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Abstract

Introduction

In patients with knee osteoarthritis, cartilage loss causes a joint space width (JSW) decrease between
the femur and tibia, which can be measured to quantify the disease progression or the effects of joint
sparing treatments such as high tibial osteotomy (HTO) and knee joint distraction (KJD). This is
currently done using radiographs, but possible alternatives to give insight in the JSW distribution
throughout the joint are CT and MRI, 3D imaging techniques for which a measuring method must be
developed and validated. Since CT and MRI images are taken non-weight-bearing with an extended
leg, as opposed to weight-bearing, semi-flexed radiographs, the effects of weight-bearing and flexion
on the knee joint space should be investigated.

Materials & Methods

Forty patients treated for knee OA (20 KJD, 20 HTO) were included. Radiographic outcomes and
clinical characteristics were evaluated and CT and MRI scans were performed at baseline, one-year,
and two-year follow-up. The JSW was measured on the radiographs and a 3D measurement method
was developed to quantify the joint space in CT and MRI images. This semi-automatic method
segments bone and generates heat maps and histograms to provide more insight in the joint space dis-
tribution. The JSW measurements were compared between imaging techniques and two-year changes
were compared with clinical parameters.

In an additional MRI study, four different MRI scans were performed on healthy volunteers: a
weight-bearing scan with extended and flexed leg and a non-weight-bearing scan with extended and
flexed leg. Qualitative inspection of heat maps was performed to gain insight in JSW distribution
changes.

Results

Correlations between radiographic and CT JSW were significant and strong while correlations of two-
year JSW changes were not. Radiographic measurements agreed with two-year clinical parameter
change better than CT measurements did.

The MRI study showed a shift of smaller joint space distances to the posterior side when flexing
and more small distances when weight-bearing.

Discussion & Conclusion

The developed semi-automatic 3D JSW measurement method can quantify the 3D joint space from all
available scans with minimal user input and visualize the joint space distribution throughout the joint.
The weak longitudinal correlation of 3D JSW measurements with radiographs and clinical parameters
cannot be directly explained from the available data, but the joint space changes observed in the MRI
study with healthy volunteers indicate that differences in weight-bearing and knee flexion between
the imaging methods could be the key to explaining the found differences. Therefore, additional MRI
research with OA patients is necessary.
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CHAPTER 1

Introduction

The knee is a complex and important joint in the human body. It must enable movement in the form
of flexion and extension while simultaneously providing stability and handling the weight of the hu-
man body [1]. The knee consists of two parts: the femorotibial joint, between the femur (thighbone)
and tibia (shinbone); and the patellofemoral joint, between the patella (kneecap) and femur. The
femorotibial joint is the largest joint in the human body and the most important joint in the knee
[2]. An overview of the joint is shown in figure 1.1. The medial and lateral condyles of the femur are
positioned above the medial and lateral tibial condyles. The tubercles of the intercondylar eminence
form the inner borders of the tibial condyles. The femur and tibia do not directly touch but are
separated by the medial and lateral menisci (not imaged) and articular cartilage, which is present to
create a smooth surface to decrease friction and enable the transmission of loads on the joint to the
underlying subchondral bone [3]. Normal joint use and stress can cause gradual cartilage thinning [4],
but this cartilage degeneration is worse than normal in patients with osteoarthritis.

Medial condyle : : A Lateral condyle
of femur

Tubercles of
intercondylar eminence

Cartilage

Medial condyle Tibia plateau

of tibia Lateral condyle
of tibia

Figure 1.1: Overview of the tibiofemoral joint. Drawing taken from Gray’s Basic Anatomy [5].

1.1 Osteoarthritis

Osteoarthritis (OA) is a joint disease that is highly prevalent in elderly: 15.6% of men and 30.5% of
women over 55 years are affected by knee OA in The Netherlands, while osteoarthritic changes are
present in most people over 70 [6, 7]. OA primarily effects weight-bearing joints such as the hip or
knee and eventually causes joint pain and dysfunction. It is characterized by degeneration of articular
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cartilage, remodeling and sclerosis of subchondral bone, and formation of osteophytes (bone spurs),
but also affects the synovium, menisci and ligaments [8-11]. These changes are illustrated in figure 1.2.
Risk factors for OA include obesity [12], female gender [13], aging [14], physical activity [15], positive
family history [16] and prior knee injury [17], while varus and, to a lesser degree, valgus alignment
of the knee can promote OA in either the medial or lateral compartment of the joint [18, 19]. Joint
pain is the most common symptom why patients seek medical care, but the other symptoms can be
present long before experiencing pain and seeking medical help [6, 20].

Normal knee : Osteoarthritic knee

Subchondral
bone

Bone
remodelling
and sclerosis

Ligaments

Cartilage
Canilgge
Synovium gge:::lng

Joint fluid Meniscal

damage

Capsule ,
Synovial

hypertrophy
Meniscus

Osteophytes

Figure 1.2: Changes in osteoarthritic joints [10].

Diagnosis of knee OA is mainly done based on clinical examination, symptoms and the previously
mentioned risk factors [21], while the gold standard in imaging knee OA is currently weight-bearing
radiography as recommended in European guidelines [22, 23]. These radiographs can show features like
subchondral sclerosis and cysts that are characteristic for OA, but for the diagnosis and progression of
the disease it is mostly the change in presence and size of osteophytes and the narrowing of the joint
space width (JSW) that are being measured [24, 25]. The JSW is the distance between the tibia and
femur and is useful for tracking the progression of the disease, since a decrease in JSW is an indirect
measurement of cartilage degeneration in these patients. Furthermore, the change in JSW can be
used to help determine the effectiveness of treatments for OA [26, 27]. The severity of OA can be
described with the Kellgren-Lawrence scale [28] or the Osteoarthritis Research Society International
(OARSI) classification score [29], both incorporating the previously mentioned characteristics of JSW
decrease, osteophyte formation and bone sclerosis and remodeling.

1.2 Treatment

There is currently no treatment to cure OA or completely reverse the damage to cartilage and bone
and most patients eventually undergo a total knee replacement (TKR) to manage the symptoms and
improve quality of life [30, 31]. TKR is ideally postponed, however, since it has a limited durability,
which is especially true for younger patients (<65) [32]. Replacement has a relatively high failure
rate (18%), mainly because of infection [33]. Therefore, improvement of symptoms is first attempted
with non-invasive means such as pain relief, physiotherapy and lifestyle changes [34]. TKR can be
postponed with alternative surgical procedures aimed to improve the biomechanics of the joint. High
tibial osteotomy (HTO) is a procedure for treating unicompartmental OA, where the disease is limited
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to a single compartment in the knee often because of varus/valgus stance. This one side limitation
is determined by pain experience and clinical examination as well as a radiographs displaying the leg
axis and JSW measurements on both sides of the knee. By removing a wedge of bone from the tibia
(closing wedge HTO) or adding an artificial wedge (opening wedge HTO, as seen in figure 1.3A), bone
alignment in the knee is altered to relieve the most affected side, most often the medial side, and
shifting weight towards the other side of the joint [35, 36]. Over time this should cause an increase of
the JSW in the relieved side compared to natural OA progression.

A relatively new treatment option that can not only be used for unicompartmental OA but also
when both sides of the joint are simultaneously affected by OA, as determined by clinical features
and JSW measurements, is knee joint distraction (KJD). During KJD the femur and tibia are pulled
apart five millimeters by an external fixation frame for six weeks, as seen in figure 1.3B, enabling
cartilage regeneration both medially and laterally [37]. Compared to natural OA progression, this
should cause an increase of JSW on both sides of the joint. Clinical studies show a minimal JSW
increase of 59% (0.57mm, 95%CI 0.09 — 1.06; p=0.03) over two years compared to baseline [38] and
even five years after treatment, the increase in minimal JSW after KJD was statistically significant
compared to the estimated natural OA progression (difference in change after five years +0.59mm,
95%CI:40.17-+1.02; p=0.009) [39].

For both KJD and HTO, the JSW does not necessarily increase after treatment. This is especially
true for HT'O, since it is not directly based on cartilage regeneration. However, since both treatments
cause an increase in JSW compared to natural OA progression, the change in JSW can be used to
track the progression of OA as well as the effectiveness of the chosen treatments. Different imaging
methods are available to analyze the JSW change.

Figure 1.3: Example of different treatments of knee OA, with radiographs of (A) a patient treated with
HTO and (B) a patient treated with KJD [40].

1.3 Imaging methods

Since OA is a disease that primarily effects cartilage, imaging the cartilage directly would be preferable.
However, cartilage is non-calcified tissue and is surrounded by other types of soft, non-calcified tissue,
such as menisci, tendons and ligaments [41]. This makes distinctively imaging and automatically
detecting cartilage in the images difficult. In contrast, bone is hard, calcified tissue and therefore
more easily imaged and distinguished from other tissues [42]. Considering that cartilage cannot be
imaged as easily as bone, the cartilage degeneration (or regeneration) can be quantified by measuring
the distance between the bony ends of the joint and expressed as changes in joint space width. There
are different imaging modalities available to image the joint space and quantify the JSW, and they
are described in the next subsection.
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1.3.1  Radiography

Currently anteroposterior or posteroanterior radiographs, made while the patient is standing (weight-
bearing), are the gold standard to image the osteoarthritic knee. JSW measurements in these ra-
diographs can be performed in different ways, but all of them are two-dimensional measurements in
the frontal view of the knee. Distances are measured between the lower border of the femur and
the tibia plateau. However, displaying a three-dimensional knee in a two-dimensional image causes
over-projection, where different parts of the knee are imaged on top of each other. This makes it dif-
ficult to determine where on the tibia plateau the distances to the femur should be measured. Often
either the frontal ridge of the tibia [43] or the floor of the tibia plateau [44] is used. Other important
considerations for radiographs are the angle of the knee while the image is taken (flexion angle) [45]
and the angle at which the x-ray beam is aimed at the knee (beam inclination) [46]. Variations in
these variables will affect the JSW measurement results: 10 degrees of knee flexion results in a 12.5%
increase in JSW measurements compared to an extended knee, while a 10-degree difference in x-ray
beam can cause a 20.4% difference in measured JSW [46]. These variations are of great influence in
case longitudinal images are needed, where especially the positioning of the patient is of importance.
As stated before, osteophytes and changes in subchondral bone can also be analyzed on radiographs
[24, 25]. A typical example of a radiograph of an osteoarthritis patient can be seen in figure 1.4A.

1.3.2 Computed Tomography (CT)

Like radiography, Computed Tomography (CT) uses radiation to image bone clearly. Contrarily to
radiography, CT is a three-dimensional imaging technique, able to image the entire knee in multiple
two-dimensional slices. Another important difference with radiography is that a CT scan is almost
always performed with the patient is lying down (non-weight bearing), since normal CT scanners
are not able to scan patients that are standing. Scans are made with a straight (extended) leg. An
example of one slice of a CT scan of an osteoarthritis patient can be seen in figure 1.4B.

1.3.3 Magnetic Resonance Imaging (MRI)

Magnetic Resonance Imaging (MRI), like CT, is a three-dimensional imaging technique that mostly
scans patients lying down with a straight leg (non-weight-bearing extended). Making MRI scans of
patients that are standing is possible, but requires a special MRI scanner that is not often available in
standard clinical practice. Unlike radiography and CT, MRI can image soft tissue as well, including
cartilage and menisci, although this still needs optimization especially in defining the exact borders
of these structures [47]. An example of one slice of an MRI scan of an osteoarthritis patient can be
seen in figure 1.4C.

1.3.4 Ultrasound (US)

Ultrasound (US) is a cheap and fast imaging method that has been described to successfully detect
changes in the amount of fluid present in the joint [48], inflammation (synovitis) [49] and even osteo-
phytes [50]. However, it is not a good imaging method to measure cartilage changes or joint space
width changes, mostly because of the lack of protocol on how to measure it [48], resulting in a high
variability between the assessed pathology and definitions and grading for pathology [49]. Further-
more, the images are taken with a relatively small US beam that is used from multiple angles and has
no bone penetration, limited soft tissue penetration and cannot show the uneven cartilage distribution
on the entire tibia plateau, since the knee is a relatively big joint [51]. For these reasons, ultrasound
is not further considered in this thesis.
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Figure 1.4: A radiograph (A), CT slice (B) and MRI (Eckstein) slice (C) of the left knee of one patient.

1.3.5 Comparing JSW quantification between imaging techniques

Radiography, the gold standard, has the advantages of fast scanning, low costs and the fact that
the scans are made weight-bearing (standing), which could cause a significant difference in measure-
ment results compared to a non-weight-bearing (lying down) image as is made with CT and MRI.
Weight-bearing scans could be a more realistic representation of what the patient is experiencing while
walking or standing. Measurements could be influenced by knee flexion as well: radiographs are taken
with a slightly flexed knee while CT and MRI are performed with a straight (extended) leg. Kan
et al [52] found that the mean JSW was significantly smaller for flexed knees compared to extended
knees, with a mean of 3.02 mm for flexed knees and 4.31 mm for fully extended knees. According to
clinicians, a typical radiography exam takes around 5 minutes, while CT and MRI scans take around
15 minutes. JSW measurement time is around 10 minutes for radiography [53] and 5 minutes for CT
and MRI, since these techniques allow for (partly) automatic measurements and therefore require less
manual input. CT and MRI, being three-dimensional imaging techniques, allow for distance measure-
ments throughout the entire knee joint, unlike in radiography where the three-dimensional knee is
over-projected into a two-dimensional image. Limited literature is available on comparing inter- and
intra-observer variability between radiography, CT and MRI. Marchant et al [54] report kappa values
for bone identification on all three imaging techniques. A kappa value of 1 indicates perfect agree-
ment between measurements, while a value of 0 means there is no agreement other than expected by
chance. As shown in table 1.1, kappa values showed CT to have an excellent inter- and intra-observer
variability, while values were the lowest for radiography. In radiography, there can be variation X-
ray beam inclination as well as the knee flexion angle while taking the radiograph, which both will
change the imaged joint space, although standardized protocols can decrease this [45, 46, 55, 56].
The decision where to measure the JSW in the radiograph is also subject to variability since it is
not done automatically, although protocol adherence and radiography experience can again partly
compensate for this [46, 53]. MRI can image soft tissue like cartilage and menisci, although pre-
cise defining of their borders remains difficult [47], while CT excels at imaging bone density. Lastly,
there is no radiation involved in MRI while radiation is low for both radiography and CT, due to
development of ultra-low dose CT [57]. Table 1.1 summarizes the most relevant advantages and dis-
advantages when using radiography, CT and MRI for quantification of JSW in patients with knee OA.
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Table 1.1: Comparison of using radiography, CT and MRI for OA patients. Bold cells indicate the best
performing imaging method for different properties.

Radiography CT MRI
Scan time Low (~5 min) Medium (~15 min) Medium (~15 min)
Cost Low Low/Medium High
Weight-bearing Yes No (possible, but not ac- | No (possible, but not ac-
cessible) cessible)
Measurement time Medium (~10 min) Low (~5 min) Low (~5 min)
Inter- and intra-observer | Kappa: intra- 0.53, | Kappa: intra- 1.00, | Kappa: intra- 0.61,
variability inter- 0.16 inter- 1.00 inter- 0.17
Three-dimensional No Yes Yes
Image soft tissue No No Yes
Image bone density No Yes No
Radiation Low Low/Medium None

3D imaging is not often used for quantifying JSW, therefore lacking clear definitions on what exactly
the joint space width is, what the (relevant) boundaries of the joint space are and in what way the
distances should be measured.

1.4 Quantifying the three-dimensional joint space

Two-dimensional joint space quantification has been extensively studied and protocolled, making it
relatively straightforward measuring the tibiofemoral joint space on radiographs. For the purpose of
proper three-dimensional joint space quantification, a literature study has been performed. Search
terms used include CT, MRI, knee, JSW, joint space width, 3D, measurement, tibia, femur, OA,
osteoarthritis and tibiofemoral. Articles were included when describing the use of a 3D imaging
technique to measure JSW in the knee or a similar joint translatable to the knee. Both in-slice (2D)
measurements and 3D measurements were included and the different methods are described below.

1.4.1 In-slice (2D) measurements in 3D images

Agnesi at al [58] measure the smallest medial and lateral distance between the tibia and femur in
every slice, which means the measurement is two-dimensional. The minimum distances from all slices
were combined to calculate the average, median, minimum and maximum distance for both sides of
the joint. Foumani et al [59] implement a different method, measuring the perpendicular distances
between two bones in the wrist (radiocarpal) joint as illustrated in figure 1.5A. They measure at
multiple locations in every slice, but since it is done separately for every slice, the measurements are
still two-dimensional. All measured distances throughout the joint are averaged to a mean JSW.

1.4.2 3D measurements in 3D images

Several three-dimensional measurement methods have been used in literature, though no general
review of the possibilities has been written. In all these methods, the bone is first selected (segmented)
and saved on every slice. Subsequently, a three-dimensional reconstruction of the bones is made. These
reconstructions are then used for the distance measurements.

Tamez-Penia et al [60] calculate the distances perpendicularly between the femur condyles and the
tibia surface. This is means it is similar to the method Foumani et al [59] used (figure 1.5A) but the
measurements are performed in 3D. A distance map is created and the medial and lateral distances
are averaged. Van IJsseldijk et al [61] create a new coordinate system based on the orientation of
the tibia plateau, making the tibia plateau the horizontal bottom of the coordinate system (i.e. the
tibia plateau is positioned in the xy-plane at z = 0). The distances are calculated perpendicularly
from the tibia plateau (along the z-axis) to the femur, illustrated in figure 1.5B. Since all distances are
calculated in a single direction it is not a fully three-dimensional method, while the use of the 3D bone
reconstruction makes it more three-dimensional than the in-slice measurements are. Lastly, a method
that is used often is calculating the shortest three-dimensional distance to the femur from many points
on the tibia surface [62-64]. This method is illustrated in figure 1.5C. From these measurements, a
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distance map can be created and numbers such as the average medial and lateral distance and the
percentage of distances that is smaller than a certain threshold value.

Q

\%‘\-\ 3 \

Bone surface of interest

Figure 1.5: Three different joint space width measurement methods. In (A) the perpendicular distances
between two bones are used to two-dimensionally calculate the JSW [59]. In (B) the vertical distances from
reconstructed, three-dimensional tibia to femur are used to calculate the JSW [61]. In (C), the shortest
distances from the reconstructed tibia to femur are used to three-dimensionally calculate the JSW [62].

1.4.3 Current 3D JSW quantification method

For the current study a fully three-dimensional measurement method was preferable, meaning a 3D
reconstruction of the bones is made and the measurements are not solely done in a predetermined
plane. It uses the available 3D data more optimally by allowing measurements in all directions instead
of being limited to only the axial direction. Perpendicular distance measurements were chosen for two
main reasons.

Firstly, this method takes the bone shapes into account. When standing or walking, body weight
presses the femur onto the tibia. The force transfer in the joint is an important factor in knee
osteoarthritis [65] and will depend on the bone shapes as well as connected soft tissue like tendons,
menisci and cartilage. The forces cause a temporary and eventually permanent degenerative trigger
to the cartilage. Over time, these compressions will alter the surface and alignment of the bone.
Therefore, it makes sense to take the bone shapes into account when measuring the joint space width.
The shape of the tibia seems the most important since it is the receiving surface, and studies that focus
on tibiofemoral forces measure the forces from the perspective of the tibia plateau as well [66-68].
This means the distances should be measured perpendicularly from the tibia surface.

The second reason is that perpendicular measurements automatically define the boundaries of the
joint space. It is difficult to determine where the measured distances are relevant and where they are
not, since some parts in the joint are important for keeping the knee in the correct position or enabling
certain movements, but are not necessarily weight-bearing. This in turn makes the definition of joint
space difficult. None of the articles from the literature study explain how the borders of the joint space
were chosen. Defining joint space distances as the perpendicular distance from the tibia surface to the
femur means that only parts of the tibia surface where there is a perpendicular distance to measure
are included as joint space, see figure 6. In this example perpendiculars from the tibia are drawn in
a single sagittal slice of the knee in two dimensions. Perpendiculars are displayed from multiple parts
of the tibia, but the distance for each perpendicular can only be calculated if it reaches the femur.
If it does, this perpendicular and thus the part of the tibia where it is calculated from, the origin, is
included in the joint space (green arrows). If it does not and the femur is not in the perpendicular line
trajectory, no distance can be calculated and the part of the tibia where this perpendicular originates
from is not included in the joint space (red arrows).
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Figure 1.6: Two-dimensional perpendiculars from the tibia surface to the femur are defining what is included
in the joint space (green arrows, because they hit the femur) and what is not (red arrows, because they miss
the femur).

While figure 1.6 shows a two-dimensional slice and perpendiculars, it works the same for a three-
dimensional reconstructed tibia and femur and three-dimensional perpendiculars. Fully automatically
determining the external boundaries of the joint space is a big advantage since it prevents inter- and
intra-user variation. This fact, combined with the previously highlighted reason that perpendicular
measurements take the shape of the tibia into account, is why the perpendicular method was chosen
to define three-dimensional joint space and the distances belonging to this joint space.

Summarizing, osteoarthritis is a disease that is mainly characterized by cartilage degeneration. Cur-
rent cartilage imaging is inaccurate, therefore the change in distance between the tibia and femur is
used as a substitute measure for cartilage degeneration in different imaging techniques. The gold stan-
dard for measuring JSW is a weight-bearing, semi-flexed radiograph, but possible alternatives that
have not been investigated extensively thus far are CT or MRI, three-dimensional imaging methods.
These methods are usually made in non-weight-bearing and fully extended conditions, however, which
could influence measurement results. In order to quantify the 3D joint space with minimal inter- and
intra-user variability, the distances to the femur perpendicular from the tibia surface can be measured.
This method is preferred because it takes the bone shape into account, which could be important in
dividing the pressure between the bones and thus for the cartilage degeneration as a result of this
pressure.

1.5 Research objectives

The primary objective for this research was defined as follows:

Develop and validate a (semi-)automatic method for measuring the joint space width in three dimen-
sions in patients with osteoarthritis in the knee.

The 3D measurement method could be developed either automatic or semi-automatic, requiring some
user input. The outcome and results of this three-dimensional method must then be validated by
comparing with the results as measured using radiographs, since this is the current gold standard.
Additionally, both methods can be compared with clinical results. The influence of confounders on
these comparisons should be investigated as well. Possible minor confounders consist of available
demographic data such as BMI, age, leg axis (varus/valgus) or the initial severity of OA (Kellgren &
Lawrence score) for every patient and these are relatively easy to correct for. Major confounders are
weight-bearing and knee flexion angle, since these factors could cause significant JSW measurement
differences between the semi-flexed weight-bearing radiographs and extended non-weight-bearing CT
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and MRI scans. Since the influence of these factors has not yet been investigated, follow-up research
is warranted.

Following these considerations, additional secondary objectives were defined:

e Develop a (semi-)automatic method for measuring the joint space width in three-dimensional
images

e Compare measurement results with radiographs (the gold standard) and medical findings and
determine the influence of major and minor confounders

e Qualify the effect of weight-bearing and flexion on the joint space in the knee in a proof-of-
principle study in a healthy population






CHAPTER 2

Materials & Methods

The approach used to answer the primary and secondary research questions are described in this chap-
ter. For the development of the (semi-)automatic 3D method and the comparison with radiographs,
the main study population, image acquisition and clinical parameters were used as described below.
To gain insight into the joint space changes between the weight-bearing and non-weight-bearing knee
and the flexed and extended knee, a separate MRI study was performed. Therefore, a different study
population and image acquisition are described for this part.

2.1 Study population

Patients were included originating from two independent randomized controlled trials (RCT) [40, 69].
Patients with medial compartmental knee OA considered for HTO according to regular practice, ran-
domized to either KJD or HTO (1:2), were asked to participate in this extended imaging study. Due
to the relatively low number of KJD versus HT'O patients, caused by the 1:2 randomization ratio, KJD
patients from an RCT comparing TKP with KJD were additionally supplemented to this study. These
patients were, according to regular practice, considered for TKP surgery and randomized to either
KJD or TKP (1:2). This rendered a total of 40 KJD and 40 HTO patients, of whom half consented
to an extended imaging study and were included in the current study population. An overview of the
combined studies is shown in figure 2.1.

Figure 2.1: Overview of the studies combined to form the study population of 20 KJD patients and 20 HTO
patients.

The in- and exclusion criteria used for the studies are listed below [70, 71]. Most criteria were identical
for the two different studies. Criteria specific for the KJD versus HTO study are incidated with (HTO)
while criteria specific for the KJD versus TKP study are indicated with (TKP):

11
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Inclusion criteria:

1. (HTO) Patients with medial or lateral tibio-femoral compartmental OA considered for HTO
according to regular clinical practice

(TKP) Patients considered for TKP according to regular clinical practice

Age <65 years

Radiological joint damage: Kellgren & Lawrence score above 2

Intact knee ligaments

(HTO) Normal range-of-motion (min. of 120° flexion)

(TKP) Normal range-of-motion (min. of 120° flexion; max flexion limitation of 15°)
Normal stability

Body Mass Index <35

© o N> ok W

Exclusion criterias:

(HTO) Mechanic axis-deviation (varus-valgus) of less than 10 degrees
Psychological inabilities or difficult to instruct

Not able to undergo MRI examination (standard daily clinical practice protocol)
Inflammatory or rheumatoid arthritis present or in history

Post traumatic fibrosis due to fracture of the tibial plateau

. Bone-to-bone contact in the joint (absence of any joint space on X-ray)

. Surgical treatment of the involved knee <6 months ago

. (HTO) Contra-lateral knee OA that needs treatment

I B I

. (TKP) An infectious susceptible prosthesis (joint replacement) in situ

—
o

. Primary patello-femoral OA

Before treatment (baseline), the age, BMI and leg axis (varus/valgus) of every patient was recorded.
Evaluations consisted of image acquisition, clinical and radiographic outcome measures, acquired at
baseline, 12 months, and 24 months after treatment. Patients undergoing HTO did not undergo a CT
and MRI scan at 12 months due to the plate in situ.

2.1.1  Weight-bearing MRI study

In the proof-of-principle MRI study, healthy volunteers were included with the following in- and
exclusion criteria:

Inclusion criteria:

1. Age between 18 and 40 years

2. Suitable to be scanned in an MRI scanner according to the MRI form in appendix C
3. Able to give informed consent
4

. Able to stand without assistance for ten minutes

Exclusion criteria:

1. Condition in the knee that is expected to cause JSW changes

2. Metal present near the knee that can cause artifacts

For these volunteers, their BMI and global varus/valgus stance are registered. Four different scans
are made, as described in section 2.2.1.
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2.2 Image acquisition

The image acquisition for the HTO/KJD study population as described in section 2.1 consisted of
radiographs, CT scans and MRI scans according to protocols explained in more detail below. Appendix
B contains more technical details of the different scans.

Radiographs

Standardized semi-flexed weight-bearing radiographs acquired at baseline were used to determine the
Kellgren & Lawrence grade according to guidelines [28] and radiographs acquired at baseline, one year
and two years to evaluate changes in JSW over time. The knee is positioned in such a way that the
tibia plateau is seen as horizontal (in front view), according to the protocol of Buckland-Wright [72].
A dedicated software package, Knee Images Digital Analysis (KIDA) [53], was used to evaluate JSW
over time by a single experienced observer, providing four JSW measures; mean JSW of the total joint
(mean JSW), mean JSW of the medial and lateral compartment (respectively medial JSW and lateral
JSW), and minimal JSW of the whole joint (minimal JSW).

CT

Standardized, non-weight-bearing CT scans of the extended knee were acquired at baseline and two
years after treatment, with an additional scan one year after treatment for patients treated with KJD.
The scans were made on three different scanners, with a slice thickness of either 1 or 2 mm and a
pixel size varying from 0.29x0.29 mm to 0.79x0.79 mm.

MRI

Standardized, non-weight-bearing MRI scans of the extended knee were acquired at baseline and two
years after treatment, with an additional scan one year after treatment for patients treated with KJD.
The scans were made using a Philips Achieva 3T scanner with the 3D Eckstein protocol, resulting in
a slice thickness of 1.5 mm and a pixel size of 0.31x0.31 mm.

2.2.1 Weight-bearing MRI study

For the additional MRI study to analyze the difference between weight-bearing and non-weight-
bearing, the rotatable Esaote G-scan Bio 0.25T with a 4-channel knee coil was used. Scans were
made with the 3D SHARC protocol [73], creating images with a slice thickness of 0.59 mm and a pixel
size of 0.59x0.59 mm and thus enabling cubic voxels. A small field of view (FOV) of 150x150 mm was
chosen to ensure a high resolution while keeping scan time low (3:20 min).

2.3 Clinical parameters

Clinical effectiveness was determined by the Western Ontario & McMaster Universities Osteoarthritis
Index (WOMAC 3.0) derived from the Knee Injury and Osteoarthritis Outcome Score (KOOS) ques-
tionnaire (self-assessment reduced from five to three dimensions and using a five-point Likert scale,
normalizing to a 100-point scale, where 100 is optimal). The WOMAC is divided in scales for pain
(WOMAC pain), stiffness (WOMAC stiff), function (WOMAC function) and a total scale combining
these three (WOMAC total). Additionally, pain is measured by implementing the Visual Analogue
Scale for Pain (VAS Pain), a continuous scale ranging from 0 (no pain) to 100 (worst imaginable pain),
upon which the patient indicated the amount of pain. Both the WOMAC and VAS questionnaire were
performed at baseline, one year and two years after treatment for all patients.

2.4 Measuring joint space width in radiographs

Joint space width in radiographs was measured using Knee Images Digital Analysis (KIDA) software
[63]. To measure the JSW, the user manually positions four circles on the lower edge of the femur
and four circles on the frontal ridge of the tibia and does this for both the medial and lateral side of
the joint (figure 2.2). The program automatically calculates the distances between each vertical pair
of circles and combines these to determine the previously mentioned measures (mean JSW, minimal
JSW, medial JSW and lateral JSW).
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Figure 2.2: Presentation of KIDA by Marijnissen et al [53]. The 16 small circles are placed manually to
calculate the JSW.

2.5 Development of a semi-automatic 3D measurement method

Developing the measurement method consists of three parts: segmenting the bone from the separate
slices and making a three-dimensional reconstruction, calculating the perpendiculars from the tibia
surface and corresponding distances to the femur and producing visual output and JSW measurement
numbers. The entire method was developed to work on all 3D imaging methods. Below, the three
parts of the method are explained globally. A more elaborate and technical explanation can be found
in appendix A of this thesis.

2.5.1 Bone segmentation and 3D reconstruction

To create a three-dimensional reconstruction of the femur and tibia, the bone must be selected from
the different image slices. Only the part of the images where the joint space is located is used by
letting the user draw a rectangular region of interest in the central slice, as shown in figure 2.3A.

To segment bone, Canny edge detection [74] is used. This method detects edges in images by
finding abrupt changes in intensity between pixels, as is the case for the transition between bone and
surrounding soft tissue. The automatic detection is done slice by slice and in every slice the user
checks and, if necessary, corrects the marked edges as they are displayed on the corresponding slice
(figure 2.3B). After the user confirms the edges are detected correctly, the bone is segmented (figure
2.3C) and the program moves on to the next slice, incorporating the bone segmentation from the previ-
ous slice to improve automatic detection, until the user indicates the end of the joint has been reached.
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Figure 2.3: Bone segmentation in the first (middle) slice. (A) Original slice with rectangle where the user
defines the joint space, (B) edges originally detected on the image and (C) the final segmented bone in this
slice.

The bone segmentation is the only part that requires user input by checking the automatically de-
tected edges, the rest of the semi-automatic method is performed fully automatically. To ensure the
reconstructed bone shape represents the bone shape realistically, the segmented 3D data is smoothed.
This means the transition between slices will be more gradual and small changes in bone will be less
abrupt.

After segmentation and smoothing of the data, the 3D reconstruction of the bones is made. As can
be seen in figure 2.4, the objects are constructed of many small triangles (faces). Interaction points
between these faces are called vertices.

Figure 2.4: 3D Reconstruction of tibia and femur, with a close-up to show the structure of vertices and faces.
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2.5.2 Perpendicular and distance calculation

After the 3D reconstruction, the perpendiculars are automatically calculated from the tibia surface.
These perpendiculars are calculated first for all faces that make up the surface, after which these
vectors are used to create new vectors coming from all vertices. The perpendiculars originating at
the tibia plateau’s vertices and pointing upwards in axial direction are used for the next steps. To
make sure that small irregularities on the tibia surface will not cause the perpendiculars to point in a
direction that does not realistically present the force transfer, the perpendiculars are averaged over a
predetermined number of square millimeters. For optimal distribution throughout the tibia plateau,
corresponding with the local surface but ignoring small irregularities, each perpendicular represents a
tibia surface area of 2x2 mm (figure 2.5A). Perpendicular calculation and averaging is done similarly
for the reconstructed femur.

Parts of the tibia surface that are not subjected to force transfer between the tibia and femur should
not be included in the representative the joint space. The tibia perpendiculars that should be excluded
are not consistent between scans, because it is dependent of the exact anatomy and the knee position
in which the scan was taken. Therefore, only perpendiculars with the femur in the line’s trajectory
are included. Additionally, for every perpendicular from the tibia surface that reaches the femur, it
is checked at what location it reaches the femur’s surface. The femur perpendicular originating from
this location, should also have the tibia in its trajectory. If not, the original point at the tibia plateau
is excluded from the joint space, since there is no mutual force transfer between the tibia and femur
at that location. This methodology mostly excludes large distances at the posterior side of the joint,
where tibia perpendiculars reach the back of the femur instead of the bottom of the femur condyles.
Possibly perpendiculars should only be included if the angle between the tibia perpendicular and
the femur perpendicular originated near the point where the tibia perpendicular reaches the femur is
small enough. Though it has not been done for the perpendiculars used in this study, it is possible
to limit this angle if desired, to possibly more precisely specify where direct force transfer between
the tibia and femur occurs. Examples of inclusion choices are shown in figure 2.6. The place on the
tibia plateau where the red perpendicular in this figure originated would be excluded in this research,
while both the yellow and green perpendiculars would be included. Defining a limit of a certain angle
between o and 8 would exclude the yellow pair but include the green pair. The perpendiculars of
interest coming from the tibia plateau are color coded according to the corresponding distance from
the origin on the tibia plateau to the femur, as seen in figure 2.5B.
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Figure 2.5: (A) All perpendiculars and their origins (green) pointing upwards from the tibia plateau (blue)
that are averaged over areas of 2x2 mm as indicated with the grid (red). (B) The averaged perpendiculars with
the femur in the line’s trajectory, of which the matching femur perpendicular has the tibia in its trajectory,
color coded according to the distance from their origin on the tibia plateau to the femur, as indicated by the
color bar. The white lines display the cut-off when dividing the plateau and perpendiculars in lateral and
medial, as described in the end of section 2.5.3.
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Figure 2.6: Different perpendicular inclusion options. The red arrows show a pair of perpendiculars where the
tibia perpendicular reaches the femur at a certain place, but the femur perpendicular originating from this place
does not reach the tibia. The green and yellow arrows show perpendicular pairs where the femur perpendicular
does reach the tibia, with different angles (8 and «, respectively) between the two perpendiculars.

2.5.3 Output

There are many ways to display or calculate the joint space distances. One visualization method is
to smoothen the distances to the femur at the origin positions throughout the joint in a heat map,
shown as a top view of the tibia plateau as seen in figure 2.7 below. The heat map of one KJD patient
at baseline, one year and two years after treatment are displayed, with the color bar indicating the
interpretation of different colors. The change in joint space distances can then be judged visually.

Alternatively, to quantify the distances more objectively and determine global changes in JSW
distribution, all distances in the joint space can be plotted in a histogram and the distribution of
distances can be fitted to plot a line. Figure 2.8 shows an example of this method for the same patient
as displayed in figure 2.7. As can be seen, the lower distances are on the left while the higher distances
are on the right. A better result is indicated when the general plot and especially the peak in the line
is positioned more to the right. When the differences are small and difficult to judge in the heat maps,
the more objective histograms and line fits can display the differences in JSW distribution, though
the location of distances in the joint is not incorporated.

Over the entire joint space as displayed in figure 2.7, several output numbers are generated. One
can use any of these numbers, such as the mean and median of the distances and the minimum distance
present, for statistics.
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Figure 2.7: Heat maps of one patient treated with a KJD from CT images at baseline, one year and two
years after treatment. The color bar indicates the significance of the different colors in millimeter distance
from the tibia plateau to the femur.
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Figure 2.8: Histograms and fitted lines of same patient as shown in figure 2.7. The red bars and line represent
the joint space distances throughout the entire joint at baseline, while green represents measurements one year
after treatment and blue two years after treatment.

Instead of including the entire joint space in the output and considering it as a whole, it is also possible
to split the measurements in the lateral and medial side. This is especially useful when comparing
measurement results with KIDA measurements, since KIDA mainly uses medial and lateral results,
and for analyzing the shift from one side to the other after HTO. Splitting the results is done by
manually choosing where to place two straight, anteroposterior lines as middle borders and for this
research, the place where the tubercles of the intercondylar eminence are at half of their maximum
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height are chosen, since it was theorized that distances between the tubercles are less relevant (figure
2.5B). After splitting the data in medial and lateral, the mean and median of the distances and the
minimum distance present on either side can be calculated.

2.6 Visual scoring

One way to compare the longitudinal change in joint space width for the 3D method with the longitu-
dinal change for KIDA is by visually scoring the heat maps and comparing the general direction of the
change (improvement or deterioration) with the direction for KIDA. Since visual scoring is subjective
and expectations of changes over time for different treatments can cause a bias, the heat maps were
randomized to show pairs of heat maps containing two time points of the same patients. Both the
order of patients and the order of the time points were randomized. The resulting image pairs were
independently scored by three different observers, by judging if the right image was much better,
better, the same, worse or much worse compared to the left image. These scores were combined into
one resulting score for every pair, which was then used to express the scores for the different time
points for all patients.

2.7 2D over-projection

Since radiographs are taken weight-bearing and with a slightly flexed knee, while CT and MRI scans
are performed non-weight-bearing with an extended leg, there could be differences when comparing
imaging methods that are not related to the measurement method. Therefore, 2D over-projection
images were simulated from the 3D bone reconstructions by rotating the reconstruction so that the
tibia plateau was horizontal. An example can be seen in figure 2.9.

Figure 2.9: 2D over-projection view of the femur (green) and tibia (red), rotated so the tibia plateau is
straight. The distances are measured between the top and bottom line, inside the left and right rectangle, to
measure the joint space width similarly to KIDA for the medial and lateral side.

From this view, the distances between the tibia and femur for the medial and lateral side of the joint
were calculated at the same positions as is done in KIDA [53]. The distances were calculated vertically
between the top and bottom line in figure 2.9, inside the rectangles as seen in the figure to separate the
medial and lateral side. The mean distance inside each rectangle was saved as the mean medial and
lateral distance. Theoretically, differences found between these results and the KIDA results should
derive solely from the difference in weight-bearing and knee angle.
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2.8 Statistics

2.8.1 Demographics

The two different treatments, KJD and HTO, can cause different JSW longitudinal changes for the
patients treated with either of these treatments. However, it must be ensured that there are no
significant differences between the two treatment groups at baseline, before treatment, since this
could have consequences unrelated to the treatment option. A paired samples t-test between the KJD
and HTO group was performed for the parameters age, gender, BMI, leg axis, Kellgren & Lawrence
score, maximum flexion, maximum extension, WOMAC scores, VAS score and mean medial, mean
lateral, mean joint and minimum KIDA JSW.

2.8.2 Cross-sectional analysis

For all time points pooled together, KIDA JSW measurements were compared with 3D and 2D over-
projection measurements from CT images. The Pearson correlation coeflficient was calculated between
the parameters as shown in table 2.1. For 3D CT, the median was chosen since the data was not
normally distributed. KIDA mean, 3D CT median and 2D over-projection CT mean are referred to
in the rest of this thesis simply as KIDA, 3D CT and 2D CT. All correlations were calculated for all
patients together as well as separately for KJD and HTO patients. The mean and 95% confidence
interval (95%CI) were calculated for all parameters and patient groups.

Table 2.1: Short overview of 3D CT and 2D over-projection CT parameters with which the lateral and
medial mean KIDA were compared, using the Pearson correlation.

3D CT 2D CT
KIDA lateral mean Lateral median Lateral mean
KIDA medial mean Medial median Medial mean

2.8.3 Longitudinal analysis

To compare the changes over time between KIDA and CT, the Pearson correlation was calculated, on
group level, between the change in KIDA and the change in 3D CT values as well as the change in
KIDA and the change in 2D CT values. The same parameters as mentioned in table 2 were used, but
now as the change over time of these parameters (delta scores). The mean and 95% confidence interval
(95%CI) were calculated for all parameters and patient groups. Furthermore, paired samples t-tests
of these same values over time in KIDA and 3D CT were performed and compared. Additionally, the
changes over time in the heat maps created from the 3D measurements, visually scored as described
in section 2.6, were compared to the delta scores for mean KIDA distance over the entire joint. This
was done for every patient and only the direction of the change (improvement/deterioration) was
compared, not the amount of change. Since the heat maps are compared to the gold standard, the
percentage of agreement can be scored with true positives and negatives, false positives and false
negatives. Furthermore, both the change in the heat maps of the 3D CT outcome and KIDA joint
delta scores were compared to the change in WOMAC and VAS score, to compare both techniques
with the change in clinical parameters.

2.8.4 Minor confounders

Possible minor confounders considered in this study population are the patients’ age, gender, BMI, leg
axis (varus/valgus), the initial severity of OA (Kellgren & Lawrence score), maximum knee extension
and flexion, total WOMAC score and total VAS score. Using linear regression, the influence of these
possible confounders on the relation between the KIDA JSW and the 3D JSW is tested for the medial
and lateral side, for KIDA taking the mean values of all these parameters and for the 3D JSW taking
the median values. The same is done for the change over time of all these variables. All calculations
were done on all patients together as well as separated in KJD and HTO patients.
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2.9 Analysis of joint space variation between the weight-bearing and
non-weight-bearing knee and the flexed and extended knee

Four different MRI scans were made of healthy volunteers in the study population for this experi-
ment, to analyze the difference in joint space distribution in the knee between weight-bearing and
non-weight-bearing and, additionally, between an extended and partly flexed leg. The volunteer is po-
sitioned in the scanner, with their left knee in the knee coil. The scanner is then rotated to a standing
position (81 degrees) and the volunteer is scanned with their knee first as extended as possible and in
a next scan slightly flexed to the maximum angle permitted (MAP) in the knee coil (>20 degrees).
For both scans, the exact flexion angle was measured. After both standing scans, the MRI table is
rotated back to the lying position (0 degrees). Again, a scan with a straight leg and a slightly flexed
leg is made in the same way as was done for the standing position. A schematic overview of the scans
is shown in figure 2.10.
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Instruct Scout scans, Scout scans, Scout scans, Scout scans,
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Figure 2.10: Overview of the different positions and scans for the MRI experiment. Volunteers are first
scanned in standing position with the knee as extended as possible and flexed to the maximum angle permitted
(MAP). The scanner is then rotated, to scan the volunteers lying down with the knee as extended as possible
and flexed to the MAP.

Since the semi-automatic 3D measurement method was created to work on all 3D imaging methods,
it can be applied directly to the MRI images obtained from the scanner. From the data, the same
output can be produced as described in section 2.5.3.

This experiment is of an explorative nature: analysis of the scan results starts with a visual
inspection of the heat maps and looking for pattern changes between scanning positions. The aim is
not to look for statistically significant differences, but to gain insight into generalized changes in JSW
distribution. Since clear pattern differences are expected, heat maps of different scanning positions
are registered so an overlaying contrast image can be created. Direction vectors for the entire joint
as well as both sides separately, calculated using singular value decomposition (SVD), are used to
express the pattern change objectively. Only difference map values within the range of median +SD
were used for the SVD, since this included most of the values while preventing large values to skew
the direction excessively.

2.10 Materials

The commercial software package MATLAB (2016b, The MathWorks Inc., Natick, MA, 2000) was
used for the development of the 3D measurement method, analysis of CT and MRI images and
calculations on these images. The commercial software package SPSS (IBM Corp. Released 2012.
IBM SPSS Statistics for Windows, Version 21.0. Armonk, NY: IBM Corp.) was used for all statistical
calculations.
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Results

3.1 Demographics

Of the original 40 patients consented to this imaging study, seven patients were lost to follow up for
various reasons (e.g. no more participation or discovered comorbidity), leaving a total of 33 patients
included in this research, of whom 16 patients were treated with KJD and 17 patients were treated
with HTO. The demographic characteristics of the study participants are summarized in table 3.1.

Table 3.1: Demographic characteristics of study participants.

KJD (n=16) HTO (n=17) Independent sample t-test
Age 53.3 (£7.0) 49.2 (£6.4) p = 0.01
Gender (male/female) 66.7%/33.3%) (70.6%/29.4%) p = 0.89
BMI 27.0 (£3.6) 26.7 (£2.8) p = 0.81
Leg axis (varus in degrees) 4.1 (£6.4) 6.9 (+2.7) p=0.17
Kellgren-Lawrence 3.1 (£0.8) 2.4 (£0.8) p = 0.02
Flexion 128.2 (£10.1) 132.1 (£9.4) p =027
Extension 2.3 (£3.4) 2.6 (£2.5) p = 0.81
WOMAC stiffness 38.3 (£15.3) 41.2 (£20.6) p = 0.65
WOMAC pain 46.2 (£17.1) 46.5 (£20.1) p = 0.97
WOMAC function 48.2 (£16.0) 49.7 (£15.4) p=0.78
WOMAC total 50.0 (£15.7) 483 (£15.2) p=0.78
VAS 6.3 (£1.70) 6.5 (£1.7) p = 0.83
KIDA medial 2.2 (£2.8) 1.0 (£1.2) p=0.1
KIDA lateral 7.7 (£2.3) 7.6 (£1.5) p = 0.86
KIDA joint 1.9 (£0.8) 4.7 (£0.9) p =051
KIDA minimum 0.2 (+0.5) 0.7 (£1.1) p =0.15

3.2 Cross-sectional analysis

Medial JSW was smaller than lateral JSW for all treatments and measurement methods as seen in
table 3.2. For both patient groups, KIDA medial JSW measurements were smaller than both CT
medial JSW measurements while 2D CT medial JSW values were smaller than 3D CT medial JSW
values. KIDA lateral JSW measurements were bigger than CT lateral JSW measurements and 2D
CT lateral JSW values were smaller than 3D CT lateral JSW values.

Table 3.2: The mean and upper and lower boundary of the 95% confidence interval for the KIDA, 3D CT
and 2D CT medial and lateral JSW values, calculated in millimeters for the two treatment groups KJD and
HTO separately as well as all patients together.

KJD HTO
Medial (mm) Lateral (mm) Medial (mm) Lateral (mm)
KIDA 2.9 (2.1,3.6) 7.9 (7.2:8.6) 2.4 (2.0,2.8) 7.5 (7.1;8.0)
3D CT 5.0 (4.6;5.4) 6.8 (6.4;7.1) 46 (4.34.9) 6.6 (6.3;6.9)
2D CT 38 (3.4:4.2) 5.5 (5.0;6.0) 35 (3.3;3.8) 5.9 (5.5;6.2)

23
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As seen in table 3.3, KIDA measurements for medial JSW were strongly positively correlated to 2D
CT and 3D CT JSW in the KJD group (both; p <0.001). A moderate positive correlation was found
when comparing KIDA lateral JSW with 2D CT and 3D CT JSW (both; p <j0.01). The same trend
is seen in the HTO group. There was a moderate positive correlation between KIDA and 3D CT JSW
for the medial and lateral side (both; p <0.01). KIDA medial JSW was weakly positively correlated
to 2D CT (p = 0.04) while KIDA and 2D CT measurements were not significantly correlated for the
lateral side (p = 0.20).

For all patients grouped together, KIDA medial and lateral JSW were correlated moderately to
strongly positively to both 3D CT and 2D CT (all; p <0.01).

Table 3.3: Pearson correlation coefficients for the relationship between KIDA medial and lateral values and
the 3D and 2D CT medial and lateral JSW values. The coefficients were calculated for all patients together
as well as the two treatment groups, KJD and HTO. Bold values are significant (p <0.05).

. KJD HTO All
1ae 3D CT 2D CT 3D CT 2D CT 3D CT 2D CT
— R=081 | R=064 R=050 | R=035 | R=0.75 | R = 0.54
TR p <0.001 | p <0.001 | p <0.01 | p=0.04 | p <0.001 | p <0.001
T R=055 R=053 R=053 | R=023 |R=054 | R=0.41
p <0.001 | p <0.01 | p <001 |p=020 |p <0.001 |p <0.01

3.3 Longitudinal analysis

As seen in table 3.4, the mean medial JSW increases over two years for KJD patients when measuring
with KIDA (+0.9 mm) but a decreases when measuring with 2D CT (-0.3 mm), while no change was
observed using 3D CT data (0.0 mm). The lateral JSW increases over two years for KJD patients
for all measurement methods (KIDA +0.3mm; 3D CT +0.5 mm; 2D CT +0.1 mm). When looking
specifically at the HTO treated patients, differences between imaging modalities were found. Using
KIDA, the medial JSW increases over two years for HTO patients (+1.0 mm), but using 3D or 2D
CT it decreases (both; -0.5 mm). The lateral JSW decreases using KIDA (-0.1 mm) or 2D CT (-0.2
mm), but increases using 3D CT (40.1 mm).

Table 3.4: The mean and upper and lower boundary of the 95% confidence interval for the two-year delta
values for KIDA, 3D CT and 2D CT medial and lateral values, calculated in millimeters for the two treatment
groups KJD and HTO separately as well as all patients together.

KJD HTO
AMedial (mm) ALateral J(mm) AMedial (mm) ALateral (mm)
KIDA 0.9 (0.4;1.6) 0.3 (-0.5;1.0) 1.0 (0.5;1.5) ~0.1 (-0.7;0.6)
3D CT 0.0 (-0.5;0.5) 0.5 (0.3;0.8) 0.5 (-0.8:-0.2) 0.1 (-0.1;0.3)
2D CT 0.3 (-0.7:0.2) 0.1 (-0.4,0.5) 0.5 (-0.9;-0.1) 0.2 (-0.6,0.3)

The moderate to strong correlation between KIDA and 3D CT and 2D CT mostly disappears when
looking at two-year delta values. As can be seen in table 3.5, for KJD patients only the strong
positive correlation between lateral KIDA and 3D CT JSW (p <0.01) and the moderate positive
correlation between medial KIDA and 2D CT JSW (p <0.05) are significant. For HTO patients none
of the correlations are significant and for all patients grouped together only KIDA lateral JSW is
moderately positively correlated with 3D CT (p <0.01).

Table 3.5: Pearson correlation coefficients for the relationship between the two-year delta scores of the KIDA
medial and lateral values and the 3D and 2D CT medial and lateral values. The coefficients were calculated
for all patients together as well as the two treatment groups, KJD and HTO. Bold values are significant (p
<0.05).

) KJD HTO All
Sl A3DCT | A2DCT | A3DCT | A2DCT | A3SDCT | A2D CT
Medial R=030 |R=050| R=-015 | R=-010 | R=013 | R=0.23
AKIDA p=02 | p<0.05 |p=058 |p=072 |p=048 |p=021
Latoral R=067 | R=2021 | R=022 |R=-028 | R=0.28 | R=048
p<00l |p=045 |p=040 |p=028 |p<0.01 |p=022
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KJD led to a statistically significant increase in medial JSW for KIDA for both KJD (40.97 mm, p
<0.01) and HTO (+1.02 mm, p <0.001) patients, as seen in table 3.6. Using 3D CT, the KJD patients
show a small, non-significant increase (+0.01 mm, p = 0.98) on the medial side, but HTO patients
show a statistically significant medial decrease (-0.45 mm, p = 0.01). Thus, for HTO patients, KIDA
and 3D CT measurements resulted in an opposite change over time for the medial side. For the lateral
side, 3D CT shows a statistically significant increase in KJD patients (+0.54 mm, p <0.001), while
KIDA shows a non-significant increase (+0.27 mm, p = 0.45). For HTO patients neither technique
shows a significant lateral change. Grouping all patients together shows a statistically significant
medial increase in KIDA (+0.99 mm, p <0.001) and lateral increase in 3D CT (40.31 mm, p <0.001).
The changes in medial 3D CT (-0.23 mm, p = 0.10) and lateral KIDA (40.09 mm, p = 0.69) were
not significant.

Table 3.6: Results of paired samples t-tests between the medial and lateral KIDA (mean) and 3D CT
(median) values two years after treatment and the same values at baseline before treatment. The tests were
performed for all patients together as well as the two treatment groups, KJD and HTO, separately. Significant
paired differences (p <0.05) are bold.

Paired differences
95% Confidence Interval of the Difference | Sig. (2-tailed)
Mean (mm) T
ower (mm) Upper (mm)
Medial KIDA 0.97 0.39 1.56 p <0.01
Medial 3DCT | 0.01 -0.49 0.50 p = 0.98
LD Lateral KIDA 0.27 -0.47 1.02 p = 0.45
Lateral 3DCT 0.54 0.30 0.79 p <0.001
Medial KIDA 1.02 0.54 1.49 p <0.001
Medial 3DCT -0.45 -0.75 -0.16 p = 0.01
0 Lateral KIDA -0.07 -0.74 0.59 p = 0.82
Lateral 3DCT 0.09 -0.07 0.26 p=0.25
Medial KIDA 0.99 0.64 1.35 p <0.001
A Medial 3DCT | -0.23 -0.51 0.05 p = 0.10
Il Lateral KIDA | 0.09 -0.38 0.57 p = 0.69
Lateral 3DCT 0.31 0.15 0.47 p <0.001

As seen in table 3.7, the agreement of the visually scored heat map change direction with KIDA for
KJD patients is high for changes over one year (62.5%), while over two years this decreases (to 43.8%).
The agreement of two-year changes for HT'O patients is low (29.4%) and most patients appear to show
more deterioration in CT than in KIDA (64.7%).

Table 3.7: False negatives, false positives and true negatives and positives when comparing the direction of
the JSW changes (increase/decrease) for heat maps created from CT images with the JSW change direction
in KIDA for the same patients. In the changes over one year from baseline all KJD patients are included, in
the changes over two years from baseline all patients from both treatment groups are included.

Baseline — One Year Baseline — Two Years
KJD KJD HTO
True Negatives + Posi- | 62.5% 43.8% 29.4%
tives
False Negatives 18.8% 37.5% 64.7%
False Positives 18.8% 18.8% 5.9%

As seen in table 3.8, the change in total WOMAC score has a better agreement in classification with
KIDA (76.0%) than with CT (28.0%). The total WOMAC score improved for all patients while the
VAS score improved for all but two patients. Like WOMAC, the change in VAS over two years has a
better agreement with KIDA (67.9%) than CT (42.9%).

Table 3.8: Agreement of KIDA mean joint value change direction (increase/decrease) and direction of change

in heat maps from CT images (improvement/deterioration) with the clinical parameter change direction (im-

provement /deterioration in VAS score or total WOMAC score).
AKIDA (Mean Joint)

67.9%

76.0%

ACT (Heat Maps)

AVAS
AWOMAC total

42.9%
28.0%
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3.4 Minor confounders

With linear regression, the influence of minor confounders on the relation between KIDA and 3D
CT JSW was tested for both patient groups and both sides of the joint, on absolute JSW values
(baseline, one year and two years together) and on two-year delta values. For each relation, all
possible confounders were included in the model and the one with the highest p-value was removed
until a statistically significant model remained with only statistically significant confounders. Groups
of confounders were found that made the correlations between KIDA and CT stronger and more
significant, but these confounders were not consistent for both sides of the joint and for both patient
groups and could therefore not explain the non-significant correlation in delta values. When evaluating
these relations, it was hypothesized that the statistically significant correlation might be due to the
effect of outliers in a relatively small population and it was decided that there are no minor confounders
that could explain the differences in delta values for KIDA and CT.

3.5 Explorative MRI study: The effect of weight-bearing and knee
flexion on the joint space

General pattern changes are described as seen for all participants, using representative JSW distribu-
tion images to describe the changes.

3.5.1 Flexion

Pattern changes as a result of flexion while weight-bearing can be seen in figure 3.1, where the top two
images show the heat maps for the extended and flexed (30°) position while weight-bearing. Figure
3.1C displays a contrast heat map of the difference between the two positions. The blue color indicates
locations where the distances increase when flexing while the red color indicates locations where they
decrease with respect to the extended position.

As seen in figure 3.1C, flexing while weight-bearing shows a clear pattern change, with the joint
space distances becoming smaller posteriorly and bigger anteriorly. The histograms in figure 3.1D
show the main peak for smaller distances does not change greatly, though the peak for the flexed
position is positioned slightly more to the right. In non-weight-bearing position, the contrast heat
map shows the same shift to the anterior direction when flexing. The histogram indicates no real
differences in the main peaks.
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Figure 3.1: Joint space changes when changing position from weight-bearing extended to weight-bearing
flexed for the first volunteer. The top two figures show the different heat maps for the extended (A) and
flexed (B) position. (C) shows a heat map of the differences between (A) and (B), with blue indicating places
where distances are bigger for the flexed position and red indicating where distances are smaller for the flexed
position. The arrows show the direction of change for the whole joint (green) and both sides separated (yellow)
as indicated by the white line. (D) shows a histogram of the distances for both positions.

3.5.2 Weight-bearing

Pattern changes as a result of weight-bearing while the leg is extended can be seen in figure 3.2. The
contrast heat map does not show a clear pattern change between weight-bearing and non-weight-
bearing, while the histogram shows a slightly higher main peak, meaning that there are more smaller
distances when weight-bearing as opposed to non-weight-bearing. In a flexed position, the contrast
heat map indicates the joint space distances are generally bigger for the non-weight-bearing heat map,
as do the histograms. Despite a median joint JSW increase when weight-bearing with respect to non-
weight-bearing, the amount of perpendiculars almost did not change.



CHAPTER 3. RESULTS 28

Weight-bearing Extended B Non-weight-bearing Extended 2
. 174
£ £
E E
45 {144 5
Medal § Medial §
] 8
48 14 §
g g
2] 2]
o -y 8
. 84

) 54
Anterior Anterior

Non-weight-bearing Extended -
Weight-bearing Extended

>21 D 50
40
1
30
Medial 0
: 2
-1
§ 10
0

<21
Anterior 0 5 10 15 20 25 30

Distances (mm)

Histogram of Distances

Occurences

S

Difference in distance to femur (mm)

Figure 3.2: Joint space changes when changing position from weight-bearing extended to non-weight-bearing
extended for the first volunteer. The top two figures show the different heat maps for the extended (A) and
flexed (B) position. (C) shows a heat map of the differences between (A) and (B), with blue indicating places
where distances are bigger for the non-weight-bearing position and red indicating where distances are smaller
for the non-weight-bearing position. The arrows show the direction of change for the whole joint (green) and
both sides separated (yellow) as indicated by the white line. (D) shows a histogram of the distances for both
positions.

3.5.3 Radiograph position compared to CT position

When changing from the non-weight-bearing extended position as used in CT and MRI images to
the weight-bearing flexed position as used in radiographs, a shift of smaller distances to the posterior
position is seen for both sides of the joint. More small distances are present in the weight-bearing
flexed position.
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Discussion & Conclusion

In this study, a novel 3D joint space quantification method for the evaluation of 3D images of os-
teoarthritic knees has been explored and described. The technique uses perpendicular lines from the
tibia plateau to measure distances to the femur and perpendicular lines from the femur to the tibia
to ensure only relevant parts of the joint, involved in a force transfer between the tibia and femur, are
included in the joint space. Medial and lateral JSW medians were calculated from CT images and
compared with the gold standard, radiography, analyzed with KIDA. Two different patient groups
were used: patients treated with KJD and with HT'O, treatments anticipated to results in an improved
JSW according to literature. Comparing the demographics at baseline between these two treatment
groups, KJD patients had statistically significantly higher age and Kellgren-Lawrence score. Part of
the KJD patients were included from a trial comparing KJD with TKP, while all HTO patients were
included from the trial comparing HTO with KJD. TKP is typically performed in later stage OA,
potentially explaining the found differences.

The algorithm developed to calculate the joint space distances in 3D was chosen to be semi-automatic.
A balance was found between using a fast but less precise automatic method and a slow but precise
manual method. Automatic methods require less time than manual methods and require no input
from the user, decreasing inter- and intra-user variability. However, allowing less choice by the user
also means mistakes made by the program cannot be easily corrected. Automatic methods will not
necessarily work on all patients, since not every small variation between patients can always be taken
into account by the program. For example, differences in subchondral bone density and thus image
intensity make it difficult to develop one method that can detect bone edges for both high and low
intensity bone, especially since intensities seem to change between patients and within the joint of a
single patient. For these reasons, the choice was made for a semi-automatic method, combining an
automatic program with user input to adjust the program’s initial segmentation. Additionally, the
bone segmented from the different slices was smoothed to remove surface irregularities that may have
been caused by the imaging method because of pixel size and slice thickness limitations. A smoothed
reconstruction should correspond with reality better, especially since cartilage is meant to create a
smooth surface [3]. Smoothing too much could result in an unrealistically smooth surface that alters
the entire bone shape, so the optimal amount of smoothing was determined visually. Perpendiculars
were averaged over a predetermined grid to further ensure correct representation of the local bone
surface. For more discussion and consideration on different choices in the algorithm development, see
Appendix A.

The semi-automatic method is still rather fast, taking an average of 4 minutes from loading the
3D CT scan to having the results displayed, compared to around 30 seconds for a method that is fully
automatic but more prone to errors. Furthermore, the developed method works on all scans tested and
on both CT and MRI images. A 3D imaging technique and calculation method can displlay the joint
space width distribution throughout the joint, which was done with heat maps. The reconstructed
bones can be used to calculate the JSW in 2D, similar to KIDA, and to express measurement results
in more objectively comparable numbers, the median JSW of the medial and lateral side of the joint
can be calculated.

29
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To validate these median 3D measurement results, they were compared with the gold standard ra-
diography, measured with KIDA. In both patient groups, KIDA medial and lateral JSW showed a
significant positive cross-sectional correlation with 3D CT that was moderate to strong. For this
cross-sectional analysis, the JSW values on baseline (before treatment) and one and two years after
treatment were used. Comparing group JSW means, it was seen that 2D CT JSW means are always
lower than 3D CT JSW means. This is expected, since in 2D CT the measurement method in KIDA
is simulated, where distances are measured between the lower part of the femur and the frontal ridge
of the tibia. These parts of the tibia are in reality not positioned above each other and should be
closer together than parts of the joint that are actually positioned above each other, such as the lower
part of the femur and the lower, central part of the medial and lateral side of the tibia. For this
reason, KIDA mean results were also expected to be lower than 3D CT, and slightly lower than 2D
CT because of the effect of weight-bearing. This was true for the medial side of the joint, but for the
lateral side of the joint KIDA means were higher than both 3D and 2D CT. This cannot be directly
explained from the available data. It could be that the flexed position in KIDA puts more pressure
on the medial side of the joint while relieving the lateral side and thus increasing the lateral JSW, or
that the weight-bearing causes the most effected, medial, side to be more compressed, resulting in a
slight axis change that increases the lateral JSW only when weight-bearing.

Since cross-sectional correlations were so strong, good correlations were expected longitudinally as
well. However, most of the strong and statistically significant correlations disappeared when looking
at the two-year delta scores. For KIDA JSW correlations with 3D CT, only the lateral side in KJD
patients remained statistically significant.

The mean changes for both sides of the joint and both patient groups when measuring with KIDA
or with 2D or 3D CT were compared to possibly explain the lack of statistical significance. This
showed that KIDA and 3D CT only showed change direction agreement for the lateral side in KJD
patients, which is the same side and group that showed a good Pearson correlation, so these mean
changes did not provide more insight in the differences between KIDA and CT.

A paired samples t-test for the medial and lateral changes over two years as measured by KIDA
and 3D CT was performed to analyze how significant the two-year changes were. While for the KJD
patients both sides of the joint at least show a change in the same direction for KIDA and CT,
even if they are not always significant, the medial side in HTO patients shows a significant change
in opposite direction. Since the medial KIDA JSW is significantly increasing and the medial 3D CT
JSW significantly decreasing, it is logical that there is no correlation found between the two. It is still
not explained, however, why the techniques show an opposite change.

It was hypothesized that perhaps expressing the 3D CT in medial and lateral median JSW is
not the optimal method and is not able to express changes well. Therefore, the heat maps were
visually scored for improvement or deterioration over time and this change direction was compared to
the change direction in KIDA mean joint JSW. These changes correlated slightly better for patients
treated with KJD, but the correlation for HTO patients remained low, so it seems that the reason for
the weak longitudinal correlations should not be sought in different ways of expressing CT JSW.

Perhaps the gold standard that the CT JSW changes are compared to is not optimal. The CT
measurements are compared to radiology since it is the gold standard, and in the Rheumatology
department of the UMC Utrecht KIDA is additionally used for JSW measurements, but this does not
mean it gives perfect joint space width measurement results. Both KIDA and CT JSW changes over
time were compared to the change in clinical parameters (WOMAC and VAS) to see if perhaps CT
correlated better with clinical parameters, but it was seen that KIDA showed more agreement with
the change in WOMAC and VAS. It should be noted that, as stated before, the clinical parameters
improve over time for nearly all patients and an increase in WOMAC of VAS is not necessarily the
result of cartilage regeneration or JSW increase, but also because patients learn to cope with their
disease better [75]. Furthermore, the two patients that showed a deterioration in clinical parameters
did not show a deterioration in KIDA, while they did show a deterioration in the CT heat maps. Still,
KIDA correlated better with clinical parameters, so it was tried further to find an explanation for the
bad longitudinal correlation between KIDA and CT and perhaps the reason could be the influence of
minor confounders.

Linear regression was used to test for minor confounders, since perhaps these could explain the un-
expected findings, as found in literature. However, as mentioned in the results section, there was
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no confounder or group of confounders that had a significant influence on both sides of the joint.
Therefore, none of the available demographic data can explain the significant differences in changes
over time that are seen especially in HTO patients.

The fact that longitudinal correlation between KIDA and the 2D over-projection CT, aimed to measure
the JSW similarly to KIDA while using CT images, was weak as well indicates the difference in change
over time does not rise from the different JSW calculation methods, but from the difference in weight-
bearing and knee flexion. As has been mentioned before, Kan et al [52] proved a semi-flexed weight-
bearing position causes significantly smaller JSW measurements in radiographs with respect to an
extended weight-bearing position, so even in radiographs leg position has a clear effect on measurement
results. KIDA more often shows an increase over time than CT and a possible explanation could be
that unhealthy cartilage depresses more while weight-bearing than healthy cartilage does, while this
effect is not seen as clearly on non-weight-bearing images if the total cartilage volume remains similar.
A treatment that regenerates unhealthy cartilage would then cause a JSW increase on radiographs
but not (as much) on CT. Another possibility is that when measuring JSW not just the effect of
cartilage change is incorporated, but the effect of ligaments, muscles and menisci as well. Especially
factors such as meniscal extrusion, which is related to OA [76, 77], could have different effects while
weight-bearing and flexed than while non-weight-bearing and extended. It could be that all these non-
cartilage related factors result in more JSW when non-weight-bearing, further increased by the fact
that OA joins contain more fluid that could fill the joint space while non-weight-bearing. A treatment
that has a positive effect on OA could cause almost no JSW change in CT, since even if cartilage
regeneration causes a JSW increase, the JSW increasing effect of the other factors is decreased. This
could explain the fact that the paired samples t-test showed a significant medial increase in KJD
patients while measuring with KIDA but not while measuring with CT.

It could also be that KIDA correlates better with clinical parameters because it measures more
specifically the smaller distances because of the position in which the radiographs are taken. Both
flexion and weight-bearing seem to cause smaller distances, and the fact that the KIDA mean lateral
JSW is almost unrealistically high indicates perhaps the radiograph position even deliberately shifts
the weight and thus smaller distances to the medial side of the joint. Measuring in a position that
causes smaller joint space distances could explain a better correlation with clinical parameters, since
lack of joint space is what causes the most pain and discomfort in OA patients.

The possible influence of flexion and weight-bearing, the major confounders in this research, was
investigated with an MRI experiment with healthy volunteers. It was observed that flexion of the knee
causes a shift of smaller distances in posterior direction compared to extension while weight-bearing
causes generally smaller distances compared to non-weight-bearing. Changing from a non-weight-
bearing extended leg to a weight-bearing flexed leg, so comparing the CT or MRI position to the
radiography position, causes smaller distances throughout the entire joint as well as a shift of smaller
distances to the posterior side of the joint. These changes were found in the healthy volunteers, but the
findings could be different in OA patients either untreated or treated with an HTO or KJD. However,
the fact that the healthy volunteers all showed a clear difference in joint space distances as well as the
location of smaller joint space distances in the joint indicates that this is the right path to eventually
explain the difference in two-year JSW changes in KIDA and CT.

Clearly this is a first step and explorative research. Further research in a larger relevant population is
necessary to investigate these possible explanations. It would be interesting to repeat the MRI exper-
iment as described in this research, scanning OA patients as well as age-matched healthy volunteers.
This could lead to more understanding about the behavior of damaged cartilage in weight-bearing or
even flexing situations compared to healthy cartilage. Furthermore, HTO patients could be included
in the experiment, which could provide more information about the leg axis change after an HTO and
how this affects both the weight-bearing and non-weight-bearing situation. The results of such an
experiment would give additional insight into osteoarthritic joint space changes when weight-bearing
and flexing. In order to more objectively define which JSW measurement method relates best to
the cartilage change, MRI data of the same patients that are measured with both KIDA and the CT
method could be used to perform qualitative and quantitative cartilage measurements. MRI scans that
could be used for this include quantitative sequences like PDW or Eckstein, and qualitative sequences
like T2-mapping or AGEMRIC protocols. It is possible that some adjustments to the semi-automatic
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method should be made to optimally represent the 3D joint space. The possibility to filter perpendic-
ulars based on the angle between the perpendicular from the femur and the matching perpendicular
from the femur to the tibia has not been explored in this research. Applying an angle limit could
give a better representation of joint space area involved in the force transfer between the tibia and
femur. With an angle limit of 25 degrees, for example, many large and possibly less relevant joint
space distances are removed, while many smaller distances are preserved. More research should be
done into what angle limit results in a clinically relevant joint space. Furthermore, the perpendiculars
as calculated from the CT scans could be filtered more specifically to include only parts of the tibia
plateau where weight-bearing cartilage is usually present. Especially the intercondylar area of the
tibia is now included in the heat maps and though a significant part of it is removed when separating
the perpendiculars in the medial and lateral side, this filtering could be done more specifically to
include only the condylar medial and lateral area. This would have to be done manually and it would
be interesting to see how this affects measurements in future research. The fact that the amount
of perpendiculars that is left after filtering does not significantly change between the weight-bearing
and non-weight-bearing position even if the median JSW becomes bigger, as seen in the MRI experi-
ment, does indicate that even in non-weight-bearing position the selected perpendiculars are able to
represent the force transfer between the femur and tibia well.

This research has explored the possibility of using three-dimensional imaging to quantify the knee
joint space. A semi-automatic algorithm has successfully been developed and applied on images of
knee osteoarthritis patients before and after two joint-sparing treatments. It has been made possible
to visualize the joint space in 3D and automatically generate different joint space width distances.
Differences in changes over time between the CT JSW measurements from developed method and the
JSW changes in the gold standard KIDA were observed and have been tried to explain in several ways,
but so far no definitive explanation has been found. A quantitative proof-of-principle MRI experiment
has been performed with healthy volunteers to gain more insight into changes in the joint space when
weight-bearing or flexing the knee, as these variables differ between radiography and CT. Since these
position changes resulted in clear joint space differences, it is expected these position differences are
the right path to understand the differences between CT and KIDA. Several possibilities for future
research have been proposed to better relate different measurement methods and gain more insight into
what these methods are actually measuring. These additional studies could help determine a way to
translate JSW measurements between different positions with the variable of weight-bearing, enabling
comparison between different modalities, and eventually making the method applicable in research
or clinical setting. The semi-automatic method alone, as it has been developed in this research, is
already of additional value next to the gold standard for visualizing the joint space throughout the
entire joint.
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APPENDIX A

Detailed Explanation of Methods

This appendix provides a detailed explanation of several steps as explained in the Methods. First the
bone segmentation method is elaborated on with a flow chart, highlighting every step. In a different
flow chart, the automatic edge fixing is explained in more technical detail. Lastly, the different choices
that were made in this research but have not yet been mentioned in this thesis are highlighted.

A.1 Bone Segmentation

On the next pages, a flow chart displays the process of bone segmentation. Pictures are used to display
the different (interim) results and two different nodes either automatic or manual steps:

User Input (manual)

MATLAB Process (automatic)

Every step in the flow chart is numbered and elaborated on more on the pages after the flow chart.
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10.

11.

12.

13.

. The user runs the scripts, providing as input the details of which scan should be analyzed

(patient number and time)

. The middle slice of the scan data is shown, since on many scans this slice is positioned somewhere

near the middle of the joint and therefore gives a clearly recognizable overview of the femur and
tibia. Optimally, a DICOM viewer is built in, allowing the user to scroll through the entire scan
to get an idea of this patient’s specific bone anatomy and to choose the best slice to start with.

. The user draws a rectangle in the first slice to select the joint space area. The data around this

rectangle is deleted in all slices, so it should be drawn big enough to allow bone shape changes
throughout slices to still be positioned inside the rectangle.

. The joint space part of the first slice. This is not shown to the user, but is shown in the flow

chart to highlight the changes happening.

. Canny Edge Detection is performed on the joint space area of all slices in the scan. After

experimenting with different settings, for CT scans the optimal result was gained when not
specifying any settings. For MRI scans this depends on the specific scanning protocol that was
used, but these settings can be changed easily if desired.

. The joint space region of the first slice with the automatically detected edges. Although the

bone edges are marked very well, there are usually some holes of a few pixels. Since this is the
first slice and thus all detected edges (indirectly) depend on the fact if in this slice the bone is
segmented well, no automatic fixing of edges is attempted yet.

The detected edges can be fixed by removing or adding pixels. Removing of pixels is done by
drawing rectangles in this all marked pixels are removed and adding of pixels is done by marking
pairs of pixels between which a line should be drawn. The goal is to have the bones marked by
edges without holes and to have no other areas that are completely enclosed by other 'random’
edges.

. Areas that are surrounded by edges are filled. For this reason, the bone edges should contain

no holes and should be the only edges completely surrounding an area.

. If the edges were detected and fixed correctly, filling of holes surrounded by edges should result

in perfectly segmented bones, as is the case in the image.

The segmented bones are separated in the femur and tibia by determining that the upper group
of segmented pixels is the femur and the bottom group is the tibia. In all next slices the
separation is done before showing the result by checking which detected groups of pixels match
which bone from the previous slice.

Since this slice is done, the script moves on to the next slice. This is first done in posterior
direction and, after that side of the joint is done, the process is repeated in anterior direction,
eventually segmenting the bones throughout the entire joint.

Edge detection was performed in the beginning, on all slices. Now, only the pixels of the detected
edges that are within 10 pixels distance from the outer line of the bones detected in the previous
slice are kept. This way, only detected edges that could actually be bone edges are saved. This
makes automatically fixing the edges easier, since many irrelevant or wrongly detected edges
are removed. The distance of 10 pixels was chosen after trying many numbers of pixels since
the right amount of edges remained. The optimal distance, however, depends on pixel size as
well as slice thickness, since the thickness of slices defines the amount of change between slices
in structure. Since in CT scans the bone is distinguished relatively easily, 10 pixels works fine
even for varying pixel size and slice thickness. In MRI scans, where more soft tissue around
the bone is detected with edge detection, the optimal distance should be found before starting
segmentation, which is easy to do and should not take much time.

The user does not see this image usually, since it is only an interim step that does not require
user input.
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14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

The script tries to automatically fix detected edges. Since this step actually consists of mul-
tiple different steps, a more technical explanation can be found later in this appendix under
’Automatic Edge Fixing’.

Like before, the areas surrounded by edges are filled.

If the automatic detection and fixing of bone edges has gone well, what should be marked in
this image are the femur and tibia.

The program asks the user if the bone detection in this slice is correct. If it is, the program
moves on to the next slice, but if it is not the user can manually fix the detection.

If the bone was not detected well automatically, the user can remove and add pixels to ensure
there are no holes in the detected bone edges, which would cause (parts of) the bone to not
be detected, and to ensure there are no areas outside the bone that are completely surrounded
by edges, which would cause parts of the image that are not part of the tibia or femur to be
incorrectly marked as bone.

Like before, the areas surrounded by edges are filled.
The femur and tibia as detected after manual correction as displayed.

The program asks if bone detection was correct, so if the manual correction was not successful,
the user has the option to fix the edges further. This keeps going until the user is satisfied with
the result and indicates that the bone segmentation has gone well.

The program moves on to the next slice.

Like in the previous slice, the script tries to automatically fix the detected edges and fill the
holes surrounded by edges.

The automatically segmented femur and tibia are displayed.

If, after a number of slices, the slice that was displayed in the previous step no longer shows
detectable bones, this meant the end of the joint has been reached and bone segmentation is no
longer possible or necessary. This slice should therefore no longer be included in the segmentation
and the user has to option to indicate this. If it is not the last slice, the user can proceed to
indicate if the bone detection is correct or, if not, fix it manually.

If the previous slice was the last, the entire process of steps 11-25 is repeated for the anterior
direction instead of the posterior direction.

The femur and tibia have been completely segmented, represented by a binary matrix with 1’s
for pixels where bone was detected and 0’s for pixels were no bones were detected. This matrix
is smoothed to better represent the bone surface, as was explained in the Methods section.
Different smoothing options were compared and the best result, where small irregularities were
removed but the global shape of the bone was not altered, was gained when smoothing with a
box filter sized 3x3x3 pixels.

The 3D isosurface reconstructions of the femur and the tibia are made.

Now that the 3D reconstruction has been made and the data is represented with a list of
vertix coordinates instead of a 3D matrix, it is possible for the data to have non-rounded
numbers. Since millimeters are a more interpretable measure than numbers of pixels and slices,
the vertix coordinates are converted from pixel/slice indices to millimeters, giving a realistic 3D
representation and enabling measurements in millimeters.

Data 3D reconstruction data as well as the matrices with the segmented femur and tibia are
saved, to be used to create different outputs.
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A.2 Automatic Edge Fixing

The automatic edge fixing, step 14 in the flow chart above, is explained more in detail in a separate
flow chart below. Since this part of the process is fully automatic and more technical, not using the
original image slice but binary images of detected edge pixel groups, just these binary images are used
to explain different parts of the process. All steps are elaborated on in the pages after the flow chart.
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10.

11.

. As explained in step 12 of the previous flow chart, only pixels within 10 pixels distance from the

outer lines of the bones segmented in the previous slice are saved. In this binary image, all edge
pixels have value "1’ and the rest has value ’0’.

. The holes in the edge image are filled, so all pixels in areas surrounded by edges are changed to

1.

. Since these are binary images, the number of pixels marked as bone (value = 1) can be counted

by taking the sum of all pixel values. If this sum is less than 80% of the sum of bone pixels from
the previous (already manually checked) slice, the bone marking must have gone wrong, since
the slices are too thin for the bone to change so much between two slices. Therefore, the script
tries to fix the detection.

. The first try to fix the edges is to fill holes of one pixel by bridging pixels with value 0’ that

have two pixels of value ’1’ directly next to it.

. Bridging is tried first since it cannot really alter the bone shape negatively. In this image, the

pixel that would be added with bridging is shown in red.

. The holes in the new (bridged) edge image are filled.

It is checked if, after bridging, the number of pixels marked as bone is still smaller than 80% of
the previous slice. If it is, then more fixing is necessary.

. Pixels groups are directly connected groups of pixels with value ’1’. For example, in the image

in step 5, bridging changed the number of pixel groups from five to four by connecting two
different groups. Now, just the pixel groups that contain at least one pixel within three pixels
of the bone edge of the previous slice are saved. This is some more filtering to save only the
detected edges that could be bone, since the next step will only work well if there are (almost)
no pixel groups outside the bone area.

. The resulting edges after the filtering in the previous step. In this image it can be seen that

filling the holes would not result in a filled femur and tibia. This can be seen best on the right
top side of the tibia.

For every pixel group, the two end points are marked. All of these end points are then connected
to another pixel group, closest to the end point. For example, for pixel groups A, B, C, D and E,
the end points of pixel group A are connected to whichever group of B, C, D and E is closest to
this end point. This connection is made the shortest way possible, so it does not matter where
on the groups the end points connect to. All pixel groups are registered as separate groups
before the connecting process begins, to ensure it is possible for two end points of one group to
connect to the same group. For example, it is possible for both end points of group A to connect
to group D if this is the closest for both, even if group A and D will be one group after the first
end point connects.

Since, as explained for the previous flow chart, the edges are already separated in tibia edges and
femur edges, depending on their position compared to the segmented bone from the previous
slice, all groups are registered to either tibia and femur as well. Tibia pixel groups can only be
connected to other tibia groups and femur groups can only be connected to femur groups.

Lastly, it is not desired that the connecting line from an end point crosses its own group, since
this makes it likely extra parts outside the actual bone edge are added to the bone area. If this
happens, the end point is not connected to the closest group, but instead connected to the top
of the image in case of the femur and to the bottom of the image in case of the tibia. This way,
the connecting line will almost always be inside the bone area.

The resulting edges after all group end points have been connected to other pixel groups. While
there are many extra lines present that are no bone edges, these all fall in the bone area. Since
eventually this entire area will be filled, so any edges present in the bone area are irrelevant.
Filling this image will result in a segmented femur and tibia, since all holes in the edges around
the bone area are now closed, even the right top part of the tibia.
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12.

13.

14.

15.

All holes are filled again.

The edges as seen in step 11 are subtracted from the filled bone. This is done so that any
separate edges outside the bone area are removed.

Subtracting the edges from the filled image removes the outer, one pixel thick layer of the bone,
which is fixed by dilating the image one pixel.

Many holes in the edges are fixed by this automatic method, but it is not 100% perfect. There-
fore, a manual check is still required. With this manual check, step 17 in the previous flow chart
of the entire process is resumed.
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A.3 Considerations

A number of things have been decided to be applied in the semi-automatic method that have not yet
been explained:

e The effect of filtering perpendiculars by the angle between the tibia perpendicular and matching
femur perpendicular. As explained shortly in the methods, the choice in this research has been to
include only tibia perpendiculars for which the matching femur perpendicular (the perpendicular
coming from the femur, originating closest to where the tibia perpendicular crosses the femur)
also crosses the tibia. However, it is possible to filter more severely by allowing only a certain
maximum angle between the pair of matching perpendiculars. The figure on the next page shows
the effect of different maximum angles.

The top left figure shows all tibia perpendiculars crossing the femur, without checking if the
corresponding femur perpendiculars cross the tibia surface. The top right figure shows only
the tibia perpendiculars of which the matching femur perpendiculars cross the tibia surface.
These are the perpendiculars that would be used in this thesis and it can be seen that many
of the excessively large distances around the edge of the joint are removed, while the smaller
distances remain. Furthermore, the perpendiculars are still rather evenly distributed throughout
the plateau and the parts where the femur is expected to be are still included.

Limiting the perpendiculars to only those pairs that have an angle of 45 degrees or less (mid left
figure) does not change the remaining pattern drastically, though a small area of perpendiculars
disappears in the center of one of the tibial condyles, which is an area that is expected to be
important in joint space measurements and cartilage degeneration. Making the angle limit even
more severe by changing it to 30 (mid right figure), 25 (bottom left figure) or 20 (bottom right
figure) degrees further reduces the number of perpendiculars in the centers of the tibial condyles.

Since matching three-dimensional perpendiculars between bones in the joint has not been de-
scribed in literature, it was decided that more research is necessary before the optimal angle can
be chosen and applied. Filtering out tibia perpendiculars of which the matching femur perpen-
dicular does not cross the tibia plateau shows a clear improvement, even making the correlations
with KIDA more significant, which is why this option was chosen as the used method in this
research.
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Figure A.1: The effects of matching tibia and femur perpendiculars compared to including all tibia perpen-
diculars crossing the femur (top left) either without angle limit (top right) or with four different angle limits
(bottom four figures).
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e Initially, when comparing the histograms and corresponding fitted lines of different scans, the
areas under the curve (AUCs) were equalized. This can display the relative change in distances
well, since results are scaled to the total amount of perpendiculars present. If, for example, the
knee position of a patient would change between the baseline scan and the scan two years later,
it is possible that this would cause a different amount of included perpendiculars. Equalizing the
AUCGs corrects for this. However, it was eventually decided to not equalize the AUCs. Looking
at the tibia plateaus and perpendiculars at different time points for the same patient, there was
no significant pattern difference seen. Furthermore, the amounts of smaller distances are not
expected to change as much as a result of position change as the amounts of larger distances.
Lastly, the absolute change in smaller differences between time points could be more relevant
than the relative change, since this would directly indicate a change in small-distance area size.

Looking at the histograms for the MRI experiment, where knee positions were changed purpose-
fully, the same conclusions are drawn from the equalized histograms as from the non-equalized
histograms. Equalizing does clearly show different fits, but not enough research has been done
as to what way the histograms should be shown to best represent the actual joint space changes.
Therefore, it was decided to not edit the histogram representation, even for the MRI experiments.
An important recommendation for now is to always look at the heat maps or perpendicular pat-
terns as well as the histograms, so significant differences can be related to visual changes.

e When creating the difference heat map as seen in the results of the MRI experiment, the distances
in one heat map are subtracted from the distances in the other heat map. More specifically, the
different scans are first registered using the heat map shapes when using all tibia perpendiculars
crossing the femur. These shapes are used, since they include most of the tibia plateau and
are therefore easier to register. From this registration a registration matrix is made, which
is then applied to the heat maps made from only tibia perpendiculars with matched femur
perpendiculars crossing the tibia plateau. Lastly, the distances from one heat map are subtracted
from distances from the other heat map at the exact same location.

On locations in the heat maps where only one of the maps has a distance and the other map
is ’empty’ (NaN), no resulting distance difference is saved. This way, only parts where both of
the heat maps have distance values are included in the difference map and used for the SVD to
calculate the change direction. However, if the location of matched perpendiculars on the tibia
plateau changes (while the location of the non-matched perpendiculars does not), this indicates
a shift in the tibia plateau that cannot be fully incorporated in the difference map and SVD
calculation, since only the locations with matched perpendiculars overlapping between different
scans will be included. Therefore, it could be better to also include parts where only one of
the two heat maps has values. The reason this was not done in this research is that it is not
straightforward how these parts should be included. For example, if after changing from an
extended to flexed position causes perpendiculars to be located more posteriorly in the joint
while perpendiculars more anteriorly disappear, this should cause the posterior change direction
to be even greater than was already observed. So, locations where the second heat map contains
distances but the first does not should cause a negative difference, but it is difficult to decide
what this difference should be. It can be the opposite of the distance at that location, but
that automatically means these distances become equally important to overlapping distances in
calculating the SVD. Since not enough is known about what is important in these calculations
and what is not, it was decided to alter the calculations as less as possible and therefore not
include parts where only one of the two heat maps have values when calculating the difference
map and SVD.



APPENDIX B

Technical details of performed scans

B.1

Radiographs

The exposure time and exposure varied between patients, the KVP and Source Image Distance were
equal, as shown in the table below.

Manufacturer Series KVP Spurce image Exposul.re time Exp9sure (range
(V) distance (mm) (range in ms) in mAs)
Philips Medical Knee PA | 66 1200 5-46 2-17
Systems standing

B.2 CT scans

For the patients’ CT scans, many different scanners and scanning setting were used. The value ranges
and the number of different possibilities as found in the data are listed in the table below.

Scanner KVP X-ray tube Exposure fShce Plx.e !
Manufacturer model V) current (mA) thickness spacing
(mA) (mm) (mm)
Options / | Philips Brilliance; | 100 - 140 | 69 - 323 75 - 150 1-2 0.276x0.276
range Medical iCT 256; -
Systems Mx8000 0.793x0.793
IDT 16

B.3 MRI scans

The technical details of the MRI scans of patients used in this research as well as the scans performed
in the MRI experiment are shown in the table on the next page.

ol



. Slice Repetition Echo Magnetic field . Flip Pixel
Scanning | Sequence . . . Acquisition . .
Scan Scanner Protocol . thickness time time strength . angle spacing | Direction
Sequence Variant Matrix
(mm) ms ms (T) (degrees) (mm)
Patient Philips 3D Gradient | Spoiled 1.5 20 9.001 3 512 x 15 0.313 x Coronal
scans Medical Eckstein | Recalled | (SP) 512 0.313
Systems (GR)
Achieva
MRI Esaote 3D Gradient | None 0.586 25 12.5 0.25 228 x 45 0.586 x Coronal
study G-scan SHARC Recalled 228 0.568
Brio (GR)




appenDIX C

MRI suitability form

ECTM

Screeningslijst voor een MRI-onderzoek

In de MPEI mimte kunnen sommige implantaten. apparaten en objecten beschadizd ralen en/of schade aanu
veroorzaken Om gezondheidsnsico’s zoveel mogelijk nit te sluiten moet iedereen voor toegang tot de MEI
ruimte gescreend worden. Daarom verzoelen wij u onderstaande 1ijst zorgvuldig in te vullen

MRI screeninglijst

Als u vragen heeft over de screening of een vraag met ja moet beantwoorden, kunt u elke werkdag
contact opnemen met JK van Zandwijlk; +31 (0753 489 4197

Heeft u metaal(splinters) in ww lichaam. mn. in de ogen, door bijv. ja O nee
werkzaamheden in de metaalindustrie (lassen, draaibankowerken etc.) of door

oorlogsgeweld (geweerhagel, kogelresten. metaalscherven)?

Heeft u een pacemaker, pacemakerdraden of een defibrillator voor uw hart? ja O nee
Heeft u een nievwe hartklep/aortaklep of een stent? ja O nee
Heeft u clips in de bloedvaten van het hoofd of overige bloedvaten? ja O nee
Heeft u geimplanteerde magneetjes in de kaak? ja O nee
Heeft u gehoorbeenprothese / blaasstimulator / insulinepompje / ja O nee
neurostinmilator / baclofenpomp / tissue expander?

Heeft u oor- cogimplantaten? ja O nee
Zijn er lichaamsvreemde materialen in uw lichaam aanwezig / ingebracht? ja O nee
Bent u zwanger? ja O nee
Heeft u een beugel (of draad) van metaal die in de mond vast zit? ja O nee
Heeft u piercings? ja O nee

Op alle vragen nee?
Deze lijst ingevuld en ondertekend inleveren bij degene die u de lijst heeft toegereikt of toegezonden.

Let op:
Metalen, eleldrische of nagnetisch gevoelige voorwerpen lmnnen niet de MBI numie in omdat er een sterke

magnest aanwezig is in de ruimte. Denk hierbij aan; creditcards, pinpasjes. gehoorapparaten, mobiele
telefoon, horloge, slentels, haarspelden. sieraden. bnl en nmnten.

Waam-

Handtekening:

Datum:
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