF kinematics, while these are known to 
influence each other 7.

In two comprehensive review studies, the current state of dynamic imaging for the 
patellofemoral joint was studied2,8. Both review studies conclude that dynamic imaging 
provides valuable insight into knee kinematics and pathologies and underline the need 
for objective and accurate determination of subject-specific knee kinematics. However, 
these studies also reveal a number of limitations that need to be addressed before 
implementation of dynamic imaging in general clinical practice is possible. For instance, 
due to differences in modalities, loading conditions, range of motion, and analysis 
methods it is difficult to compare and generalise dynamic imaging studies. Secondly, 
practical limitations such as time consuming scanning sequences in case of dynamic 
MRI require intensive coordination and cooperation of the patient. Thirdly, dynamic im-
aging provides a multitude of data compared to conventional static imaging, rendering 
manual assessment by a radiologist too time-consuming, and is prone to variabilities 
that complicate intra- and intersubject comparison.

To overcome these limitations, a fully automatic analysis method was developed that is 
able to simultaneously extract tibiofemoral and patellofemoral kinematics from dynamic 
CT imaging. The short duration and simplicity (no loading rigs, or moving frequency 
required) of the scan protocol and automatic segmentation and kinematic quantification 
allows for use in daily clinical practice and ensures fast and consistent determinations 
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of knee kinematics. In the current study we used this method to determine PF and TF 
kinematics in a cohort of 100 healthy subjects, with the objective to establish normative 
knee kinematics from dynamic CT imaging that can be used as a baseline dataset in 
future clinical studies investigating various types of knee joint pathology. 

Methods

Prior to the current study, a dose reduction study was performed to ensure the 
radiation dose was below the maximum limit for healthy volunteers (protocol dose 0.08 
mSv). Institutional approval was obtained to perform a dynamic CT scan on healthy 
volunteers. One-hundred volunteers from the age of 18 years were included with a 
maximum of 35 years to avoid altered kinematics due to early onset arthrosis. Subjects 
were not allowed to have any previous knee pathologies, prior trauma or surgery to 
the knee. This was checked by briefly discussing their medical background regarding 
these subjects. Reports on dysfunction, pain or prior surgery were reason for exclusion. 
Further exclusion criteria were functional or congenital disorders and severe valgus or 
varus malalignment. The exclusion criteria were assessed by the first author during an 
intake interview. Sex, age and BMI of all participants were determined and recorded. All 
participants signed an informed consent form prior to participating.

A single high resolution static scan (voxel size 0.71x0.71x0.80mm) of both legs was 
made of the subject in supine position (Canon Aquilion One). The field of view was 500 
mm and included the distal half of the femur, the proximal half of the tibia and the full 
patella. The subject was then moved to the end of the scanner table, and an angled 
pillow was placed in the popliteal fossa, with both legs hanging freely over the edge of 
the scanner table (see figure 1). Subsequently, subjects were asked to assume a relaxed, 
semi-seated position, so the movement could be easily performed with minimal effort.

a) b) c)
 

Figure 1. Overview of the scan protocol and corresponding CT images . a) A high resolution static 
scan is made of the patient in supine position on the scanner table. b&c) The subject is moved to the 
end of the scanner table and an angled pillow is placed in the popliteal fossa. The subject is asked to 
fully extend and flex both legs in approximately 10 seconds. 
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Subjects were asked to move both legs from approximately 90° of flexion to full 
extension and back again in approximately 10 seconds. The movement was practiced 
prior to the actual scan, so that a smooth and full extension-flexion movement was 
completed within the scanning time. During the dynamic scan, 41 images were made 
while the subject moved both knees. The field of view during dynamic scanning was 
160 mm. A subject positioning protocol was used to ensure that the entire patella, 
and parts of the proximal tibia and the distal femur were continuously within the field 
of view during the scan. Prior validation studies have demonstrated that dynamic CT 
imaging is accurate ( ~1° and 1mm of x,y,z rotation and translation) and comparable to 
other dynamic imaging techniques9,10. Given the high similarity in image acquisition, 
similar accuracies are expected in this study.

The left and right femur, patella, tibia and patellar tendon of all subjects were segmented 
with a deep learning network11. The deep learning algorithm had a DICE coefficient 
of 0.99 for the femur, 0.98 for the tibia and 0.96 for the patella compared to manual 
segmentations, demonstrating that the algorithm is capable of performing accurate and 
precise segmentations. Segmentation masks were automatically transformed into 3D 
surface meshes (MATLAB), and remeshed and smoothed without manual intervention, 
in order to improve mesh quality12.

As the field of view of the dynamic scans is too small for accurate landmark and axes 
determination, the femur, patella and tibia of the static scans were superimposed by 
subsequent pointcloud- (Coherent Point Drift) and image-registration (Elastix 5.0.1)13,14. 
Although the accuracy of (image) registration is notoriously difficult to determine, 
the algorithms used in this study are well established and have demonstrated high 
accuracies and will likely introduce minimal inaccuracies. All spatial transformations 
were saved in an Elastix transform file. Coordinate Systems (CS) were calculated for 
every static femur, patella and tibia, similar to those described by Miranda et al.15. Each 
orthogonal coordinate system consisted of Superior-Inferior (SI), Anterior-Posterior (AP) 
and Medial-Lateral (ML) axis. The sensitivity of the coordinate system was determined 
in a previous publication, which concluded that with common anatomy, the kinematics 
of the knee can be described with acceptable certainty16. A detailed description of the 
calculation of the femoral and tibial coordinate systems can be found in Chen et al.17. 
Furthermore a detailed description of the calculation of the patellar coordinate system 
can be found in a previous publication16. 

The transformations found in the dynamic scans were applied to each relative coordinate 
system to calculate their dynamic position and orientation. The angles between SI, AP 
and ML axes of the femur, patella and tibia were calculated according to the sequence 
described by Grood & Suntay18. Rotations of the tibia and patella were all calculated 
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with respect to the femur (i.e. the femur was fixed in space). As data were collected 
at even time intervals (fastest acquisition speed of the scanner) and subjects were 
allowed to move freely, images were taken at different knee flexion angles between 
subjects. Therefore, spherical linear interpolation was used to calculate the rotations of 
the patella and tibia with respect to the femur for every degree of tibiofemoral flexion. 
Similarly, for the interpolation of translations, piece-wise linear interpolation was used. 

To counteract differences in angles as a result of anatomical variation, to objectively 
describe motion and to allow intersubject comparison, any rotational and translational 
offsets were negated similar to Amis et al., who assumed all rotations and translations 
to be zero at full extension19. Therefore, the smallest tibiofemoral flexion angle was 
calculated for both knees for every subject. In that position, the direction of the AP 
and ML axes of the femur were copied to the patellar and tibial AP and ML axes which 
essentially negates any rotations for that specific TF flexion angle. The orientation of the 
SI axis (flexion angle) was left unaffected.

Femoral Rollback was calculated by projecting the femoral trans epicondylar axis on the 
tibial plateau, specifically the centroids of the medial and lateral condylar articulating 
surface that, when connected, make up the femoral ML axis. 

Rollback was separately calculated for the medial and lateral condyle as the translation 
of the projected points, similar to the method by Gray et al.20. Lastly, the patellar 
mediolateral translation was calculated by calculating the distance between the 
patellar and femoral CS origin along the ML axis of the femur. Similar to the rotations, 
the mediolateral patellar translation and femoral rollback were negated at the smallest 
tibiofemoral flexion angle (i.e. in extension)19. 

An overview of how TF and PF rotations and translations were calculated can be found 
in figure 2. 

To ensure usefulness and smoothness while allowing maximal range of flexion angles, 
the median and percentiles were only calculated and visualized at flexion angles which 
at least 65% of all subjects were able to reach within the scan time. This percentage was 
iteratively determined by maximizing range of motion (ROM) and number of subjects 
reaching that ROM. At least 65% of the subjects were able to reach TF flexion angles of 
6-85° during the extension movement. For the flexion movement, 65% of the subjects 
were able to reach TF flexion angles of 6-70°. 
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Results

One hundred healthy volunteers were successfully recruited, of which 71 were female 
and 29 were male. The mean age was 24 years with a standard deviation of 3.36 years. 
All subjects were in the age range of 18-34 years old. The mean BMI of all subjects was 
19±2.8. Forty-one images were made during 11.3 seconds of active movement, resulting 
in a framerate of 3.6 frames per second. The effective radiation dose associated with the 
scan protocol was 0.08 mSv .

Of the 100 dynamic CT datasets, 3 datasets showed substantial image artifacts which 
prohibited automatic segmentation and registration, and the data were therefore 
excluded. As both knees were scanned, a total of 197 knees was analyzed. Remaining 
data was successfully segmented, registered and coordinate systems for the femur, 
patella and tibia were successfully calculated. 

The median, 25-50 percentile and 12.5-87.5 percentile of tibiofemoral and patellofemoral 
kinematics are visualized in figure 3-5. For visibility, the extension and flexion 
movements are visualized in separate subplots. The overall flexion range of all subjects 
was 3.37°±8.03° to 89.31°±8.78°. 

There was a slight internal rotation of the tibia from 85° to approximately 30° of flexion, 
followed by external rotation from 30° to 6° of flexion. The variance between subjects was 
approximately 10° at larger flexion angles, and gradually decreased with lower flexion 
angles, resulting in a narrowing area between the percentiles plots. Both median and 
percentiles followed a slightly different path during the extension and flexion movement. 

A small valgus angle of the tibia with respect to the femur was observed at higher flexion 
angles, which decreased with decreasing flexion angle. Similar to the internal external 
rotation, the variance in the measured varus-valgus angles was largest at higher flexion 
angles, with differences of ±15°, which became smaller with decreasing flexion angles. 
Both median and percentiles followed a slightly different path during the extension and 
flexion movement.

Femoral Rollback was largest at higher flexion angles, both medially and laterally. With 
decreasing flexion, rollback decreased. Femoral rollback overall was larger on the lateral 
side compared to the medial side. Both median and percentiles followed the same 
(inversed) path during the extension and flexion movement. 

The median, 20-50 percentile and 12.5-87.5 percentile of medial and lateral femoral 
rollback and are visualized in figure 3b.
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Patellofemoral flexion reached approximately 2/3rd of tibiofemoral flexion throughout 
movement and patellar flexion decreased with decreasing tibiofemoral flexion. The 
variance was approximately 10° over the complete range of motion. 

The patella was most laterally tilted at high TF flexion angles, which generally decreased 
with decreasing flexion. Patellar tilt remained roughly equal between 50°-20° of TF 
flexion and decreased to zero nearing full extension. The variance was approximately 
10° and decreased to 5° nearing full extension. 

The patellar rotation was centred around 0° with a variance of approximately 10° at full 
flexion which decreased to 0° with decreasing TF flexion. The largest change in variance 
occurred at TF flexion angles larger than 30°. 

The median, 20-50 percentile and 12.5-87.5 percentile of patellofemoral flexion, patellar 
tilt and patellar rotation are visualized in figure 4a/b.

The patella moved medially in the first 25°of TF flexion and remained stable after that. 
The median translation was ±2.5mm and the variance ±10mm. 
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Discussion

In-vivo patient specific dynamic assessment of knee kinematics has the potential 
to expand upon static measurements in the diagnosis and quantification of knee 
disorders and to determine the effect of orthopaedic interventions. Despite previous 
studies showing the usefulness of dynamic imaging and providing valuable insights in 
knee kinematics, dynamic imaging is not widely used in clinics. In the current study we 
introduce a fully automatic analysis method to extract tibiofemoral and patellofemoral 
kinematics and applied it to a cohort of 97 healthy subjects to establish normative knee 
kinematics as a reference for the analysis of knee joint pathology.

Dynamic CT imaging allows for a combination of high spatial- and temporal resolution 
over a large range of motion compared to other modalities. For example, compared to 
dynamic MRI where spatial and temporal resolution are a trade-off and flexion range is 
limited by the MR coil21.

The protocol involves a simple, single movement which does not require repetitions nor 
specific timing, which makes it feasible for subjects with painful knees. Together with 
the fast automatic analysis this makes the presented methods suitable for use in daily 
clinical practice. As the effective radiation dose (0.08 mSv) is low compared to natural 
background radiation and routine CT, it is broadly applicable at relatively low-risk. 

The current study presents TF and PF kinematic data of 97 healthy individuals, 
providing a unique dataset of normative knee kinematics. Unfortunately there is no 
gold standard regarding dynamic imaging to which the results of this study can be 
compared. However, the kinematics found in the current study are highly similar to 
those reported in literature. Internal and external rotation of the tibia in the studies by 
Seisler- and Sheehan et al. is highly comparable to the current study. In all cases there 
is small internal rotation with increasing flexion angle, especially in the first 30°, which 
can be attributed to the screw home mechanism4,5. Similarly, a publication by Shandiz 
et al. studying changes in knee kinematics after total knee arthroplasty (TKA), shows a 
comparable internal tibial rotation in participants prior to TKA22. 

Whereas there is little to no valgus rotation of the tibia in the studies of Seisler & 
Sheehan, our data suggests a median varus alignment of 5° at 85° of TF flexion. This 
difference may be caused by the use of different coordinate systems, where a valgus 
rotated, or externally rotated femoral ML axis causes a more valgus description during 
knee flexion23. 
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Similarly to what is found in other studies, femoral rollback is larger at the lateral condyle 
than the medial condyle, as a result of medial pivoting24,25. Moreover, despite differences 
in loading conditions, movement task and range of motion, both magnitude and path 
of the medial and lateral condyle show large resemblance with the study from Gray 
et al.20. This study investigated joint motion with biplane fluoroscopy during normal 
walking, and found mean posterior translations of ±5mm for the lateral condyle and 
±2.5mm for the medial condyle as well as a short period of anterior movement of the 
medial condyle starting around 20° of TF flexion, similar to our results. 

In addition to similar tibiofemoral kinematics, patellofemoral kinematics in this study is 
also highly similar to aforementioned studies. Patellofemoral flexion is nearly identical 
during flexion and extension movement, and has a constant variation around the 
median of approximately 5°. 

The patellar tilt shows an increase in the first 30° of tibiofemoral flexion, followed 
by a very subtle decrease. This initial increase may be caused by contraction of the 
quadriceps, causing a lateral pull on the patella. Around 20° of tibiofemoral flexion the 
medial facet of lateral wall of the trochlea comes into contact with the lateral facet of 
the patella, causing a small medial tilt. Both the median and variance (percentiles) show 
large similarity to Esfandiarpour and Amis et al3,19. 

Patellar rotation is centered around zero, similar to Sheehan- , Seisler- and Amis et al.4,5,19. 
Here we see differences with the study of Esfandiarpour, which shows a medial patellar 
rotation of approximately 5°. 

The patella shows a lateral movement of the patella during extension and at TF flexion 
angles smaller than ±30°, at which the patella moves out of the femoral trochlea. In 
literature, the mediolateral displacement of the patella is calculated and visualized in 
many different ways. For example, Tanaka et al. used the bisect offset which determines 
the fraction of the patella lateral of the femoral trochlear groove26. Suzuki et al. who 
used dual fluoroscopy to establish patellar tracking used displacement of the patellar 
origin with respect to the femoral origin, similar to Amis et al. and the current study27. 
In a comprehensive literature review, Yu et al. compared patellofemoral joint kinematics 
of 12 studies using different techniques and modalities. That study showed that there is 
a large variability in patellar ML translation among different studies and indicates that 
different movement tasks, loading conditions and analysis methods have a substantial 
impact on measured displacement. 

Overall, our data shows that there is considerable variance in knee kinematics 
even within a healthy population. This variation should be taken into account when 
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comparing patients and healthy subjects, as it may complicate distinguishing the two 
at an individual level. The amount of variation at a specific flexion angle is related to 
the angle at which rotations around the SI, and AP axis were negated and are therefore 
specific to this study. In case of the translations, part of the variation can be explained 
by knee size differences, where larger knees show more translation than smaller knees. 
Some studies use the epicondylar width in an attempt to negate size differences. We 
have not chosen to do so in the current study, as the validity of this method is unclear. 

Both tibiofemoral and patellofemoral kinematics show small differences for 
the extension and flexion movement. As this difference is most pronounced in 
patellofemoral kinematics, this may be a result of concentric versus eccentric contraction 
of the quadriceps muscle. It may therefore be necessary to consider these movements 
separately.

There are limitations of this study that should be considered. First, is the negation of 
the offsets in rotation and translation of both tibia and patella at the lowest TF flexion 
angle. This assumes full alignment of the patellar and tibial ML and AP axes with those 
of the femur at the smallest flexion angle (i.e. extension), where in practice this is not the 
case. Due to a natural variation in pose and anatomy, there will be a range of different 
starting-positions and -orientations. The variations in kinematics are highly dependent 
on the flexion angle at which rotations around the SI and AP axis were negated and 
from this cannot be concluded that higher flexion angles are associated with larger 
variance in kinematics. Furthermore, as not every subject was able to reach 0° of TF 
flexion, negation of rotations and translations at the smallest TF angle will introduce 
variations. However, the introduced variations as a result of negating rotations will 
be small and have no effect on the calculated median and percentiles. Moreover, the 
current approach allows us to solely investigate movements relative to the extended 
position, rather than a combination of movement and different starting positions and 
orientations.

Secondly, the choice of coordinate system has a major influence on the kinematic 
description8,16,28,29. The choice of coordinate system together with natural variation in 
anatomy and pose are a possible explanation for offsets, or different starting positions 
and orientations23. The absolute numbers from this study, may therefore not by directly 
comparable to studies where other coordinate systems are used. Negating the data, 
may reduce these differences. Moreover, as was previously mentioned, differences with 
other studies are small and trends are similar and movement patterns of the tibia as well 
as the patella relative to the femur are similar to those reported in the literature. 
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Lastly, it is known that knee kinematics are different for different tasks and loading 
conditions. A flexion extension movement is not a challenging or error-prone 
movement. Episodes of, for example, instability of the knee joint will therefore most 
likely not occur during the scan as these are usually associated with weightbearing 
activities. It is unclear whether the occurrence of such episodes is necessary for a better 
understanding of the underlying cause, and the same applies for other knee disorders. 
Knee kinematics are dependent on loading conditions. In this study, data were gathered 
under non-weightbearing conditions. For example, varus/valgus rotation is significantly 
different in a weightbearing versus non-weightbearing situation30. As a result, values 
found in this study cannot be extrapolated to a weightbearing situation. Interestingly, 
multiple studies have found that tibiofemoral and patellofemoral rotations and 
translations are more pronounced in non-weightbearing versus weightbearing 
conditions31–33. Due to large forces acting on the knee joint during weight-bearing, the 
effect of smaller, less powerful but important structures for knee kinematics such as the 
MPFL, Iliotibial band or lateral retinaculum may be less apparent. Therefore, a flexion 
extension movement against gravity might provide better insight into the more subtle 
aspects of knee kinematics, and therefore kinematic disorders. The presented method 
of real-time dynamic CT-scanning proved to be easily applicable in a clinical setting. 
Although not all CT scanners are capable of dynamic imaging, it has a large potential to 
investigate numerous knee disorders in vivo. Dynamic imaging and associated image 
analysis offers a new set of challenges. Applying existing measurements made for static 
imaging to dynamic imaging data can have results that are counterintuitive or difficult 
to explain. To fully exploit these techniques, existing dogmas and static measurements 
should therefore be reconsidered, and new diagnostic methods must be developed. 
These automatized, 3D, dynamic methods will therefore likely change the personalized 
diagnostic capacity for patients with knee pathologies and will further optimize 
treatment options and evaluation methods in order to improve patient care. 
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Abstract

Introduction: Patellofemoral pathologies are commonly associated with patellar 
maltracking. Multiple studies have investigated the potential of dynamic imaging in 
the diagnosis of knee disorders, particularly patellar maltracking. However, dynamic 
imaging is still largely confined to research settings and is not widely used in clinical 
practice. The aim of this study was to assess the feasibility of utilizing dynamic CT 
in clinical practice and to investigate its ability to differentiate between healthy and 
pathological knee kinematics.

Methods: Two dynamic datasets were acquired: a normative dataset of 100 healthy 
subjects and a dataset of 21 patients with patellofemoral instability. During the scan, 
subjects were asked to perform a flexion extension movement. Tibiofemoral and 
patellofemoral kinematics were automatically extracted and statistical analysis was 
performed to determine differences. 

Results: All subjects were able to complete the scan protocol and statistical differences 
between patients and healthy subjects were demonstrated. Compared to healthy 
individuals, patients exhibited more external tibia rotation, smaller varus angle during 
flexion, greater translation of the lateral femoral condyle, increased patella tilt, and 
greater mediolateral translation of the patella.

Conclusion: The proposed method appears feasible for use in daily practice and the scan 
protocol is executable for both healthy subjects and patients with painful knees. The 
analysis methods enable differentiation between pathological and healthy kinematics, 
and provide valuable insights into possible biomechanical causes of knee disorders.
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Introduction

Patellofemoral pathologies frequently occur in conjunction with abnormal patellar 
tracking8,18. Factors influencing patellar tracking include bony congruence of the patella 
and femur, neuromuscular control and soft tissues surrounding the joint26,28. The cause 
of maltracking is often complex and multifactorial, making it challenging to determine 
the most effective treatment approach for individual patients.

To determine the cause and extent of disorders, various measurements have been 
developed based on physical examination and/or medical imaging. Although physical 
examination can be performed during movement, measurements are often difficult 
to generalise and show poor interrater reliability2,13. Radiological measurements are 
easier to standardize, but they are typically based on static images and do not capture 
the dynamic nature of patellar tracking or the influence of soft tissues on movement. 
Additionally, static measurements can only partially predict patellofemoral kinematics, 
and may therefore not be the optimal method to identify and quantify the patient 
specific cause of maltracking16. 

In recent years, several studies have investigated the potential of dynamic imaging in 
the diagnosis of knee disorders, particularly patellar maltracking. These studies have 
used various imaging modalities and have applied different movement tasks and 
loading conditions to answer a wide range of questions regarding patellar maltracking 
and its relation to knee kinematics and knee morphology12,29,30,33,34. Comprehensive 
review studies have concluded that dynamic imaging provides valuable insights into 
knee kinematics and pathologies and has the potential to be used for the diagnosis and 
quantification of knee disorders18,27,36. However, dynamic imaging is still largely confined 
to research settings and is not widely used in clinical practice7.

There are several technology-specific challenges that limit the use of dynamic imaging 
techniques in clinical practice, in addition to practical issues inherent to the technology. 
For example, dynamic magnetic resonance imaging (MRI) involves a trade-off between 
temporal and spatial resolution and requires repeated movements and cooperation 
from the patient, which can be difficult for patients with painful knees3,17. On the other 
hand, dynamic ultrasound has excellent temporal resolution, but the field of view and 
image quality are limited4. 

There are also more fundamental challenges associated with dynamic imaging that 
hinder its use in clinical practice. The large amounts of data generated by dynamic 
imaging techniques requires time-consuming manual postprocessing and assessment, 
adding to the already high workload of radiologists23. Moreover, the majority of manual 
image analysis is performed on a single orthogonal view, ignoring crosstalk and 
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oversimplifying the complex three-dimensional character of patellar maltracking and 
knee kinematics18. In a previously published study, we applied a dynamic CT scanning 
protocol with fully automated postprocessing and analysis to 100 healthy subjects10. 

The aim of this pilot study is twofold: 1) to establish the feasibility of applying the 
proposed methods in daily clinical practice 2) to determine whether the methods are 
capable of distinguishing between healthy and pathological knee kinematics.

Methods

Ethical approval for this study was obtained from the institutional review board. Two 
dynamic CT datasets were acquired: 1) a normative dataset consisting of 100 healthy 
volunteers 2) a dataset of 21 patients diagnosed with objective patellofemoral instability 
(PFI). 

To establish a normative database, 100 healthy subjects were included in line with 
the recommendation of the COnsensus-based Standards for the selection of health 
Measurement INstruments (COSMIN) workgroup24. Patients with recurrent PFI were 
included between 2018 and 2021, with the aim to include as much patients as possible.

For the normative dataset, one-hundred volunteers between 18 and 35 years were 
included. The maximum age was set at 35 to match the patient population and to 
exclude individuals with altered kinematics due to early onset osteoarthritis. Reports on 
dysfunction, pain or prior surgery were reason for exclusion. Further exclusion criteria 
were functional or congenital disorders and severe valgus or varus malalignment. The 
exclusion criteria were assessed through an intake interview conducted by the first 
author.

For the patient dataset, 21 patients diagnosed with recurrent patellar instability were 
included who were already required to undergo a conventional CT scan. Exclusion 
criteria were prior surgery, and inability to actively extend and flex the knee or age 
below 18 years. 

For healthy subjects and patients, weight, length and BMI and were registered, for 
patients the dexterity of the affected knee was noted. 

The CT scan protocol was equal for patients and healthy volunteers. A single high 
resolution static scan (voxelsize 0.71x0.71x0.80mm) was obtained for both legs while 
the subject was in supine position on the scanner table (Canon Aquilion One). The 
longitudinal field of view of the static scan was 500 mm and included the distal half of 
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the femur, the proximal half of the tibia and the full patella. The subject was moved to 
the end of the scanner table, and an angled pillow was placed in the popliteal fossa, with 
both legs hanging freely over the edge of the scanner table (see figure 1).
 

Figure 1. Overview of the scan protocol. a) A high resolution static scan is made of the patient in 
supine position on the scanner table. b&c) The subject is moved to the end of the scanner table and 
an angled pillow is placed in the popliteal fossa. The subject is asked to fully extend and flex both 
legs in approximately 11 seconds.

During the dynamic scan, subjects were asked to perform an extension-flexion 
movement from approximately 90° of flexion to full extension and back with both knees 
in roughly 11 seconds. The smoothness and speed of the movement was practiced prior 
to the actual scan. During the scan, 41 images were made. The field of view in the axial 
direction during dynamic scanning was 160 mm (voxelsize 0.976x 0.976x0.50). To ensure 
that the entire patella, the distal part of the femur and proximal part of the tibia were 
continuously within the field of view during the scan, a subject positioning protocol 
was used. The previously described technique was used to calculate all rotations and 
translations of the patella and tibia with respect to and in the femur coordinate system 
[10]. An overview of TF and PF rotations is given in figure 2a&b.

Two translations are of main importance in tibiofemoral and patellofemoral kinematics: 
anterior-posterior translation of the femoral condyles relative to the tibia and patellar 
mediolateral translation relative to the femur. Translation of the femoral condyles was 
separately calculated for the medial and lateral condyle, similar to Gray et al.19. The 
centroids of cylinders fitted through the lateral and medial epicondyles were projected 
onto the tibial plateau for the complete range of motion. When connected, the line 
through these points creates the projected trans-epicondylar axis. Condyle translation 
was calculated with respect to full tibiofemoral extension i.e. translation is zero at the 
smallest tibiofemoral flexion angle. An illustration of medial and lateral femoral condyle 
translation can be found in figure 2c. 
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Figure 2. Overview of TF & PF rotations and translation of the medial and lateral femoral condyles. 
In this example a left knee is used. a) Patellofemoral rotations b) tibiofemoral rotations c) medial and 
lateral translation of the femoral condyle. 

To determine whether there is an anterior or posterior position of the femoral condyles 
in full extension, the femorotibial rotation was calculated based on the static scans 
similar to Flury et al.15. A positive femorotibial rotation angle correlates with an external 
rotation of the tibia.
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The patellar mediolateral translation relative to the femur was calculated by calculating 
the distance between the patellar and femoral coordinate system origin along the ML 
axis of the femur. As the aim was to compare mediolateral movement and not position, 
offsets in starting positions had to be negated. The mediolateral position at 30 degrees 
of tibiofemoral flexion was used as a reproducible starting point (i.e. set to zero), as the 
patella should be engaged in the femoral trochlea at that flexion angle in a “normal” knee. 

Statistics
T-tests (α= 0.05) were used to determine if there were differences in age, height and BMI 
between patients and healthy subjects. 

Normality of kinematic outcome metrics was determined for each tibiofemoral flexion 
angle with a Shapiro-Wilk test. Several kinematic measured showed a non-normal 
distribution for different flexion angles. For consistency, non-parametric tests Mann 
Whitney U tests (α=0.05) were performed to test differences between healthy individuals 
and patients for all flexion angles.

Results

One hundred healthy volunteers were successfully recruited and scanned with the 
dynamic scan protocol. Three volunteer datasets contained image artifacts that prohibited 
automatic segmentation and registration and were therefore excluded from analysis. 

Twenty-one patients diagnosed with recurrent patellofemoral instability were included. 
Bilateral instability was diagnosed in 3 patients, bringing the total number of affected 
and included knees to 24. Both healthy subjects and patients signed an informed 
consent form prior to participating. All patients were able to complete the scan protocol 
without issues. 

The complete datasets were successfully segmented and registered, and coordinate 
systems for the femur, patella and tibia were successfully calculated. Total analysis time 
was approximately 1.5 hours.

No significant differences were found in age (healthy = 24±3.5y, patients = 23±4.6y) 
or height (healthy = 1.74±0.09m, patients =1.74±0.07m). BMI of patients and healthy 
volunteers was different (p <0.001) (healthy = 19.2±2.8, patients = 24.1±4.0).

Knee movement was completely voluntary, without the use of rigs timers. As a result, not all 
subjects started at exactly 90° of flexion or were able to fully extend their knees to 0° within 
the scan time. This led to discontinuities in the data at flexion angles that were only met by 
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a limited number of individuals. To ensure that the figures are interpretable and not skewed 
by the limited number of patients that were able to reach the extreme flexion angles, the 
median and percentiles were only calculated and visualized for TF flexion angles that were 
reached by at least 50% of the subject. Fifty percent of the subjects reached 1-71° of flexion 
during the extension movement, and 1-77° during the flexion movement. 

Tibiofemoral kinematics
The median internal/external tibia rotation of patients and healthy volunteers follows 
the same trend. At the beginning of the movement (at high flexion angles), this is a 
slight external rotation that rotates internally until about 15° of tibiofemoral flexion, 
after which a rapid internal rotation can be observed. The spread of the data is very 
similar for both groups and remains constant throughout the movement. From 70° of 
flexion to full extension during the extension movement and from full extension to 62° 
of flexion during the flexion movement, patients exhibit significantly more external 
tibia rotation than healthy subjects. 

Both groups start the movement with a small varus rotation of the tibia with respect to 
the femur. In healthy volunteers there was a minor decrease in varus angle during the 
extension movement and a minor increase during flexion, where in patients this angle 
is more or less constant. Unlike internal external rotation, the dispersion of the data of 
both groups decreases as the flexion angle decreases. Overall, patients demonstrated 
less varus rotation of the tibia with respect to the femur between 78°-36° of TF flexion 
during the extension movement and 46°-56° of TF flexion during the flexion movement. 

Both internal-/external- and varus/valgus rotation demonstrate a slightly different pattern 
and magnitude during the extension and flexion movement. The median, 25-75 percentile 
and region of significant difference of both rotations are visualized in figure 3a.

The medial condyle showed minimal anterior-posterior translation throughout the 
movement. Medial condyle translation demonstrates a similar trend for both groups, 
with a minor anterior translation below ±60°. Small differences were observed (~1°) at 
15°-32° of TF flexion during the flexion movement. 

Translation of the lateral condyle was significantly greater than medial and decreased 
with decreasing flexion angle. With the exception of low flexion angles during flexion 
movement, differences are observed between patients and volunteers, with patients 
showing greater translation. The median, 25-75 percentile and region of significant 
difference of femoral condyle translation is visualized in figure 3b.

Femorotibial rotation was larger (p=0.072) in patients (11.81±7.98°) than healthy 
subjects (8.20±6.45°). 
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Patellofemoral kinematics
The magnitude of the patellar flexion angle was roughly two thirds of the TF flexion 
angle throughout the complete motion. Trend and spread of patella flexion were similar 
between both groups. Small differences in patella flexion can be observed. At different 
tibiofemoral flexion angles healthy subjects demonstrate slightly greater patella flexion 
angles than patients. 

Throughout the movement, patients exhibit larger lateral patella tilt than healthy 
subjects. The healthy subjects exhibit a small medial tilt at high flexion angles which 
decreases to a neutral position until ±20° of TF flexion. From there to full extension, 
lateral tilt increases to ±4°. The patients' patellas were tilted laterally throughout the 
complete movement, with a sharp increase in tilt seen from about 20° of tibiofemoral 
flexion. At full extension, a difference in patella tilt of approximately 12° was observed 
between the two groups.

Patellar rotation was similar between patients and healthy individuals and no significant 
differences were found. Both groups started at a median lateral rotation of ±4°, which 
gradually decreased to zero rotation at full extension. 

The median, 25-75 percentile and region of significant difference of patellar flexion, tilt, 
and rotation are visualized in figure 4a.

Mediolateral translation of the patella with respect to the femur was similar between 
groups above ~45° of TF flexion. Throughout the complete movement spread of the data 
was similar for both groups. Patients exhibited considerably greater lateral translation 
below 30° of TF flexion during extension and flexion movement. At full extension, the 
median lateral translation was approximately 10 mm greater in patients than in healthy 
subjects.

The median, 25-75 percentile and region of significant difference of mediolateral 
translation of the patella is visualized in figure 4b.
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Figure 4b. Median and 25-75 percentile of patellar mediolateral translation for healthy volunteers 
(green) and patients (red). The thick line represents the median, the coloured area the 25-75 
percentile. The shaded area indicates significant differences between patients and healthy subjects. 
Patients exhibit increased mediolateral tilt compared to healthy subjects. 

Discussion

Multiple studies have underlined the potential of dynamic imaging for diagnosis 
and quantification of knee disorders18,27,36. Nevertheless, dynamic imaging remains a 
research exercise and is rarely applied in clinical practice due to a variety of reasons [7]. 

This study shows that dynamic CT imaging and the proposed analysis methods are 
suitable for use in daily clinical practice. The scan protocol is easy to perform and the 
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duration is short (~10 minutes). Analysis of the results is fully automatic, thereby not 
adding further to the already high workload of radiologists23. All study participants 
were able to complete the scanning protocol, indicating its feasibility even for patients 
with painful knees. Additionally, it is important that the method is able to distinguish 
between healthy and pathological kinematics, allowing for standardization of diagnosis 
and quantification of knee disorders.

This study addresses several challenges related to dynamic imaging that have been 
identified in previous studies and which impede accurate and robust diagnosis and 
quantification of patellofemoral disorders. For example, all outcomes are calculated 
in three-dimensional (3D) multiplane, taking crosstalk into account, improving the 
accuracy of the methods31. Additionally, image acquisition occurs during active muscle 
contraction, allowing for better diagnosis and study of maltracking disorders18. Another 
important advantage of the proposed method is that tibiofemoral and patellofemoral 
kinematics can be recorded simultaneously. While it is known that they influence each 
other, many studies only focus on one of the two. This offers opportunities to further 
investigate the relationship between them and understand the complex aetiology of 
patellofemoral disorders.

Previous studies have shown differences in knee kinematics among patients with 
different demographic characteristics and onset of patellofemoral instability, and have 
concluded that these should be analysed as separate groups14,18,30. Given the limited 
number of patients included in this study, it is underpowered to draw firm conclusions 
about differences in kinematics. Additionally, analysis methods have a significant 
impact on the values of knee kinematics found, making it difficult to directly compare 
these values with those from other studies [36]. Nevertheless, twenty-one patients were 
included in this study, exceeding the minimally recommended number of twelve for 
pilot studies20. Moreover, the trends and values found in this study and the differences 
between those of patients and healthy subjects are largely consistent with those 
reported in the literature. 

The average body mass index (BMI) of the patient population was higher compared to 
that of the healthy volunteers, while the mean of both groups was within the healthy 
range (18.5 to 24.9). Nevertheless, BMI has been linked to changes in patellofemoral 
kinematics, which may impact the results of this study. 

The internal/external rotation pattern of the tibia was similar for both patients and 
healthy subjects, characterized by external rotation of the tibia during the last 30° of 
tibiofemoral (TF) extension. This rotation pattern can be attributed to the screw home 
mechanism. Excessive tibial external rotation is a known secondary risk factor for PF 
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instability as it increases the Q-angle and lateral pull factor of the patellar tendon on 
the patella5,8,11. The current patient group also showed increased external translation, 
similar to the results of Souza et al 32. Interestingly, Sheehan et al. reported increased 
internal rotation of the tibia in patients compared to healthy volunteers, a result that is 
difficult to explain from a biomechanical perspective29.

Although the differences were small (±4°), the data suggest that patients had 
significantly less varus rotation (more valgus) than healthy subjects at high flexion 
angles. While pathological valgus alignment is associated with patellar instability and 
patellofemoral osteoarthritis, the values found in this study were not pathological and 
the median varus alignment of 3° near full extension was similar to the constitutional 
varus alignment found by Bellemans et al. 1,8,22.

Interestingly, patients not only exhibit increased femorotibial rotation, but also show 
a greater translation of the lateral femoral condyle. This raises questions about the 
cause-and-effect relationship. Morphological differences between groups, such as a 
greater radius difference between the lateral and medial condyles in patients, could 
potentially lead to a larger medial pivot, resulting in more external rotation. This could 
also cause increased valgus at high flexion angles. As patients often have different and 
underdeveloped distal femur and femoral trochlea compared to healthy knees, this is an 
interesting topic for further research.

Minor, yet, significant differences (±5°) were observed in patella flexion between groups, 
while the trend and spread of the data is similar. Although this may be a result of the 
difference in group size, alternatively it may be a result of patella alta, which causes the 
patella to reach the same patella flexion at higher tibiofemoral flexion angles in patients 
compared to healthy subjects. This may have a (small) effect on the described transla-
tions, as they are performed at 30° of tibiofemoral flexion due to the expected osseous 
engagement of the patella and femur.

Similar to previous studies, patients show increased patella tilt up to 12° in full 
extension6,12,29. Patella tilt rapidly increases during the last 20° of flexion to a greater 
extent in patients than in healthy individuals. The increased tilt appears to be present 
across the range of motion, but becomes constant at flexion angles greater than 20°. 
This may be explained by insufficient medial constraint due to MPFL rupture combined 
with a tight lateral retinaculum in patients and may even cause the greater external 
tibial rotation in patients, as the patellar tendon pulls more laterally at small flexion 
angles when the patella is engaged in the femoral trochlea. Since many patients develop 
symptoms during skeletal development, such a mechanism could influence skeletal 
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development, which would explain the differences in patella maltracking between 
young adults and adults demonstrated by Shen et al 30. 

Patients demonstrated considerably greater mediolateral patella translation in the final 
30° of the extension movement, resulting in approximately 9 mm more lateralization 
than in healthy subjects. In addition, the degree of increase in lateralization was 
significantly greater, causing the median to show a classic inverse J-sign as originally 
described by Post et al 25. 

Several limitations of this study should be considered. Firstly, the scan protocol and 
analysis methods have a significant impact on the kinematic description. For example, 
the determination of the anatomical axes and the zeroing of translations directly 
affect the calculated values. Therefore, comparing the absolute numbers from this 
study to those in literature may not be realistic. However, it is important that analysis 
is performed consistently in order to accurately reflect differences between patients 
and healthy individuals. Using a fully automated analysis ensures this consistency and 
the one hundred healthy subjects included in the study provide a strong normative 
database for comparison. By definition, the calculation of translations requires the 
selection of a flexion angle where translations are zero, and the choice of this flexion 
angle logically affects the calculated values. The chosen tibiofemoral (TF) flexion angles 
of full extension and patellofemoral flexion at 30° are logical from a biomechanical 
perspective. In combination with the significant similarities between the values found 
in this study and those in the literature, the proposed methods seem to provide a good 
foundation for automatic kinematic analysis.

Secondly, as previously mentioned, various factors of the scan protocol and analysis 
method significantly affect the kinematic values found18,21,36. Examples of these include 
the calculation of anatomical coordinate systems and the zeroing of translations at a 
specific flexion angle. In previous research, we demonstrated that kinematics can be 
described with acceptable certainty using anatomical axis systems. For the zeroing of 
translations, the authors chose a flexion angle of 30° from a biomechanical perspective 
because at that angle the patella is fully engaged with the femoral trochlea. In the 
interpretation of the results, this should be taken into consideration.

Thirdly, different loading conditions and physiological activities result in different 
knee kinematics. The extension-flexion movement against gravity performed during 
the scan is simple, non-weightbearing, and not prone to error. Several studies have 
reported greater tibiofemoral and patellofemoral rotations and translations during non-
weightbearing tasks compared to weightbearing tasks9,32,35. Therefore, the differences 
in knee kinematics found in this study may be greater than those found during 
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physiological loading. The large forces acting on the knee joint during weightbearing 
may reduce visibility of the effect of small but important structures such as the medial 
patellofemoral ligament on kinematics. As the cause of maltracking disorders is often 
multifactorial and diffuse, a non-weightbearing extension-flexion movement against 
gravity may offer more insight into the patient specific causes. Nonetheless, further 
investigation is needed and additional testing may be necessary to determine whether 
the current protocol is optimal for diagnosing and quantifying patellofemoral disorders.

Lastly, this study compared the different components of knee kinematics separately 
and per flexion angle. While this provides a useful comparison at the population level, 
relevant information at the individual level remains unexplored. For example, there may 
be correlations between the different components of knee kinematics, which, when 
properly analysed, could provide a deeper understanding of the patient-specific cause 
of maltracking. Although the aetiology of patellofemoral instability may be too complex 
to establish causality, discovering correlations can provide points of reference for future 
research.

In conclusion, the proposed method appears feasible for use in daily practice and the 
scan protocol is executable for both healthy subjects and patients with painful knees. 
Additionally, the method is able to distinguish between differences in knee kinematics 
between patients and healthy subjects, providing insights in this area. It offers the 
opportunity to easily scan a large number of patients and build a large kinematic 
database with patients of various demographic backgrounds and patellofemoral 
conditions, which may shed new light on the complex aetiology of patellofemoral 
instability.
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Patellofemoral pain (PFP) is a musculoskeletal condition that is commonly associated 
with patellar maltracking, a condition in which the patella follows an unusual path to and 
through the femoral trochlea. Patellar tracking is governed by an intricate interaction 
between the soft tissue envelope, neuromuscular control and bony congruence of the 
patella and femur1,2. A disruption of this interaction can lead to patellar maltracking, 
or in severe cases, dislocation of the patella out of the femoral trochlear groove (TG). 
If such dislocations occur easily and frequent, this condition is called patellofemoral 
instability (PFI). Patella dislocation is painful, may cause damage to surrounding tissues 
and has been associated with development of osteoarthritis3. 

The primary treatment for PFI is conservative, but if conservative treatment is 
insufficient there are several surgical options to treat PFI, which aim to reconstruct 
normal movement and tissue loading. Since the cause of PFI is often complex and 
multifactorial, determining a patient-specific treatment plan can be challenging. The 
outcomes of surgical interventions for PFI varies and depends on the specific cause 
and severity of the condition4,5. To achieve optimal results, it is important to accurately 
diagnose and quantify the biomechanical cause of pain or instability in order to choose 
the optimal treatment. 

Medical imaging plays a crucial role in the diagnosis and evaluation of the cause of PFI 
and patellar maltracking. Traditionally, imaging in clinical practice is done under static 
conditions, which does not take into account the dynamics of motion or the influence of 
ligaments, tendons, and muscles6. In recent years, various dynamic imaging techniques 
have been developed to improve the diagnosis of PFI, yet they are not widely used 
in clinical practice7. The aim of this thesis was to implement dynamic computed 
tomography (4DCT) imaging in the clinical evaluation of complex knee disorders in 
order to objectively quantify knee kinematics. The use of 4DCT imaging in the clinical 
evaluation of complex knee disorders can help to objectively quantify the impact of 
conditions such as PFI on knee movement, potentially leading to more patient-specific 
and effective treatment.

Thesis outline

To determine the cause and extent of PFI, several measurements have been developed 
that utilize static imaging. The Tibial Tuberosity – Trochlear Groove (TT-TG) distance 
is a widely used measurement to distinguish between healthy and pathological 
(mediolateral) insertion of the patellar tendon on the tibia. The TT-TG distance is 
commonly measured on a CT or Magnetic Resonance Imaging (MRI) scan and has 
absolute, yet debated, cut-off values that are dependent on the imaging modality8. 
In chapter 3 it was examined whether, and to what extent, the TT-TG measurement is 
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affected by variations in patient orientation in the CT scanner during scanning. To this 
end, the TT-TG distance measurement was automated with a computer algorithm to 
ensure measurement consistency. The bilateral TT-TG distance of 100 healthy subjects 
was calculated on CT scans in the orientation the subject was scanned, and in simulated 
orientations where the subject was tilted up to 7 degrees with respect to the longitudinal 
axis of the CT scanner in the frontal plane. The results of this study showed that the 
TT-TG distance is sensitive to variations in subject orientation as the measured distance 
changes by approximately 1 mm per simulated degree of deviation. Moreover, during a 
routine CT scan, small to substantial alignment variations of 1.02±2.23° (range: -5.6° to 
6.6°) can be observed which are poorly recognizable from the axial views on which the 
TT-TG is measured. Given the considerable effect of alignment variation on the TT-TG 
distance measurement, the degree of alignment variation during routine knee CT scans 
and the measurements’ absolute cut-off values, the orthopaedic community should 
be aware of this sensitivity. Where possible, alignment correction should be applied 
during image postprocessing to minimise the ensuing differences and facilitate better 
intersubject comparison. 

Knee movement and knee morphology are related, and altered knee morphology due 
to pathology or trauma can therefore affect movement and change tissue loading9,10. 
During surgical treatment of PFI and other conditions such as fractures of the tibia 
plateau, the aim of the surgeon is to perform anatomic reconstruction to restore function 
and to prevent complications. In chapter 4 the symmetry of the left and right tibia 
plateau was established, to determine if left-right mirroring can be used for preoperative 
surgical planning of tibial plateau fractures. To this end, surface models of left and right 
tibia plateaus were mirrored and superimposed. Distances between the surface models 
were calculated and visualized in distance maps. The overall mean squared distances 
between correspondence points was 0.6276mm ± 0.0343mm, indicating that left and 
right tibia plateaus are highly symmetric. Furthermore, no locations on the tibia plateau 
were identified where the differences were structurally the highest. These results 
suggest that mirroring the contralateral side is a solid starting point for preoperative 
surgical planning of tibial plateau fractures. Since altered knee kinematics are often 
associated with abnormal anatomy, mirroring anatomy may provide a solution for 
patients with unilateral complaints. By further investigating the relationship between 
altered anatomy and kinematics, the cause of maltracking can be determined and a 
healthy joint can potentially be reconstructed based on the unaffected side.

Establishing normative knee kinematics is important to understand how knee disorders 
affect knee kinematics and how kinematics in patients differ from healthy individuals. 
Chapter 5 describes the knee kinematics of 100 healthy subjects extracted from 
4DCT. A 4DCT scan protocol was developed for imaging of an active knee movement. 



Summary & General Discussion   |   111   

7

Furthermore, a method was developed to automatically extract TF and PF kinematics 
from the imaging data. Knee kinematics found in this study were similar to those in 
literature, with key phenomena such as the screw home mechanism and femoral 
rollback being clearly visible. The scan protocol allows for high spatial and temporal 
resolution at a low radiation dose of 0.08 mSv. Due to its easy-to-execute protocol 
and automated analysis, this method allows implementation of 4DCT imaging in daily 
clinical practice. Despite the clear general kinematic patterns, one of the key findings 
was that considerable variation in knee kinematics can be observed in the healthy 
population that was analysed. 

Multiple studies conclude that dynamic imaging provides valuable insights into 
(pathological) knee kinematics and underline the need for objective and accurate 
determination of subject-specific knee kinematics. Nevertheless, dynamic imaging 
remains a research exercise and is rarely applied in clinical practice. In Chapter 6 twenty-
one patients diagnosed with objective PFI underwent a 4DCT scan. The feasibility of 
4DCT scanning and the automated analysis in clinical practice was determined, and 
it was examined whether the methods are capable of distinguishing healthy and 
pathological knee kinematics. Therefore, the TF and PF kinematics of these patients 
were compared to the normative kinematics of 97 healthy control subjects acquired 
in Chapter 5. All patients were able to successfully complete the protocol, all data 
was successfully segmented, registered, and coordinate systems for the femur, patella 
and tibia were calculated. The weight and length of both groups were equal, yet the 
patients had a higher body mass index (BMI). The results of this study indicate that both 
tibiofemoral and patellofemoral kinematics are affected in patients with recurrent PFI 
compared to healthy individuals. Patients exhibit increased external rotation of the 
tibia, a larger posterior translation of the lateral femoral condyle, more lateral translation 
of the patella, and a lower patella flexion at equal TF flexion. In addition, they show 
more lateral patella tilt over the entire range of motion. The fact that all patients were 
able to complete the scan protocol and that the automatic analysis is fast and able to 
distinguish between pathological and healthy knee kinematics makes it applicable in 
daily clinical practice.

General discussion 

Diagnosing and quantifying knee disorders of a dynamic, multifaceted nature is a 
significant challenge. To optimize and standardize treatment of such disorders many 
attempts have been made to capture the effects of knee disorders on knee kinematics in 
both physical examination and radiological measurements. Because knee kinematics is 
such a complex and multifaceted phenomenon, there is a danger of oversimplification 
through interpretation of static, two-dimensional and orthogonal medical images. This 
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is supported by this thesis as it is demonstrated that the widely used TT-TG measurement 
has methodological inaccuracies that may affect clinical decision-making. Even 
seemingly simple rotational measurements contain complexities and are dependent 
on multiple (anatomical) factors. Innovations in the field of medical imaging and the 
development of new software- and artificial-intelligence algorithms, have the potential 
to better map such complex conditions without adding to the already high workload 
of clinicians. In this thesis the development of a 4DCT protocol and automated analysis 
for obtaining 3D knee kinematics is presented. The developed methods were applied 
to a large cohort of one hundred healthy subjects and a population of patients with 
patellofemoral conditions. The results of this thesis demonstrate the potential of 4DCT 
imaging combined with automated analysis in the diagnosis and quantification of 
orthopaedic disorders in clinical practice.

Normative kinematics 
The established normative kinematics acquired in chapter 5 have the potential to serve 
as a benchmark for the future assessments of knee kinematics after TKA, ligament 
reconstruction, or patellofemoral interventions. The data offers important insights in the 
function and relation of TF and PF kinematics. An important finding is the considerable 
amount of variation in knee kinematics in both the healthy subject and patient group. 
While this variation complicates the interpretation and classification of the results, 
it confirms the complex aetiology of PF disorders as well as the need for novel and 
improved, objective diagnostic methods such as proposed in this thesis.

As described in chapter 5 and 6, part of the kinematic variation can be attributed to the 
scan protocol and analysis method11–13. For example, the freedom of movement and 
pace during the scan ensures that movement is as natural as possible. While this could 
be considered a strength of the methods, it does create heterogeneity in kinematic 
results, complicating analysis and comparison. 

By using deterministic algorithms for determining knee kinematics, they can be 
determined in large cohorts in a consistent manner. The results of chapter 2 show 
that knee kinematics can be described with acceptable accuracy using anatomical 
coordinate systems. The differences in kinematic description between patients and 
healthy subject as a result of using such anatomical coordinate systems is therefore 
within acceptable limits. Consequently, the majority of variations are the result of actual 
differences between subjects in knee kinematics during a flexion extension movement. 
This demonstrates that apart from substantial variation in morphology and alignment, 
healthy individuals have highly variable knee kinematics14. As shown in Chapters 5 and 
6, there is not only a considerable kinematic range within which healthy individuals 
move, but also considerable overlap with those of patients with patellofemoral 
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instability. Although there are clear differences in kinematic patterns, there are also 
patients with painful knees who show a kinematic pattern similar to that of healthy 
individuals, making it more complicated to distinguish them from each other. Thus 
definition of patella maltracking as a deviation from ‘normal, healthy’ patella tracking 
may be an oversimplified definition and needs to be refined. Understanding the nature 
and consequences of variation may offer new insights into the PF joint and in the 
definition of patella (mal)tracking. To fully utilize the diagnostic potential of 4DCT, more 
advanced analysis methods will need to be developed, which are able to distinguish 
possible differences in kinematic patterns at a functional level.

Patient kinematics
As demonstrated in chapter 6 4DCT imaging can be used in a clinical setting and the 
analysis methods are capable of identifying differences in three-dimensional knee 
kinematics between patients and healthy subjects. This allows the causes and effects 
of complex knee disorders to be quantitatively determined, without possibly subjective 
judgement of the treating physician. 

To make the methods clinically feasible, they should possess a number of distinct 
properties. Firstly, the scan protocol enables imaging with both high spatial and 
temporal resolution while the examination time marginally differs from a routine 
CT examination. The movement during the scan is simple and easy to perform, and 
in contrast to dynamic MRI, there is no strictly timed, repeated movement required, 
making it also feasible for people with painful knee joints [17–19]. Finally, the automatic 
analysis enables fast and consistent kinematic assessment without causing additional 
burden to the radiologist.

4DCT imaging and automated analysis have the potential to make clinical decision 
making less dependent on static measurements with poor interrater reliability and which 
have an unclear relationship with dynamic knee movement15,16. The implementation 
of 4DCT in clinical practice makes it possible to scan large patient groups, facilitating 
the establishment of a kinematic database. By including confounding factors in the 
database, such as age of onset of disease and demographics, a database could play a 
key role in understanding the complex aetiology of PF disorders. 

Quantitative analysis of pre- and postoperative kinematics are insightful for the surgeon 
and enables to further optimize surgery and confirm the preoperative surgical plan 
based on quantitative data of the joints’ dynamic behaviour rather than relying on 
intraoperative intuition. This quantitative analysis can aid in understanding the effects 
of the procedure, leading to improved treatment and potentially better long-term 
outcomes. 
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Data analysis & Interpretation
In the realisation of this thesis it has become apparent, that dynamic imaging requires 
a fundamentally different method of image analysis and interpretation compared to 
conventional static imaging. Current diagnostic imaging relies heavily on human 
interpretation of orthogonal, 2D images, which can be challenging even for static 
images and ignores the complex 3D nature of knee disorders. As a result, various 
diagnostic measurements have been proposed to support clinicians in the diagnosis, 
evaluation and quantification of disorders to facilitate in clinical decision-making. In case 
of dynamic imaging, the conventional orthogonal views provide limited insights and 
are difficult if not impossible to interpret. Additionally, a multitude of data is captured 
compared to static scanning, which renders manual assessment too time consuming for 
clinical practice. Furthermore, repeated manual measurements increase the likelihood 
of introducing inter- and intrarater variability, rendering the measurements inaccurate. 
The methods presented in this thesis are fully automatic, and allow for consistent 
measurement of knee kinematics and comparison of knee kinematics between patient 
groups and healthy individuals, facilitating clinical decision making. 

However, these methods require further optimization. The use of existing measurements 
designed for static images on dynamic images can result in underutilization of the 
diagnostic potential of dynamic imaging and lead to complex, difficult-to-interpret 
results that cannot be easily compared. Due to natural variability in morphology, pose 
and movement, measurements that appear straightforward and simple in conventional 
2D become multidimensional and complex in a dynamic situation. Moreover, existing 
terminology can easily cause confusion, for example due to the rotation of coordinate 
systems of adjacent anatomical structures. 

The implementation of dynamic imaging, whether from CT or another modality, 
therefore requires further development of automated, new measurements as well as 
standardized terminology specifically developed for dynamic images. Newly developed 
measurements should not rely on absolute, general cut-off values, but rather consider 
the variability that exists in different populations and the potential overlap between 
patients and healthy individuals. Through such novel measurements, new clinical 
guidelines can be established to better assist clinicians in making an accurate clinical 
evaluation and developing the optimal treatment plan.

Enhancing diagnostic & clinical value
In addition to the development of novel measurements for quantification of kinematics 
and anatomy, the diagnostic value of dynamic imaging can be further enhanced 
through advanced analysis methods. For example, the unique aspect of simultaneous 
acquisition of PF and TF kinematics of the current method could be fully utilized by use 
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of a multidimensional regression model. While various studies have shown that TF & PF 
kinematics influence each other, they are often still determined and analysed separately, 
potentially leaving important interrelationships undiscovered20,21. 

More in-depth analysis methods such as Functional Principal Component Analysis 
(FPCA), could clarify the variation present in the healthy population. FPCA is a statistical 
technique that allows reduction of dataset dimensions while preserving the majority 
of information. Subtle multidimensional differences in kinematics that are not readily 
visible may become apparent, the complexity of current datasets may be reduced 
and the cause and magnitude of variation may be further explained. By linking this 
information to anatomical variation, relations between morphology and function can 
be revealed. This provides guidance for the surgeon, who can better understand what 
to aim for during treatment and ensures that surgical interventions become more 
patient-suited. 

Similarly, other sophisticated analysis methods could include clustering algorithms 
such as BDSCAN or BIRCH. As is the case in gait analysis, these may reveal possible 
different phenotypes in knee kinematics22,23. Comparing such phenotypes can explain 
the overlap in kinematics between patients and healthy individuals and potentially 
show which individuals are prone to instability. This could also potentially clarify why 
certain individuals develop PFI following a traumatic event such as tearing of an MPFL. 

A major advantage of such advanced (AI) methods is that they are able to approach 
complex conditions from multiple dimensions simultaneously. By relating the altered 
anatomy as a result of surgery and the difference between pre- and postoperative 
kinematics and incorporating outcomes of musculoskeletal models, such methods can 
accurately map the effects of surgical treatment. As algorithms such as Generalized 
Adversarial Networks (GAN) are capable of creating new information, this may even be 
used to create a preoperative surgical plan. In such case, the post-operative kinematics 
could be (partially) predicted. However, this requires large amounts of pre- and 
postoperative 4DCT images that need to be combined with surgical outcomes.

Scan protocol & loading conditions 
The methods presented in this thesis settle a number of technical challenges regarding 
dynamic imaging, as raised in recent review articles6,11,13. For instance, the active 
muscle contraction as applied during the 4DCT scan enhances the ability to diagnose 
patella tracking disorders11. Moreover, three dimensional kinematics calculation, take 
into account complex movement across multiple axes simultaneously and ensure 
consistency in measurements through deterministic calculations. These improvements 
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increase the accuracy and usability of the results and are an integral step towards broad 
clinical implementation of 4DCT imaging in clinical practice. 

Nevertheless, a number of topics need to be investigated to determine whether the 
applied methods are optimal for diagnosing PF disorders. A considerable number of 
articles have compared the kinematic differences between closed chain and open chain 
movement, and in weightbearing and non-weightbearing situations and concluded there 
are considerable differences24–29. The movement and loading conditions during the current 
protocol are relatively simple, non-weight bearing, and not prone to potential traumatic 
events. Episodes of patella luxation are therefore not likely to occur during the scan. 
The results obtained in this thesis can therefore not be extrapolated to weightbearing 
situations. However, this does not necessarily indicate that particular loading conditions 
are superior to the other for diagnosing specific knee disorders. For example, multiple 
studies demonstrate that translations and rotations are greater in unloaded than loaded 
conditions24,26,30. This could imply that non-weightbearing conditions provide a more 
complete picture of the effect of all the structures affecting PF kinematics. Moreover, the 
differences between weightbearing kinematics and non-weightbearing kinematics seem 
to be smaller than intersubject variation21. However, determining and optimizing the 
clinical value of the protocol is an important topic for future research.

Recent studies have shown that, among other things, patients with different 
demographics and onset of PF disorders demonstrate distinct kinematic patterns31,32. 
In future research on kinematics between patients (and/or healthy volunteers), it is 
therefore important that these groups are clearly defined and differentiated in order 
to prevent unwanted variables from influencing the kinematic results. The method 
presented in this thesis provides the capability to scan the large number of patients 
required for this type of research.

Other areas of 4DCT application
While the focus of this thesis was dynamic imaging of the knee joint, minor adjustments 
of the developed protocol and analysis method allow for analysis of other joints. The 
main requirements for using this method for 4DCT imaging of other joints are that the 
joint (partially) fits within the dynamic field of view of the CT scanner and that movement 
relevant for diagnosis is possible within the gantry of the CT scanner.

Key examples of other joints include the wrist, ankle, and hindfoot. For example, 4DCT 
can be used to diagnose joint instability or trigger lunate syndrome at the wrist33. 
Given the limited size of the structures in the wrist, the combined high spatial and 
temporal resolution of 4DCT is vital for proper assessment. The limited joint size also 
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provides possibilities for the use of a loading rig to compare loaded and unloaded wrist 
kinematics. Similarly, 4DCT offers possibilities for assessment of ankle joint and hindfoot 
disorders which are frequently experienced during simple daily tasks and movements17. 
To avoid invoking pain during scanning, it is vital that images can be acquired quickly 
and without repetition, as is not the case for dynamic MRI. In the case of the ankle and 
foot, previous publications on other dynamic modalities have already established the 
foundation for determining anatomical axis systems, their reproducibility, and the 
definition of movements34,35.

Despite the fact that X-ray imaging techniques (e.g. CT scans) of metal objects can 
result in substantial image artifacts, advancements in iterative and deep learning-based 
reconstruction algorithms have made it possible to significantly enhance image quality 
and minimize these artifacts. Using a slightly modified scanning and analysis method as 
utilized in this thesis, this allows for extraction of knee kinematics with a knee implant. 
As a result, 4DCT can be used to analyze knee kinematics in a clinically accessible 
manner which can be used to further optimize total knee replacement design and 
surgery. Firstly, by determining the effects of TKA by comparing pre- and postoperative 
kinematics and linking these results to surgical outcomes and patient satisfaction. 
Secondly, the kinematic alignment of existing knee implants can be planned patient-
specific, or a (patient-specific) knee implants can be developed so that pre-diseased 
knee kinematics are more closely mimicked. 

Conclusions

In conclusion, the results of this thesis show that the widely used TT-TG measurement 
is sensitive to patient orientation in the CT scanner, and that the high frequency and 
degree to which orientation deviations occur during routine CT exams may potentially 
affect clinical decision-making. Moreover, it is demonstrated that anatomical variation 
affects the determination of coordinate systems used to describe knee kinematics, 
but these systems can nevertheless be used to describe kinematics with reasonable 
certainty. Morphological analysis shows that the left and right tibia plateaus have highly 
similar shape, which may allow for the use of the contralateral side as a reference for 
reconstructing the knee joint in patients with unilateral complaints. The scan protocol 
and automated postprocessing presented in this thesis allow for extraction of knee 
kinematics in a clinical setting. Applying them to healthy subjects and PFI patients 
revealed considerable variation in both healthy and pathological knee kinematics, 
but highlighted clear differences between healthy subjects and patients. This new 
knowledge will contribute to improving the clinical evaluation and quantification of 
complex knee disorders and lead to further optimize treatment modalities for these 
patients. 
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Patellofemorale pijn (PFP) is de medische benaming voor veelvoorkomende pijnklachten 
rond de knieschijf. PFP wordt geassocieerd met ‘patella maltracking’ waarbij het pad van 
de patella (knieschijf ) naar en door een femorale trochlea (groeve in dijbeen) afwijkt 
van normaal. De tracking (sporing) van de patella is het gevolg van een complexe 
wisselwerking tussen zachte weefsels zoals spier en bindweefsel, neuromusculaire 
controle en de congruentie van de patella en het femur1,2. Een verstoring van deze 
interactie kan resulteren in patella maltracking of in ernstige gevallen tot een luxatie 
van de patella uit de trochlea. Indien dergelijke luxaties frequent en gemakkelijk 
voorkomen, spreekt men van patellofemorale instabiliteit (PFI). Zowel maltracking als 
luxaties zijn pijnlijk en kunnen schade aanbrengen aan omliggende weefsels. Daarnaast 
wordt het in verband gebracht met het ontstaan van artrose3.

De primaire behandeling voor PFI is conservatief, maar indien deze behandeling 
onvoldoende resultaat boekt zijn er verschillende chirurgische behandelingen mogelijk. 
Deze behandelingen hebben als doel de gezonde beweging en weefsel belasting te 
reconstrueren. De oorzaak van PFI is vaak complex en multifactorieel, waardoor het 
bepalen van de optimale, patiënt specifieke behandelmethode even ingewikkeld is. 
Ook zijn de uitkomsten van de verschillende chirurgische interventies variabel en in 
grote mate afhankelijk van de onderliggende oorzaak en ernst van de aandoening4,5. 
Om het optimale resultaat te bereiken is het belangrijk om de biomechanische oorzaak 
van pijn of instabiliteit nauwkeurig te diagnosticeren en evalueren om vervolgens de 
optimale behandelmethode te bepalen. 

Medische beeldvorming speelt een cruciale rol bij de diagnose en evaluatie van zowel 
PFI en patella maltracking als andere spierskelet aandoeningen. In de praktijk wordt 
deze beeldvorming veelal onder statische omstandigheden verkregen, waarbij de 
patiënt zo stil mogelijk ligt tijdens het maken van de scan. Aangezien PFI en patella 
maltracking bij uitstek aandoeningen zijn met een dynamische aard, wordt bij deze 
manier van beeldvorming het effect van beweging of de invloed van spieren, pezen 
en ligamenten op het sporen van de patella niet vastgelegd6. In de afgelopen jaren 
zijn om deze reden verschillende dynamische beeldvormingstechnieken ontwikkeld. 
Deze technieken zijn in staat de dynamische aspecten in kaart te brengen en kunnen 
mogelijk de diagnose en evaluatie van aandoeningen zoals PFI verbeteren. Helaas 
worden dergelijke dynamische beeldvormingstechnieken nauwelijks toegepast in 
de klinische praktijk en slechts sporadisch in wetenschappelijk onderzoek gebruikt7. 
Het doel van dit proefschrift was om dynamische computed tomography (4DCT) toe 
te passen bij de klinische evaluatie van patiënten met complexe knieaandoeningen 
om de kniekinematica (beweging van de knie) objectief te kunnen kwantificeren. Het 
gebruik van 4DCT biedt de mogelijkheid om het effect van aandoeningen zoals PFI op 



126   |   Chapter 8

de beweging van de knie te bepalen, waardoor effectievere en meer patiënt specifieke 
behandeling mogelijk wordt.

Thesis overzicht

Voor het beschrijven van kniekinematica wordt meestal gebruik gemaakt van 
anatomische coördinaten systemen (ACS). Het gebruik van dergelijken coördinaten 
systemen heeft de voorkeur boven alternatieven zoals de (finite) helical axis vanwege 
de relatief makkelijke visualisatie en interpretatie van de resultaten. Als gevolg van 
normale anatomische variatie in een (patiënt)populatie ontstaan echter inherente 
verschillen in de bepaling van het ACS. In de vergelijking van kinematica tussen 
personen kunnen daardoor verschillen ontstaan die niet zozeer het gevolg zijn van 
een bepaalde pathologie, maar van verschillen in de bepaling van het ACS. Hierdoor 
wordt het ingewikkeld om kniekinematica tussen patiënten of groepen te vergelijken 
en wordt het vaststellen van mogelijke relaties tussen veranderde beweging en 
knieaandoeningen moeilijker. In hoofdstuk 2 werd onderzocht in welke mate een 
ACS van de knie wordt beïnvloed door anatomische variatie van het bot. Hiervoor 
werd gebruikt gemaakt van statistical shape models om de vorm van de knie te 
parameteriseren. De resultaten van dit onderzoek laten zien dat het ACS van de patella 
het meest gevoelig is voor anatomische variatie ten opzichte van dat van het femur 
en tibia. Als gevolg vertoont de beschrijving van patellofemorale (PF) kinematica de 
meeste onzekerheid. De beschrijving van tibiofemorale (TF) en PF kinematica hadden 
een maximale onzekerheid van respectievelijk 5.0° en 13,5°. Hiermee werd aangetoond 
dat zelfs in knieën die qua vorm aanzienlijk afwijken van het gemiddelde, de kinematica 
met acceptabele nauwkeurigheid kan worden bepaald. Gezien het brede gebruik 
van ACS is het van belang dat de orthopedische gemeenschap zich bewust is van de 
(on)nauwkeurigheid van dergelijke systemen, in het bijzonder omdat verscheidene 
aandoeningen gepaard gaan met afwijkende anatomie. 

Om de oorzaak en ernst van PFI te bepalen zijn verschillende metingen ontwikkeld op 
basis van beeldvormend medisch onderzoek. De Tibial Tuberosity – Trochlear Groove 
(TT-TG) afstand is een veel gebruikte meting om mogelijke pathologische laterale 
insertie van de patellapees op de tibia vast te stellen. De TT-TG afstand wordt gemeten 
op statische CT of MRI en heeft absolute maar betwiste afkapwaarden die afhankelijk zijn 
dan de modaliteit waarop de meting wordt gedaan [8]. In hoofdstuk 3 is onderzocht of, 
en in welke mate, de TT-TG meting wordt beïnvloed door veranderingen in de oriëntatie 
van de patiënt in de CT-scanner. Om consistentie van de meting te waarborgen werd 
de TT-TG meting geautomatiseerd met een computeralgoritme. De TT-TG afstand werd 
bilateraal gemeten op CT-scans van 100 gezonde proefpersonen. Dit werd gedaan in 
de oriëntatie waarin deze personen werden gescand, en in gesimuleerde oriëntaties 
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waarbij de proefpersonen tot 7° schuin lagen ten opzichte van de lengteas van de 
CT-scanner in het frontale vlak. De resultaten van dit onderzoek laten zien dat de TT-
TG afstand gevoelig is voor oriëntatie van de patiënt en veranderde met circa 1 mm 
per gesimuleerde graad afwijking. Daarnaast werden tijdens het onderzoek variaties 
in uitlijning waargenomen (1,0±2,2° (bereik: -5,6° tot 6,6°)) die slecht zichtbaar zijn 
op de axiale aanzichten waarop de TT-TG afstand wordt gemeten. Gezien het effect 
van de patiënt oriëntatie op de meting, de mate waarin deze voorkomt, de absolute 
afkapwaarden van de meting en de rol van de meting bij klinische besluitvorming, 
dient de orthopedische gemeenschap zich bewust te zijn van deze gevoeligheden. 
Waar mogelijk moet tijdens het uitwerken van de beeldvorming een correctie worden 
toegepast om de effecten op de TT-TG afstand te minimaliseren en zo betere vergelijking 
binnen en tussen patiënten mogelijk te maken. 

De morfologie van de knie en de manier waarop deze beweegt zijn aan elkaar 
gerelateerd. Door veranderingen in morfologie als gevolg van trauma of ziekte is het 
mogelijk dat de beweging en weefselbelasting verandert9,10. Om de functie en beweging 
van de knie te herstellen wordt bij de chirurgische behandeling van fracturen van 
zowel het tibiaplateau als PFI daarom vaak een anatomische reconstructie uitgevoerd. 
In hoofdstuk 4 werd de symmetrie van het linker en rechter tibia plateau onderzocht, 
om te bepalen of links-rechts spiegeling kan worden gebruikt als uitgangspunt voor 
preoperatieve chirurgische planning van tibia plateau fracturen. Hiervoor werden 3D 
computermodellen gemaakt van het linker en rechter tibiaplateau. De modellen van de 
rechter plateaus werden gespiegeld en geregistreerd op de linker plateaus waarna de 
afstand tussen de twee oppervlakken werd berekend en gevisualiseerd. De gemiddelde 
afstand tussen corresponderende punten op deze oppervlakken was 0,62 mm  
± 0,03 mm. Daarnaast werd er geen specifieke locatie gevonden waar de verschillen 
structureel het grootst waren. Dit duidt op een grote mate van symmetrie tussen het 
linker en rechter tibiaplateau. Deze resultaten suggereren dat het spiegelen van de 
contralaterale zijde een goed uitgangspunt is voor preoperatieve chirurgische planning 
van fracturen in het tibiaplateau. Omdat veranderde kniekinematica vaak gepaard gaat 
met abnormale anatomie, biedt het spiegelen van de anatomie mogelijk een oplossing 
voor de behandeling van patiënten met unilaterale klachten van PFI. Door de relatie 
tussen veranderde anatomie en kinematica verder te onderzoeken, kan de oorzaak 
van maltracking worden vastgesteld en kan mogelijk de functie en beweging van een 
gewricht worden gereconstrueerd op basis van de contralaterale zijde. 

Om het effect van aandoeningen op de beweging van de knie te kunnen bepalen, is 
het van belang om normatieve kniekinematica te bepalen. In hoofdstuk 5 werd de 
kniekinematica van 100 gezonde proefpersonen bepaald, door middel van 4DCT. 
Hiervoor werd een scan-protocol ontwikkeld om een actieve beweging van de knie in 
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beeld te brengen. Daarnaast werd een methode ontwikkeld om de TF & PF kinematica 
automatisch uit de beelden te extraheren. De waarden vertonen grote overeenkomsten 
met die uit bestaande publicaties en onthullen belangrijke biomechanische kenmerken 
zoals het screw home mechanisme en femorale rollback. Het ontwikkelde scan protocol 
maakt het mogelijk om dynamisch te scannen met hoge spatiele en temporale resolutie 
terwijl de effectieve stralingsbelasting voor de patiënt beperkt blijft tot 0,08mSv. Dankzij 
het eenvoudig uit te voeren protocol en de geautomatiseerde analyse maakt deze 
methode implementatie van 4DCT-beeldvorming in de dagelijkse klinische praktijk 
mogelijk. Hoewel duidelijke bewegingspatronen zichtbaar waren, is de aanzienlijke 
variatie in kinematica binnen deze gezonde populatie een belangrijke bevinding van 
dit onderzoek 

Eerdere wetenschappelijke publicaties concludeerden dat dynamische beeldvorming 
waardevolle inzichten geeft in (pathologische) kniekinematica en onderstreepten 
het belang van nauwkeurige, objectieve en patiënt specifieke kniekinematica. 
Desondanks wordt dynamische beeldvorming nauwelijks toegepast in de klinische 
praktijk en blijft de inzet beperkt tot wetenschappelijk onderzoek. In hoofdstuk 6 werd 
bepaald in hoeverre 4DCT kan worden ingezet in de dagelijkse klinische praktijk voor 
de diagnose en evaluatie van PFI. Daarnaast werd onderzocht of de scan en analyse 
methoden gepresenteerd in hoofdstuk 5 in staat waren om gezonde en pathologische 
kniekinematica te onderscheiden. Eenentwintig patiënten met patellofemorale 
instabiliteit ondergingen een 4DCT scan. De TF & PF kinematica van deze patiënten 
werd vergeleken met de in hoofdstuk 5 verkregen normatieve data van 97 gezonde 
proefpersonen. De resultaten van deze studie laten zien dat zowel tibiofemorale als 
patellofemorale kinematica anders is bij patiënten met PFI vergeleken met gezonde 
proefpersonen. Hierbij laten patiënten toegenomen externe rotatie van de tibia zien, 
grotere translatie van de femorale laterale condyl, grotere laterale translatie van de 
patella en lagere patellofemorale flexie bij gelijke tibiofemorale flexie. Tot slot vertonen 
patiënten over de gehele beweging een grotere patella tilt. Dat alle patiënten ondanks 
pijnklachten in staat waren het protocol te voltooien, de succesvolle geautomatiseerde 
analyse en het vermogen onderscheid te maken tussen pathologische en gezonde knie 
kinematica, laat zien dat 4DCT toepasbaar is in de dagelijkse klinische praktijk in de 
diagnose en evaluatie van complexe knieaandoeningen. 

De onderzoeken beschreven in dit proefschrift dragen bij aan de verdere verbetering 
van de klinische evaluatie en kwantificatie van complexe knieaandoeningen en kunnen 
leiden tot geoptimaliseerde behandeling voor patiënten. 



Nederlandse Samenvatting   |   129   

8





Appendix

Appendices



132   |   Appendices



Appendices   |   133   

A

Dankwoord

Wie mij een paar jaar geleden had gezegd dat ik een PhD zou gaan doen had ik voor 
gek verklaard. Maar daar zit ik dan, een dankwoord te schrijven voor mijn proefschrift. 
Ik heb geen moment spijt gehad van de beslissing om dit promotieonderzoek te gaan 
doen. De afgelopen jaren heb ik met veel plezier gewerkt bij het Orthopaedic Research 
Laboratory (ORL). Ook heb ik veel leuke nieuwe mensen ontmoet en ontzettend veel 
geleerd. Ik ben erg dankbaar voor deze mooie periode en voor alle hulp die ik heb 
gekregen. Met het risico dat ik iemand vergeet wil ik specifiek een aantal mensen 
bedanken. 

Beste Nico, dank voor jouw rol als promotor. Ik heb er veel respect voor hoe hard jij kunt 
werken en hoeveel balletjes je in de lucht kunt houden. De hoeveelheid inhoudelijke 
kennis die je daarnaast paraat hebt, is opzienbarend. Ondanks je volle agenda was 
je altijd bereikbaar voor feedback op artikelen en presentaties of het meedenken bij 
onderzoeksmethoden. Bedankt voor alles en denk goed om jezelf.

Daar is hij dan Sebastiaan, mijn publicatie d…… Ontzettend bedankt voor je 
enthousiasme en inzet in het onderzoek dat we gedaan hebben en voor alle keren dat 
je je gewicht in de strijd hebt gegooid als het project ergens vast liep. Je vervult veel 
verschillende functies in het ziekenhuis en op de afdeling. Ik vind het erg knap hoe snel 
je situaties weet in te schatten en hoe je je vinger op de zere plek weet te leggen. En 
ondanks dat ook nog zo vaak kunnen lachen… Dankjewel!

Dennis, dankjewel voor alle technische en procedurele hulp, maar ook voor het 
relativeren en je (goede) flauwe humor. Als ik door de bomen het bos niet meer zag had 
jij dat vaak al door. Ook heb je meer dan eens mijn agenda bewaakt door sarcastisch te 
zeggen: “Dat kan Hans wel doen, die heeft nog wel tijd over”. Je bent het aanspreekpunt 
voor velen binnen het ORL en dat je vrijwel elk jaar als supervisor van het jaar wordt 
genomineerd, zegt volgens mij genoeg. Dankjewel!

Dr. Buckens, beste Stan, toen jij als radioloog betrokken werd bij het 4DCT project heeft 
het project echt vleugels gekregen. Je hebt meermaals mensen gemobiliseerd om het 
een of ander voor elkaar te krijgen. Ook proefkonijn spelen voor wilde ideeën zoals 
belaste 4DCT vond je geen probleem. Dankjewel voor je enthousiasme en inzet.

Willem-Jan, Koen en Mirte, de echte CT piloten. Dankjewel voor de vele proefscans en 
uren overwerk om de grote hoeveelheid gezonde vrijwilligers te scannen. 



134   |   Appendices

Ook alle proefpersonen die deel hebben genomen aan het 4DCT Knie onderzoek wil ik 
enorm bedanken. Zonder jullie enthousiasme en nieuwsgierigheid was het nooit gelukt 
deze mooie resultaten te verkrijgen.

Jasper & Martijn, dank dat jullie mijn paranimfen willen zijn. Ook bedankt voor de leuke 
jaren bij het ORL, de gezellig borrels en de ontelbare potjes tafelvoetbal. Martijn, toen 
ik in 2018 naast je kwam zitten was het gelijk raak. We hebben vaak (om foute dingen) 
de slappe lach gehad en je hakkelende presentatie na het legen van de minibar zal 
me altijd bijblijven. Jasper, dankjewel voor de broodnodige afleiding in de vorm van 
reisfoto’s, tafelvoetbal en filmpjes van klusprojecten. Je maakt echt hele gave dingen, 
dus een je kunt altijd nog een carrière switch overwegen. 

Corine, we zijn lang elkaars collega’s geweest. Tijdens de studie, tijdens de stage, tijdens 
het afstuderen en later samen bij het ORL. Die streak is nu ten einde gekomen, dank 
voor alle leuke gesprekken en de ‘lekkere’ kopjes koffie. Heel veel succes & plezier in 
Barcelona.

Max, thanks voor de eindeloze debug sessies en het ‘kijkewattiedoet’ om er na anderhalf 
uur komma-staren achter te komen dat ik een domme typo had gemaakt. Je Matlab 
skills blijven onovertroffen, moet je misschien eens iets mee gaan doen… 

Jason, Jasper T, Jasper vd G, Heleen, Anne vd B., Lennard, Kaylee, Anne R. Dankjewel 
voor jullie bijdrage aan dit project in de vorm van (master)stages, jullie enthousiasme 
en kritische vragen. 

Beste Richard, dankjewel voor alle hulp. Of het nou ging om het regelen van minuscuul 
kleine boorkopjes (gemaakt in een 5-assige CNC machine ter grootte van 25m3 in een 
machinefabriek van een sigarettenfabrikant), hulp bij het onderwijs, of het ontwerpen 
en printen van een houder voor de oscillerende zaag (die uiteindelijk nooit is gebruikt). 
Niets was te gek en altijd met een lach. Dankjewel!

Beste Leon, dankjewel voor alle segmentaties die je hebt gedaan. Het was monnikenwerk 
maar essentieel om het 4DCT project een succes te maken.

Ook alle andere ORL collega’s wil ik graag bedanken voor alle hulp en gezelligheid. 
De leuke BBQ’s, uitjes zoals golfen, karten en kano varen (want suppen is tegen mijn 
principes) waren erg gezellig en ik ga ze zeker missen.

Ward & Bram, we kennen elkaar al lang en hebben met z’n drieën al veel meegemaakt. 
Mooie maar ook heftige dingen. Ik ben ontzettend blij dat we elkaar (ondanks dat we in 



Appendices   |   135   

A

de uithoeken van het land wonen) altijd weer weten te vinden en precies verder gaan 
waar we gebleven waren. 

Beste ‘Burgerlijke Pikken’, anders dan de appgroepnaam doet vermoeden zijn de 
avondjes en weekendjes alles behalve burgerlijk. Dank voor alle afleiding, gezelligheid, 
goede gesprekken en ook vooral de hele slechte gesprekken. Ik zie uit naar het volgende 
weekend!

Lieve Jan, Hanneke, Mark en Noor, dankjewel voor jullie warmte en jullie interesse in 
mijn promotie onderzoek en werk. 

Lieve zussen, broer, zwagers, schoonzus, neefjes en nichtjes, bedankt voor jullie interesse 
in mijn onderzoek. Ik ben blij met jullie! 

Lieve papa en mama, dankjewel voor jullie onvoorwaardelijke steun en hulp. Of het nu 
gaat om studie, werk of persoonlijke dingen, jullie staan altijd voor mij (en Iris & Juul) en 
dat is een ontzettend fijn gevoel. 

Lieve Iris, toen ik deze promotie begon woonden we in een klein appartement in het 
centrum van Utrecht. Nu, ruim 4 jaar (en heel veel burgerpunten) later wonen we in 
een twee-onder-een-kap in een Vinex wijk en hebben we een dochter. Je bent er altijd 
voor me om te motiveren of te relativeren óf om een kopje thee te brengen tijdens de 
avonduren schrijven. Je bent de aller-aller beste en ik hou van jou!

En tot slot, lieve kleine Juul. Ik ben ontzettend trots op je en ik vind het fantastisch om 
jou te zien op je grote ontdekkingsreis. Ik dacht dat ik nieuwsgierig was, maar jij… Kus!



136   |   Appendices

Curriculum Vitae 

Hans Dunning was born on the 29th of January 1989 
in Delfzijl. He obtained his VWO diploma from the 
Zernike College in Haren. He started the bachelor 
Mechanical Engineering at the University of Twente 
but stopped after 1 year. 

After a year of working and traveling he started 
the bachelor Lifescience & Technology at the 
University of Groningen, with a major in Biomedical 
Engineering. After completion of the bachelor 
he started the master Biomedical Engineering at the University of Groningen. For his 
master thesis he completed an internship at the 3DLab of the Radboudumc, where he 
researched the optimal one-shape-fits-all geometry of a bone anchored tibia implant. 

In 2017 he started as a research scientist at the Orthopaedics department to develop a 
minimally invasive tool for the treatment of bone metastasis. He authored a KWF Unique 
High Risk Project grant which was awarded in 2018.

In 2018 he started as a PhD at the Orthopaedic Research Laboratory focussing on 
the clinical implementation of dynamic CT imaging in complex knee realignment 
surgery. Currently he works as a R&D Scientist Imaging & Dosimetry and New Product 
Development Lead at Quirem Medical. 
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Data Management

This thesis is based on the results of medical-scientific research with human participants 
and was therefore subject to the Medical Research Involving Human Subjects Act 
(WMO). The studies were conducted in accordance with the ICH-GCP guidelines (Good 
Clinical Practice). 

Prior to these studies, ethical approval was obtained from the ‘Medical Ethical 
Committee Oost’ under registration numbers: NL60392.091.17 (dose reduction study), 
NL72784.091.20 (healthy volunteers). Informed consent was obtained from all research 
participants. 

To safeguard the availability, integrity and confidentiality of the data, organizational 
and technical measures were taken. Data were processed pseudonymised and key files 
were stored in accordance with institutional guidelines. Non image data was collected 
through electronic Case Report Forms (eCRF) using Castor EDC. 

Data retention and publications

All image data is stored in dedicated image archives and will remain archived for the 
duration of 15 years. When signing informed consent all participants in the healthy 
volunteer study described in chapter 5 have, indicated that their image data may 
be used for future studies. However, institutional approval must be obtained for this 
purpose.

The scientific articles in this thesis have been published open access, in line with the 
institutional preference.
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PhD Portfolio 

Department: Orthopaedic Research Laboratory
PhD period: 01/07/2018 – 01/07/2022
PhD Supervisor(s): Prof. N. Verdonschot 
PhD Co-supervisor(s): Dr. S.A.W. van de Groes, Dr. D. Janssen

Training activities Hours

Courses
• RIHS - Introduction course for PhD candidates (2018) 
• Scientific Integrity for PhD candidates (2018) 
• RIHS PhD introduction course (2018) 
• Musculoskeletal Modeling by Multibody Dynamics (2018) 
• Statistiek voor promovendi met SPSS (opfriscursus) (2018) 
• EBrok course (2018) 
• Scientific Writing for PhD candidates (2019) 
• Projectmanagement for PhD candidates (2019) 
• Radboudumc - Scientific integrity (2019) 

15.00
28.00
21.00
112.00
56.00
42.00
84.00
56.00
20.00
 

Conferences
• PhD Retreat (2018) (oral presentation)
• World Congress of Biomechanics (2018) (poster presentation)
• PhD Retreat (2019) (poster presentation)
• NOV Jaarcongres (2019) (oral presentation)
• ESSKA 2022 Paris (2022) (poster presentation)

28.00
49.00
14.00
14.00
42.00

Teaching activities 

Lecturing
• Belasting & Belastbaarheid (2018) 
• Meet the PhD (2018) 
• Orthopaedic Biomechanics in Motion 2019 (2019) 
• Minor Introduction: Moving Questions (2019) 
• Belasting & Belastbaarheid 2019 (2019) 
• Belasting & Belastbaarheid 2020 (2020) 
• Orthopaedic Biomechanics in Motion 2020 (2020) 

11.20
56.00
21.00
2.80
11.20
11.20
21.00

Supervision of internships / other
• Master internship, Jason Verspeek, Medicine, 6 months (2018)
• Master internship, Jasper Twilt, Technical Medicine, 3 months (2018)
• Master internship, Jasper van der Graaf, Technical Medicine, 12 months (2019)
• Master internship, Heleen van den Nieuwenhof, Technical Medicine, 3 months (2019)
• Master internship, Anne van den Brekel, Technical Medicine, 3 months (2019)
• Master internship, Lennard van Karnenbeek, Technical Medicine, 3 months (2020)
• Master internship, Kaylee van Duren,, Technical Medicine, 3 months (2021)
• Master internship, Anne van den Brekel, Technical Medicine, 12 months (2021)
• Master internship, Anne Rook, Technical Medicine, 18 months (2022)

56.00
21.00
112.00
21.00
21.00
21.00
21.00
112.00
140.00

Total 1240.40
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