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1 Introduction

1.1 Motivation

Malignant brain tumours belong to the group of very severe cancer types because
of their generally unfavourable prognosis. Due to their location, they are known
to cause neurological deficits early on and therefore impose a significantly
negative impact on the quality of life. Common serious symptoms include
hemiparesis, imbalance, incontinence and personality changes (Omuro &
DeAngelis, 2013). Moreover, surgical resection of the tumour can be difficult as
it sometimes causes even more deficits when healthy tissue is also partially

removed.

The most common primary malignant brain tumours are gliomas. In this group,
glioblastomas are the most aggressive subtype: Even when implementing the
standard procedure of administering temozolomide and radiotherapy, the two-
year survival rate is extremely low with only 27% and the median survival is
merely 15 months (Stupp et al., 2005). Metastases are another important class
of malignant brain tumours which generally indicate an advanced stage of the
primary cancer. The treatment of brain metastases is often challenging: The
different environment in the brain can lead to changes of the tumorous tissue on
the molecular level (Boire et al., 2020). Therefore, the metastases might not
respond to the therapy intended for the primary tumour. Generally, the prognosis
is very poor, when brain metastases are observed at the time of the primary
malignancy diagnosis: The median survival is twelve months or less, dependent
on the primary tumour type (Cagney et al., 2017). Due to the severity of malignant
brain tumours, it is essential to diagnose the tumour entity correctly so that the
right treatment can be chosen as quickly as possible. In this context, the

discrimination from benign lesions like meningiomas is also necessary.

When diagnosing the histological type and malignancy grade of a brain tumour,
the standard procedure is a biopsy. However, this is an invasive method, which
can lead to neurological deficits or even death. These events are especially

common in posterior fossa biopsies, which include the sample taking of the



cerebellum or brainstem (Tobin et al., 2015). In addition, some patients may not
want an invasive procedure, have tumours in vital regions of the brain or it has
been decided that a watchful waiting approach is the best choice. Especially in
these cases, it is essential to have a non-invasive, reliable option for identifying
the tumour type. Another drawback of a biopsy is that it only provides information
about a small part of the tumour. Especially in glioblastomas, a pronounced
intratumoral heterogeneity is very common (Patel et al., 2014). Because the
tissue characteristics are crucial regarding the decision for the right therapy, it is
important to get an overview of the whole tumour, which is better attainable with
imaging than with a single biopsy (Hu et al., 2020). This shows that diffusion-
weighted imaging (DWI) and diffusion kurtosis imaging (DKI) have potential in
improving the diagnostic process in patients with brain tumours. However, it is
necessary to further investigate how DWI and DKI can optimally be evaluated

together in order to attain as much information as possible about the tumour.
1.2 Different groups of examined brain tumours

1.2.1 Gliomas

Gliomas are the most frequently diagnosed malign primary intracranial tumours
(Ostrom et al., 2014). They can be located anywhere in the central nervous
system (CNS) and originate from glial cells as the name reveals (Wesseling &
Capper, 2018). Gliomas are usually malignant and can be divided into different
groups. These categories are defined by the World Health Organization (WHO)
classification of CNS tumours, whose fifth edition was published in 2021 (Louis
et al., 2021). In general, one can distinguish between diffuse and circumscribed
gliomas. Furthermore, a differentiation of adult and paediatric-type tumours is
possible. The adult-type diffuse gliomas, which were investigated in this study,
can be classified into three main groups called astrocytomas, glioblastomas and
oligodendrogliomas.

According to the WHO, gliomas can be grouped depending on their histological
appearance and certain molecular markers. Previously, these tumours were

classified based only on their histology while the molecular findings were merely



seen as additional information. However, the molecular profile of a glioma can
have diagnostic, predictive and prognostic significance (Louis et al., 2014). The
most important molecular markers used to group gliomas, according to the WHO
2021 classification system, are the isocitrate dehydrogenase (IDH) mutation and
the 1p/19q codeletion. While astrocytomas and oligodendrogliomas are typically
IDH-mutated, glioblastomas usually possess the IDH-wildtype gene. The 1p/19q
codeletion is useful for detecting oligodendrogliomas. When grouping gliomas
according to the WHO 2021 classification, the genetic profile of a tumour can
even be superordinate to the histological appearance.

In addition to the classification by histological and molecular information, the
gliomas are also categorized by a malignancy grade, which is specified by the
term WHO grade 1, 2, 3 or 4. This score is determined by investigating
histological parameters like the degree of potential necrosis and the extent of
microvascular proliferation, as well as molecular parameters. The WHO grade 1
and 2 tumours are also referred to as low-grade gliomas (LGG) while the group
of high-grade gliomas (HGG) is formed by WHO grade 3 and 4 tumours (Erira et
al., 2021).

1.2.2 Meningiomas

Meningiomas are the most prevalent primary intracranial tumours (Ogasawara et
al., 2021). They are often detected incidentally on computed tomography (CT) or
magnetic resonance (MR) images, which were acquired due to another
indication. Even though meningiomas are mostly benign, they can cause severe
neurological symptoms like general or partial seizures, headaches due to the
elevated intracranial pressure and focal neurological deficits (Buerki et al., 2018).
The expression and severity of these symptoms are influenced by the tumour’s

location and size.

Depending on histological criteria like mitotic rate and possible brain invasion,
meningiomas are classified as WHO grade 1, 2 or 3. While grade 1 is most
common with 80 to 85% and is classified as a benign tumour, the grade 2
subgroup makes up 15 to 20% and is also referred to as atypical meningioma.



The smallest fraction only makes up 1 to 2 percent and represents the malignant

grade 3 anaplastic meningioma (Ostrom et al., 2016).
1.2.3 Brain Metastases

Another important group of brain tumours are metastases. The most common
associated primary tumours are lung cancer, breast cancer and melanoma
(Soffietti et al., 2006). The incidence of brain metastases is expected to increase
further due to improved cancer therapy and superior MR imaging (Sacks &
Rahman, 2020). Possible therapeutic options for metastases include systemic
chemotherapy, biologicals, stereotactic radiosurgery and whole-brain radiation
therapy (Soffietti et al., 2020).

1.3 Use of diffusion in magnetic resonance imaging (MRI)

1.3.1 Basic principles of diffusion and kurtosis

The term diffusion describes the random Brownian motion of molecules in gas or
liquids, which is fuelled by thermal energy. If there is unrestricted diffusion, the
molecules can move freely in every direction and spread out evenly in the
medium. The arbitrary movements of diffusion can be described by a
displacement distribution which ideally resembles a Gaussian curve (Hagmann
et al., 20006).

In human tissue, diffusion of water molecules is often restricted. Barriers like cell
membranes and other molecular hindrances limit the movement of particles. In
consequence, diffusion is unequally restricted in different directions. For
example, molecules in an axon can move more freely parallel to the axis of the
axon than perpendicular to it because the diameter of the axon is smaller than its
length. This uneven diffusion behaviour is called anisotropic. Opposed to that,
isotropic diffusion describes a distribution pattern which is identical for all
directions (Beaulieu, 2002).

In the case of restricted diffusion, the previously described Gaussian distribution
transforms into a curve displaying a reduced width and increased height. The
dimensionless metric “kurtosis” captures the sharpness of the distribution graph’s



tip. When the graph does not show deviation from the Gaussian curve, the
kurtosis value equals 0. The kurtosis value increases when the ratio of peak
height versus curve width goes up. Vice versa, the kurtosis value becomes
negative when the ratio of peak height versus curve width is lower than that of a

normal distribution (Marrale et al., 2016).
1.3.2 Diffusion-weighted imaging (DWI)

Diffusion of water molecules in tissues is the basis of DWI, a further development
of magnetic resonance imaging (MRI). When employing MRI and DWI, one uses
the spins of protons, which belong to hydrogen atoms. These spins can be
influenced by a magnetic field, that is generated by the MRI scanner. When
employing DWI sequences, the motion of molecules leads to a signal decay,
which is represented by a lower signal intensity in DWI images. Opposed to that
stand the regions of the brain where diffusion is more restricted. The resulting
limited particle movement leads to the detection of a stronger signal in relation to
that of other regions, which is represented by a higher signal intensity in the DWI

images (Bammer, 2003).

The strength of the magnetic field gradients and their duration determines to
which extent the MR signal is influenced by particle movement and therefore how
strongly the resulting image is diffusion-weighted. This sensitivity for diffusion can
also be described by the b-value, which is calculated by using the amplitude of
the gradient pulses (G), their duration (5) and the time between the pulses (A)
(Maier et al., 2010):

b=(;/><G><8)2><<A—§5)

Here, y represents the gyromagnetic ratio of hydrogen. For DWI, the employed

b-values are normally smaller than 2000 s/mm? (Mulkern et al., 1999).

As previously described, diffusion is not equally restricted in every direction due
to cell membranes and other obstacles. When using DWI, it is therefore important
to measure the motion of the particles in several directions. This is done by

applying the magnetic field gradients in multiple orientations. Afterwards, one



calculates the average of all these measurements (Huisman, 2003). The central
metric of DWI is the apparent diffusion coefficient (ADC). It is important to note
that one never measures the real diffusion coefficient but rather estimates the
ADC, which describes the diffusion of water in presence of movement restrictions
within biological tissues.

This acquisition of the ADC value requires the performance of at least two MRI
measurements with different b-values. The ADC value can then be calculated for
each specific voxel. In case of only one b-value b in addition to a measurement
without diffusion field gradients (b == 0), one can deduce the following equation
for calculating this diffusion characteristic (Rosenkrantz et al., 2015):

b represents the previously described b-value while Sy depicts the signal intensity
of a diffusion-weighted image, which is acquired with this specific b-value in one
particular magnetic field gradient direction. The higher the b-value, the lower is
the signal. So displays the signal intensity of an MR image without diffusion
weighting. The dimension of ADC is mm?/s. If more MRl measurements are
conducted with various b-values, the obtained signal intensities are displayed in
dependence of b-values. The ADC value can then be determined by a fitting
procedure assuming a monoexponential function of signal intensities (Koh &
Collins, 2007).

Another common diffusion metric is the mean diffusivity (MD). This value
originates from diffusion tensor imaging (DTI), which is a further development of
DWI, and is calculated by averaging the three eigenvalues of the diffusion tensor.
These eigenvalues represent the average diffusion in the three main directions
that are used to calculate the diffusion tensor (Alexander et al., 2007).

The most common clinical use of DWI is the detection of strokes. Ischemia leads
the affected brain cells to swell, which results in a higher degree of diffusion
restriction. Therefore, the ischemic area is depicted as hyperintense when
compared to the surrounding brain tissue (Roberts & Rowley, 2003).



1.3.3 Diffusion kurtosis imaging (DKI)

DKl is a further development of DWI and was introduced in 2005 (Jensen et al.,
2005). The kurtosis describes the deviation from a monoexponential decay in
multi-b measurements. It originates in the complexity of the tissue’s structure.
With the help of DKI, one can therefore quantify the divergence of the diffusion
distribution graph from a normal Gaussian curve. For examining the brain with
DKI, one needs to use higher b-values than in DWI: The maximal value for b in
conventional DKI is usually between 2000 and 2500 s/mm? (Lu et al., 2006).

Like the previously described approximation of the ADC value, the obtained value
for the kurtosis is the result of a fitting procedure. It is called apparent diffusional
kurtosis Kapp. The following equation displays the relationship between the
various diffusion characteristics (Jensen & Helpern, 2010):

1
In[S(b)] = In [S(0)] — b X ADC + = b® X ADC? X Kopy

When conducting several measurements in different gradient directions, one can

average the Kapp values to obtain the mean kurtosis (MK).
1.4 Objective of this project

The clinical importance of DWI has significantly increased in recent years, e.g.
for the detection of ischemic strokes in brain tissue. However, DWI also harbours
a lot of potential in other areas like the differentiation between normal regions of
the brain and tumorous tissue. Furthermore, current research also investigates
how DKI, as a further development of DWI, can provide even more additional
details about the tumour. These advanced imaging techniques are especially
important when a biopsy is not possible. Thus, the DKI-based information
regarding the malignancy grade and the tumour type can be crucial when
selecting the right treatment.

While previous research has proven that DWI and DKI can separately
differentiate between various tumour categories, the main goal of this project is
to investigate a method by which the diffusion and kurtosis values are analysed



together. To achieve this, different types of brain tumours were investigated with
DKI. Various sets of b-values were employed to identify the ones, which are most
suitable for characterising the tumours. Based upon these measurements, two-
dimensional histograms were created with the calculated diffusion and kurtosis
values for each scanned subject.

The examined patients were categorized into four different groups, those (I)
without a brain tumour, (ll) with gliomas, (lll) with meningiomas, and (IV) with
metastases. The main purpose of this work was to investigate and systematically
describe any differences between the histograms of the respective groups. Any
observed dissimilarities could be useful to better differentiate between tumour
and normal brain tissue or to distinguish between the various subcategories of

tumours.



2 Materials and Methods

2.1 Characteristics of the study group

The final study group encompassed 39 patients and 10 healthy control subjects.
Initially, MR imaging had been performed in 52 patients with brain tumours.
However, 13 patients had to be excluded due to a small tumour volume, unclear
biopsies, missing clinical data, flawed MR images or the diagnosis of pathologies
which were not included in this study. Out of the remaining 39 patients, 20 had a
glioblastoma, 4 an oligodendroglioma, 4 an astrocytoma, 5 a meningioma and 6
a brain metastasis. 28 out of the 39 patients had no prior tumour resection before
the MR images were generated. 11 patients had previously had a resection
before. For the latter group, recurrent or residual tumorous tissue was analysed.
This research project was approved by the institutional review board (reference
number 184/2021B0O2).

2.2 MR image acquisition

MR imaging was carried out with three different 3-Tesla-MRI-scanners in the
University Hospital Tubingen: MAGNETOM Vida, MAGNETOM Vida Fit and
MAGNETOM Prisma Fit (all by Siemens Healthcare GmbH, Erlangen, Germany).
The MRI scanners measured a 2D spin-echo echo-planar imaging DKI sequence
of the brain in axial orientation with an acquisition time of approximately ten
minutes. The b-values, which were used, equal 0, 500, 1000, 2000, 3000, 4000
for all subjects and 5000 s/mm? additionally for patients with a brain tumour.
Moreover, the b-values were grouped into different sets: For example, the
obtained data with a b-value of or lower than 2000 s/mm? was investigated
together. This analysis was also conducted with the maximal b-values of 3000,
4000 and 5000 s/mm?. Furthermore, b0 maps were calculated using the data
which was obtained with the b-value 0. These images served as a base line when

generating the two-dimensional diffusion-kurtosis histograms.



Diffusion measurements were performed in six directions. In order to establish
the strong magnetic field gradients used in DKI, different MRI scanners take
varying time intervals, depending on the capability of the device. Therefore, the
sequence parameters slightly differ between the three scanners (Table 1).

Table 1. Sequence parameters for the three different MRI scanners.

Sequence MAGNETOM MAGNETOM MAGNETOM
parameters Prisma Fit Vida Fit Vida
echo time (TE) 66 or 68 ms 107 ms 90 ms
repetition time 3000 or 3200 ms 3500 ms 3300 ms
(TR)
flip angle (FA) 90 90 90
field of view 220 x 220 mm? 223 x 223 mm? 220 x 220 mm?
(FOV)
Slice thickness 4 mm 4 mm 4 mm
Acquisition matrix 130 x 130 130 x 130 130 x 130
Slice number 30 30 30

With these MRI sequences, the MD and MK values were estimated for each
individual voxel of the mapped brain by a fitting procedure. Furthermore,
additional T2 fluid-attenuated inversion recovery (FLAIR) and contrast-enhanced

T1 sequences were often acquired.
2.3 Generation of the histograms

In order to analyse the obtained MD and MK values, two-dimensional histograms
were generated for each subject with MATLAB R2018b (MathWorks, Natick,
Massachusetts, USA). These diffusion values were transformed into a matrix for
two reasons: Firstly, it is required that the coordinates of the two-dimensional
histogram must be integers. Secondly, if one directly used the diffusivity and
kurtosis characteristics to create the histogram, the majority of the points would
lie very closely together because the MD and MK values demonstrate relatively

10



little variance when comparing the different voxels. When the data is transformed
into a matrix, it spreads the numbers more apart in the histogram. Here, a 200 x
200 matrix was used which means that all the transformed MD and MK values
had to lie in this range between 0 and 200. Therefore, the following two equations
were used for the transformation of the MD and MK values into a matrix:

x1 =MD x 30 y1=200-150 x MK

For each voxel, the transformed MD value was applied on the x-axis while the y-

axis represented the transformed MK value.

In two-dimensional histograms, each pixel is defined by a specific x- and y-
coordinate and can also be called a bin. This characterization of the pixels by
their particular coordinates represents the first and second dimension of the
histogram. If several voxels of the three-dimensional patient data set share the
same coordinates x1 and y1, each voxel increases the event count of the
respective bin. After the analysis of the whole data set, the event counts are
visualized by signal intensities. The resulting event count map represents the
third dimension of the histogram. By looking at the diagram, one can therefore
see the quantitative distribution of the MK and MD values.

When generating these histograms, one can adjust the brightness of the bins. If
the obtained event counts are restricted to a small upper value, it is easier to also
see points whose coordinates exist rather seldom. Opposed to that, visualisation
with a restriction to a higher upper value allows one to see a sharper form of the
histogram and it is easier to distinguish the different spikes of the diagram. Since
the varying degrees of brightness therefore all have their advantages, two
diagram versions with different levels of upper value restriction were always

displayed next to each other (Fig. 1).
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Fig. 1. Two different histogram versions of a subject without a brain tumour. The MD value is represented
on the x-axis while the MK value is displayed on the y-axis. The chosen upper value for the event count is
lower in the left histogram.

Another way to influence the appearance of the histogram was to adjust the noise
level. Voxels with signal intensities lower than the noise level within the b0 maps
were not considered for the estimation of the two-dimensional histogram.
Especially in subjects without a tumour, the artefacts of the bone around the brain
were often distracting when analysing the histograms. Therefore, the noise level

was often increased in these cases.

Four histograms were generated for one patient: One for each of the maximal b-
values 2000, 3000, 4000 and 5000 s/mm?. For example, the histogram for the
maximal b-value of 2000 s/mm? was generated with MD and MK values of
measurements with the b-values 0, 500, 1000 and 2000 s/mm?. Opposed to that,
the analysis for the maximal b-value of 5000 s/mm? included the b-values 0, 500,
1000, 2000, 3000, 4000 and 5000 s/mm?. Afterwards, the resulting diagrams
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were compared in order to determine the most suitable maximal b-value for

analysing the histogram’s shape.
2.4 General analysis of the histograms

Two different approaches were used to examine the previously generated
histograms of the subjects. Firstly, different coordinates, representing the MK and
MD values, were selected in the histogram. Afterwards, the corresponding voxels

with the same diffusion values were highlighted in the DKI images (Fig. 2).

Fig. 2. Exemplary marked histogram regions and the related voxels. A displays the highlighted diagram
fractions while B-E show the corresponding marked voxels in the DKI images of a subject without a brain
tumour.
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Secondly, parts of different anatomical regions were selected in the DKI images.
Afterwards, the respective MK and MD values of these marked brain areas were
highlighted in the histogram of the subject. In order to better distinguish the
marked fractions of the diagram, a third version of the histogram was created. In
this alternative diagram, only the highlighted coordinates were displayed, and the

rest of the histogram was eliminated (Fig. 3).

Fig. 3. Exemplary marked regions in the MR images of a subject without a brain tumour (A-D) and the
corresponding highlighted areas in the histogram of the subject (E). In the third version of the diagram on
the right, only the highlighted coordinates are displayed.
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With these two methods, the diagrams of the healthy subjects and patients with
a brain tumour were analysed and compared. For example, the left border of the
histogram was marked with various points, and the distribution pattern of the
corresponding markings in the MR images was afterwards compared between
different subjects. Moreover, various histogram extensions and their
corresponding brain regions were analysed. Vice versa, some anatomical areas
like the ventricles or the nose were marked in the MR images and the related
fractions of the histogram were compared between the subjects.

2.5 Analysis of the tumour and oedema-specific histogram parts

Furthermore, the fractions of the histogram, which represent the tumorous tissue,
were investigated. This was done separately for gliomas, meningiomas and
metastases. Additionally, the same analysis was conducted for the peritumoral
oedema. To examine the pathological tissue, some of the concerned voxels were
marked in the DKI images and their corresponding regions in the histogram were
determined like previously described. This process is displayed in Fig. 4, where
the images show a diagram spike, which was only observed in tumour patients
and that corresponds to the highlighted pathological tissue. In order to mark the
tumour and oedema, it was often useful to also look at the T2 FLAIR or contrast-
enhanced T1 images to get more information about the exact location of the

pathological tissue.
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Fig. 4. Example of the representation of tumour tissue in the histogram. A-D display a marked
oligodendroglioma in four different MR images while E shows the corresponding highlighted histogram
region.
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Vice versa, extensions of the diagram, which did not appear in subjects without
a brain tumour, were highlighted and their related regions in the MR images
analysed (Fig. 5).

Fig. 5. Example of a highlighted histogram area and the corresponding marked tumour tissue. While A
depicts the marked diagram area, B shows the respective highlighted brain tumour. The images belong to
the patient with an oligodendroglioma that is also displayed in Fig. 4.

Moreover, it was also possible to use the results from the procedure shown in
Fig. 4 in order to further examine the diagrams: When highlighting the tumour in
the MR images, the corresponding histogram areas were marked. Vice versa,
these diagram regions could be highlighted and the corresponding brain regions
analysed. Thus, other brain areas were determined that also corresponded to
that part of the diagram. This approach was especially helpful when tumours did
not correspond to an abnormal extension of the histogram but rather lay in the
physiological diagram fraction. Sometimes, the corresponding histogram spots of
the tumour were scattered over a larger area of the diagram. In these cases, it
was not possible to highlight one part of the histogram which related to most of

the tumouir tissue.

Furthermore, the representation of the entire pathological tissue in the histogram
was analysed: The whole tumour and oedema were delineated in T2 FLAIR
images. Then, the corresponding histogram areas of these brain regions were
highlighted (Fig. 6). Thus, it was possible to investigate the representation of the
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entire tumour and oedema in the histogram. The tumour and oedema were
delineated together because it was often difficult to clearly separate these two
entities, especially in the case of gliomas. This analysis was conducted in 25 out
of the 39 tumour patients. In the other cases, the T2 or T1 sequences were not
compatible with MATLAB and could therefore not be examined.

Fig. 6. Marked tumour and oedema with the corresponding histogram area. A displays the delineated
tumour and oedema in a glioblastoma patient while B shows the respective highlighted histogram area.

As seen in Fig. 6, there is often one additional histogram extension in the lower
area of the diagram in the case of gliomas when compared to subjects without a
brain tumour. To further investigate that diagram region, a mask for the selection
of pixels in this specific part of the histogram was constructed. Therefore, the
event count maps of all subjects with and without a brain tumour were added
pixelwise. The resulting map with a maximal event count of 7274 shows a clear
pattern of an area with low event counts in the central lower part of the map (Fig.
7A). This region seems to be limited by straight lines. For the construction of a
mask for this area, all event counts below 2500 were set to zero and two straight
lines were designed to describe the left and right limits of the target region (Fig.
7B). After setting all pixels in the event count maps outside of the straight lines to
2500 (Fig. 7C), the mask was created by all pixels with an event count of zero. In
Fig. 7D, the obtained mask is shown.
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Fig. 7. Creation of the histogram mask used for examining gliomas. The two diagrams on the left display
the sum histogram in decreasing intensity. The three diagrams on the right show the creation of the mask
with the help of two straight lines.

When examining this histogram region in glioma patients, one can normally see
the additional diagram spike (Fig. 8). Therefore, the mask was applied on all

glioma patients.

Fig. 8. Marked histogram area, where the glioma-characteristic extension usually lies. On the left is the
histogram of a glioblastoma patient. In the middle, the mask is displayed which normally encompasses the
glioma-characteristic extension. On the right, the histogram area is shown that lies in the mask.
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To further investigate this histogram mask, it was highlighted in different colours.
Then, the corresponding voxels were marked in the DKI images with the

respective colour. First, the colours were distributed over the mask in a way that

was especially useful for separating the superior from the inferior mask fractions
(Fig. 9).

Fig. 9. First possibility for distributing the colours over the histogram mask. A shows the coloured mask on
the left while it displays the applied mask on a glioblastoma patient on the right. B shows the corresponding
highlighted voxels in an MR image of this patient.

Then, a second set of differently distributed colours was applied on the histogram
mask that was practical for differentiating between the left and right fractions of

the mask (Fig. 10).

Fig. 10. Second possibility for distributing the colours over the histogram mask. A displays the coloured
mask on the left and one can see the applied mask on the histogram of a glioblastoma patient on the right.
B shows the highlighted corresponding voxels in an MR image of this patient.
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Finally, a third way of colouring the histogram mask was investigated, which also

separated the left and right fractions of the mask (Fig. 11).

Fig. 11. Third possibility for distributing the colours over the histogram mask. A shows the coloured
histogram mask on the left while the applied mask on the histogram of a glioblastoma patient is displayed
on the right. B shows the corresponding voxels in a respective MR image.
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3 Results

3.1 Histograms of different b-values

For each patient, various histograms were generated by using the MD and MK
values, which were acquired with different b-values. The diagrams with the
maximal b-value of 2000 s/mm? were most suitable for comparing the different
tumours and analysing the general shape of the histogram. As shown in Fig. 12,
the signal intensity continually declined when applying higher maximal b-values.
This means, that some extension areas could not be seen on histograms of
higher b-values, which made it more challenging to analyse the histogram shape
and compare the diagrams of different tumours. Hence, only the diagrams with
the maximal b-value of 2000 s/mm? were utilised.

Fig. 12. Histograms acquired by using different maximal b-values on a glioblastoma patient. A represents
the maximal b-value of 2000 s/mm?, B the maximal b-value of 3000 s/mm?, C the maximal b-value of 4000
s/mm2and D the maximal b-value of 5000 s/mm?.
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3.2 General histogram shape

The histograms had a characteristic overall shape, which was similar in subjects
with or without a brain tumour. When highlighting certain parts of the histogram
as previously described, specific diagram areas often corresponded to similar
anatomical regions in the MR images when comparing different subjects. The
same correlations between histogram areas and brain regions could usually be
observed in healthy subjects and in brain tumour patients. Overall, four different
diagram regions with the names A, B, C and D as defined below were
investigated.

For example, a row of points was highlighted on the left border of the histogram,
which represented diagram area A. The corresponding brain regions were then
analysed. By marking the left histogram border, the voxels were highlighted which
possess a rather low MD value. The resulting markings resembled layers in the
MR images (Fig. 13). Regarding the superior part of the brain, the voxels that
possessed higher MK values were mainly located in the inner regions, while the
spots with low MK values predominantly lay in the outer brain areas. Another
region with primarily low MK values was the inferior part of the temporal lobe.
Layer-like markings could also be observed in the cerebellum, where the voxels
with the highest MK values mostly could be found in the inner regions. Opposed
to that, the spots with medium-high MK values mainly lay in the outer regions of
the cerebellum. Other brain regions which primarily possessed higher MK values
included the pons and the mesencephalon. The cortex was primarily highlighted
in the occipital and temporal region.
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Fig. 13. Corresponding regions in the MR images concerning the left border of the histogram. A shows the
four highlighted parts of the histogram. B-E show the related areas of the brain in one subject without a
brain tumour.

24



When highlighting the lowest point of the left histogram border, it often
corresponded to the inferior part of the temporal lobe where the cortex was also
sometimes partially marked (Fig. 14).

Fig. 14. Corresponding brain regions regarding the lowest point of the left histogram border. A shows the
highlighted histogram area while B displays the corresponding voxels in the inferior part of the temporal
lobe in a subject without a brain tumour.

In brain tumour patients, the pathologic tissue was usually not marked when
highlighting the left histogram border. However, the rest of the brain, which was
not pathologically changed, displayed the same layer-like markings that were
also seen in subjects without a brain tumour (Fig. 15). Therefore, the tumour
tissue and oedema were found to behave very differently when compared to
physiological brain tissue. The layer-like markings resulting from the highlighting
of the left histogram border could be observed in 85% of the patients and in all

subjects without a brain tumour.
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Fig. 15. Representation of the left histogram border in an oligodndroglioma patient. A displays the
highlighted diagram area. B-E show the corresponding layer-like markings which do not include the tumour
but otherwise look very similar when compared to a subject without a brain tumour.
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As a second area, the large extension of the histogram was analysed which was
located in the inferior middle portion of the diagram and can be referred to as
diagram region B (Fig. 16). This spike could be found both in subjects with and
without a brain tumour. When marking this large histogram extension, the
highlighted areas were primarily located around the margin of the brain and along
the longitudinal fissure. Furthermore, the markings seemed to follow the pattern
of the sulci on the surface of the brain. Therefore, one can say that this large
histogram extension corresponded to different parts of the subarachnoid space
(Fig. 17). This connection between the histogram spike and the subarachnoid
space could be observed in 90% of the brain tumour patients and in 90% of the
healthy subjects.

Fig. 16. Highlighted area of the histogram that generally corresponds to parts of the subarachnoid space.
The diagram belongs to a subject without a brain tumour.
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Fig. 17. Highlighted subarachnoid space corresponding to the histogram area, which is displayed in Fig.
16. A-D represent four different subjects without a brain tumour.

A third histogram area C was investigated which lay directly next to this large
diagram spike (Fig. 18). When marking this area in the histogram, the
corresponding voxels were primarily located in parts of the ventricular system
(Fig. 19). Moreover, a few fractions of the subarachnoid space like the
quadrigeminal cistern were also included in the highlighted brain regions. As both
the ventricular system and the subarachnoid space contain cerebrospinal fluid, it
is logical that they are represented very close to each other in the diffusion
histogram. The relationship of this highlighted histogram area and the ventricular

system could be observed in all subjects with or without a brain tumour.
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Fig. 18. Highlighted histogram area that usually relates to the ventricular system. The diagram was acquired
from a subject without a brain tumour.

Fig. 19. Marked ventricular system corresponding to the highlighted histogram fraction which is shown in
Fig. 18. A-D display the MR images of four different subjects without a brain tumour.
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As the fourth area D, the diagram part was analysed which lies on the upper left
margin of the previously described subarachnoid space histogram spike (Fig. 20).
This diagram fraction principally corresponded to the nasal area in the MR images
(Fig. 21). The connection between this histogram area and the nose could be
observed in 87% of the brain tumour patients and in all healthy subjects.

Fig. 20. Marked histogram area which generally relates to the nose. The diagram was created with the
diffusion characteristics from a subject without a brain tumour.

Fig. 21. Highlighted nose which relates to the histogram fraction that is shown in Fig. 20. A-D depict four
different subjects without a brain tumour.
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As shown in Fig. 20, the histogram region which often relates to the nose is
located between the left border of the histogram and the subarachnoid space
diagram spike. When excluding the MR image slices which depict the nose and
increasing the noise level, this histogram area is generally blank in subjects

without a brain tumour as seen in Fig. 22.

Fig. 22. Transformation of the histogram shape in a subject without a brain tumour when excluding the nose
and increasing the noise level. A depicts the original diagram while B shows the changed histogram in which
case there is a mostly blank area between the left histogram border and the subarachnoid space extension.

In conclusion, areas in the histogram could be defined, which separately
correlated to the ventricles, parts of the subarachnoid space or the nose. These
mentioned regions mainly lay in extensions, that were located inferior to the main
section of the histogram. Moreover, highlighting the left histogram border
regularly led to marked layer-like structures in the MR images. The same
correlations between diagram areas and brain regions could be observed in

healthy subjects and brain tumour patients.
3.3 Tumour and oedema regions in the histogram

3.3.1 Gliomas

As previously described, the overall histogram shape was similar when
comparing healthy subjects and brain tumour patients. However, a significant
difference could be observed: In patients with gliomas, there was one additional
histogram spike. It was located between two diagram extensions, which could
also be found in people without a glioma. Thus, a diagram without this glioma-
specific extension can be referred to as possessing a physiological histogram
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shape. The glioma spike was located below this physiological diagram region. In
Fig. 23, a histogram from a subject without a brain tumour was compared to a
diagram that belongs to a patient with a glioma. In both cases, the MR slices

which depict the nose were excluded and the noise level was increased.

Fig. 23. Comparison of histograms belonging to one subject without and one subject with a brain tumour. A
shows the diagram of a subject without a brain tumour whereas B depicts the histogram of an
oligodendroglioma patient with the typical glioma spike.

To get a general overview where most of the pathological tissue is located, it was
helpful to firstly delineate the tumour and oedema. Then, it was possible to
examine the corresponding highlighted histogram areas. In the great majority of
glioma patients, most of the pathological tissue was located in and above the
characteristic histogram spike (Fig. 24).

Fig. 24. Delineated oligodendroglioma/oedema and the corresponding histogram regions. A shows the
marked pathological tissue while B displays the respective highlighted diagram region which is mainly
located in and above the glioma-characteristic histogram spike.
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In some cases, histogram areas which were located to the immediate right of the
glioma-characteristic diagram spike were also highlighted (Fig. 25). This was
especially the case regarding glioblastoma patients with intratumoral necrosis.

Fig. 25. Marked pathological tissue in a glioblastoma patient with intratumoral necrosis and the
corresponding histogram areas. The delineated tumour and oedema are displayed in A while B shows the
correlated highlighted diagram region, which is partially located on the immediate right of the glioma-
characteristic spike.

In glioma patients, the part of the histogram was then highlighted which generally
depicted the glioma region in the diagrams. However, it was not possible to
compare the exact same MK and MD values across the whole patient population,
because the tumour-equivalent parts of the histogram were slightly different for
each patient. In some cases, the tumour spike was nearly vertical and thereby
represented very similar MD values for the tumour tissue. However, the tumour
spike could also lean to the right and thus demonstrate a greater heterogeneity
of MD values regarding the tumour.

When comparing the different glioma subtypes, certain patterns regarding their
representation in the histogram were observed. The tumour spike of
oligodendrogliomas and astrocytomas tended to go straight down. Thus, this
resulting diagram form can be referred to as the oligo/astro histogram shape.
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Opposed to that, the characteristic histogram extension of glioblastomas often
leaned more to the right. Hence, this specific diagram form can be referred to as
the glioblastoma shape. Because of the varying diagram shape, two different sets
of histogram markings were used in order to optimally define the tumour spike.
The first set was used for highlighting the tumour extension in oligodendrogliomas

and astrocytomas (Fig. 26 and 27).

Fig. 26. Highlighted histogram area that usually corresponds to tumorous tissue and peritumoral oedema
in patients with astrocytomas or oligodendrogliomas. The tumour spike is vertical and thus represents the
typical oligo/astro histogram shape. This diagram belongs to a patient with an oligodendroglioma.
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Fig. 27. Highlighted tumour tissue and peritumoral oedema which relate to the marked histogram region
shown in Fig. 26. The first row of images displays the marked pathological tissue in DKI images while the
second row shows the respective T2 FLAIR images. A-D represent two oligodendroglioma patients whereas
E-H represent two astrocytoma patients.
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The second set of histogram markings for the glioma spike was applied on

glioblastoma patients (Fig. 28 and 29).

Fig. 28. Highlighted histogram region that generally relates to tumorous tissue and peritumoral oedema in
patients with larger glioblastomas. This diagram was generated with diffusion characteristics from a
glioblastoma patient and thus represents the typical glioblastoma histogram shape.
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Fig. 29. Marked tumorous tissue and peritumoral oedema which relate to the highlighted histogram fraction
displayed in Fig. 28. The images display four subjects with a glioblastoma: The first row represents the
marked vital tumour and oedema in DKI images while the second row shows T2 (B and F) or contrast-
enhanced T1 images (D and H) of the respective patients.

Exceptions to the trends of characteristic tumour spike shapes in different glioma
subgroups were smaller glioblastomas. The diagrams of these tumours
resembled the oligo/astro histogram shape (Fig. 30). This stands in contrast to
larger glioblastomas which usually possessed the typical glioblastoma histogram

shape.

Fig. 30. Histograms of two different glioblastomas. A shows a larger tumour with a glioblastoma histogram
shape while B displays a smaller glioblastoma with an oligo/astro histogram shape.
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When highlighting the glioma histogram spike with the respective set of markings
for the specific tumour type, most of the tumour tissue was often marked in the
MR images. Moreover, the peritumoral oedema corresponded as well to the
glioma histogram spike and was therefore also highlighted. Hence, this diagram
extension can also be referred to as the glioma/oedema histogram spike. It was
difficult to distinguish between solid tumorous lesions and the surrounding
oedema merely by comparing their distribution of MK and MD values in the
histogram. The area of the oedema was located in different parts of the
glioma/oedema spike, depending on the patient. It was therefore not possible to
derive an approximate position where the oedema was mainly located in this
histogram spike. Because of their shared location in the diagram, oedema and
vital tumorous tissue were analysed together in the case of gliomas. Another
reason for this approach is the difficulty of clearly separating tumour and
peritumoral oedema on the MR images.

When using the first set of histogram markings for the oligo/astro histogram shape
in the four oligodendroglioma patients, a large fraction of the vital tumour and
oedema area was marked in all subjects. Furthermore, this set of histogram
markings corresponded to a great portion of the vital tumour and oedema region
in two of the four astrocytomas. In the case of the other two astrocytomas, smaller
parts of these pathologic areas were highlighted.

The second set of histogram markings was used for the glioblastoma histogram
shape. When using these markings for the glioblastoma patients, a large fraction
of the vital tumour and oedema region was highlighted in 13 of the 20 subjects
(65%). Some of the other tumours, that were not highlighted as clearly, were often
small and thus did not possess a big tumour spike, which could be marked
properly with the standard histogram coordinates. In the case of very large
tumours and oedemas, the histogram markings were sometimes too small to
highlight the glioma/oedema spike well. This resulted in an incomplete marking
of the pathological tissue in the MR images.
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Additionally, it was already described previously that the smaller glioblastomas
often had an oligo/astro histogram shape. Therefore, the first set of histogram
markings was sometimes better suited in order to highlight the tumour spike in
the case of smaller glioblastomas. Thus, the glioblastomas for which the majority
of the tumour was not highlighted by the second set of histogram markings, were
also analysed with the first set of diagram markings. In the respective seven
patients, it was however not possible to highlight most of the vital tumour and
oedema area, even with the first set of histogram markings. Nevertheless, in three
of these seven patients, the first set of markings highlighted a larger tumour
region than the second set. Furthermore, previous radiation therapy did not
impact the histogram shape or the representation of the tumour in the diagram.

Glioblastomas frequently had a central necrotic core. This tissue often
corresponded to the area on the immediate right of the tumour spike (Fig. 31 and
32). It was regularly a part of the large physiological histogram peak, which
corresponded to parts of the subarachnoid space as previously described. The
necrosis was often observed in the left fraction of this large histogram extension.
However, there were also some irregularities: Sometimes, the necrosis was
situated in the middle of the histogram’s physiological part or in the tumour spike.
Due to its different location in the diffusion diagram, the central necrotic areas
were analysed separately from the vital tumour tissue and the peritumoral

oedema.
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Fig. 32. Marked intratumoral necro

i which corresponds to th highlighted histogram region displayed in
Fig. 31. The images display four patients with glioblastomas. The first row represents the highlighted

intratumoral necrosis in DKI images, whereas the second row shows the respective contrast-enhanced T1
images.
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As described previously, a histogram mask was generated, which usually
encompassed the glioma diagram spike. By colouring the mask, it is possible to
further investigate the heterogeneity of tumour tissue and oedema. The first way
of distributing the colours over the histogram mask was especially helpful
regarding the differentiation between the upper and lower fractions of the
glioma/oedema spike. Generally, the points with lower MK values in the glioma
extension regularly corresponded to central parts of the vital tumour tissue and
the oedema (Fig. 33). Meanwhile, the spots with the higher MK values were often
located near the margins of the pathological tissue. These spots in the tumour
spike with the higher MK values lay closer to the normal physiological portion of
the histogram. Due to this distribution of colours, the vital tumour tissue and
oedema often demonstrated characteristic layer-like markings.

Fig. 33. Analysis of intratumoral heterogeneity by colouring the histogram mask. A displays the coloured
histogram mask on the left and shows the applied mask on an oligodendroglioma patient on the right. B
displays the corresponding marked voxels in a respective MR image, where one can see the characteristic
layer-like markings.

As previously mentioned, the intratumoral necrosis was often represented on the
right side of the glioma spike in the diagram. The histogram mask normally
encompassed this region as well. When colouring the mask in a way that was
useful for separating the left from the right mask fractions, it was often possible
to distinguish the vital tumour tissue and oedema from intratumoral necrosis (Fig.
34). Overall, 13 glioblastomas with necrosis were investigated. In six cases, the
necrosis was located in the right part of the histogram mask and a clear
differentiation between vital tumour tissue/oedema and necrosis was possible.
This evident discrimination was also observed in five other cases where the
necrosis was not located inside the histogram mask. Here, the necrosis was not
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highlighted in comparison to vital tumour tissue and oedema. The remaining two
patients possessed only small intratumoral necrotic areas, which could not be
clearly distinguished from vital tumour tissue and oedema. In conclusion, the
differentiation between vital tumour/oedema and necrosis was possible in 85% of
the patients.

Fig. 34. Distinguishing the vital tumour tissue and oedema from necrosis by colouring the histogram mask.
A shows the coloured mask on the left and the applied mask on a glioblastoma patient on the right. B
displays the highlighted voxels in a DKI image of this patient while C shows a contrast-enhanced T1 MR
image. The necrosis is predominantly marked blue, which is the colour furthest to the right in the mask.

Furthermore, the central parts of the vital tumour and oedema region were often
represented in the right portion of the histogram mask while the outer border of

the pathological region tended to correspond to the left histogram mask fraction
(Fig. 35).

Fig. 35. Separation of the central parts and the outer border of the vital tumour and oedema. A shows the
coloured histogram mask and its application on an astrocytoma patient. B shows the corresponding
highlighted voxels in an MR image. The pink area represents a resection cavity from a previous operation.

As previously described, two different ways of colouring the histogram mask were
both helpful in distinguishing between left and right mask fractions. The diagram
mask that is shown in Fig. 35 is especially suitable for roughly separating the
glioma/oedema histogram extension in a left and right part. Opposed to that, the
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mask displayed in Fig. 36 separates the glioma/oedema spike in more fractions.
Therefore, it is particularly convenient for demonstrating the intratumoral
heterogeneity which is characteristic for gliomas: Most of the tumours are

highlighted in various colours when applying this histogram mask.

Fig. 36. Applied coloured histogram mask that demonstrates intratumoral heterogeneity in gliomas. A
displays the mask and its application on the diagram of an oligodendroglioma patient. B shows the
corresponding marked voxels in an MR image where the multiple colours demonstrate the intratumoral
heterogeneity.

In conclusion, there was a spike of the diagram that corresponded to vital tumour
tissue and peritumoral oedema of gliomas and can therefore be described as the
glioma/oedema histogram spike. The form of this spike varied and was influenced
by the tumour subtype: Oligodendrogliomas and astrocytomas often exhibited a
different histogram form when compared to glioblastomas. Furthermore, the
intratumoral necrosis of glioblastomas was normally not located in the

glioma/oedema spike.
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3.3.2 Meningiomas

The representation of meningioma tissue in the respective histograms was

analysed. In Table 2, the six analysed meningiomas of five patients are displayed

with their corresponding histogram areas.

Table 2. Overview of meningioma patients and the corresponding histogram regions, which relate to the

tumours.

Patients WHO Recurrent
grade

Patient 1 Grade 2 no

Patient 2 Grade 2 yes

Patient 3 Unclear no

Patient4 - Grade 1 yes
Tumour 1 | before the
recurrence

Patient 4 — unclear no
Tumour 2

Patient 5 Grade 3 yes

Previous
operation

no

yes

no

yes

no

yes

Radiation

no

no

yes

yes

no

yes

Corres-
ponding
histogram
area

Upper part of
the histogram

Upper part of
the histogram

Right border of
the histogram

Near the
subarachnoid
spike

Upper part of
the histogram

Intratumoral
necrosis in the
upper part of
the histogram

The meningiomas of patients 1 and 2 were both located in the upper part of the

histogram (Fig. 37 and 38). They both were similar in the sense that they had

been classified as WHO grade 2 tumours and had received no radiation or

chemotherapy.
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Fig. 37. Representative histogram region regarding the grade 2 meningioma of patient 1. A depicts the
marked histogram area whereas B displays the related highlighted voxels in an MR image.

Fig. 38. Highlighted histogram area which relates to the grade 2 meningioma of patient 2. A shows the
highlighted histogram area while B displays the corresponding marked voxels in the respective MR image.
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In contrast to these first two cases, the meningioma of patient 3 corresponded to
a histogram area that stretched itself along the right border of the diagram (Fig.
39).

Fig. 39. Corresponding histogram region concerning the meningioma of patient 3. A shows the delineated
marked tumour while B displays the highlighted correlated histogram area.

In contrast to the previous patients, the first meningioma of patient 4 was located
in a lower histogram region, which usually corresponds to the subarachnoid

space (Fig. 40).

Fig. 40. Corresponding histogram area relating to the first meningioma of patient 4. A depicts the highlighted
brain region while B shows the corresponding histogram area.

46



The second meningioma of patient 4 was located in the upper half of the diagram

and was therefore found to behave differently than the first tumour of this patient
(Fig. 41).

Fig. 41. Representative histogram region of the second meningioma of patient 4. A depicts the marked
fraction of the tumour while B shows the corresponding highlighted histogram area.

Regarding patient 5, there was not enough vital meningioma tissue to analyse.
However, there was a larger area of intratumoral necrosis, whose representation
in the histogram was investigated: This necrotic area mainly corresponded to the
upper half of the diagram (Fig. 42).

Fig. 42. Highlighted histogram region relating to intratumoral necrosis of the grade 3 meningioma which
belongs to patient 5. A displays the marked necrosis while B shows the highlighted related histogram region.
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In some cases, the corresponding histogram spots of the tumour were widely
scattered in the main part of the diagram. Therefore, it was difficult to highlight
one area of the histogram, which related to most of the tumorous tissue. If it was
still attempted to mark one histogram area, where some of the corresponding
tumour spots lay, larger areas of physiological brain tissue were often
simultaneously highlighted. This was because the corresponding histogram spots
of the tumour were mostly located in the physiological fraction of the diagram in

the case of meningiomas.

In conclusion, the location of meningiomas in the histogram could not be
generalised as easily when compared to gliomas. However, one could
discriminate reliably between gliomas and meningiomas by analysing their
respective histograms: While the data did not show any area in the diagram
where all meningiomas were represented, none of them were located in the

typical glioma region of the histogram.
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3.3.3 Metastases

The representation of brain metastases in the diffusion histograms was
investigated. The six analysed patients with metastases and their corresponding
histogram areas are displayed in Table 3 along with more clinical information.

Table 3. Overview of patients with metastases that were analysed and the corresponding histogram areas
of the tumours.

Patients Primary tumour Previous Radiation Corresponding
operation histogram area
near the

metastasis
Patient 6  Breast cancer no yes Both metastases
near the
subarachnoid space
spike
Patient 7 = Breast cancer yes yes Both metastases
near the
subarachnoid space
spike

Patient 8  Non-small-cell no yes Near the
lung cancer subarachnoid space
(NSCLC) spike

Patient 9 | Large cell no no Upper half of the
neuroendocrine histogram
lung carcinoma
(subtype of
NSCLC)

Patient 10 Nodular no yes All three metastases
malignant in the upper half of
melanoma the histogram

Patient 11 | Nodular no no Upper half of the
malignant histogram
melanoma
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Both patients with breast cancer (patient 6 and 7) each had two brain metastases.
Patient 6 was human epidermal growth factor receptor 2 (HER2) negative while
the other one was HER2 positive. Both patients were oestrogen receptor (ER)
and progesterone receptor (PR) positive. All four of the tumours were located in
the inferior region of the diagram, that lay near the extension which usually

corresponded to subarachnoid space (Fig. 43 and 44).

Fig. 43. Histogram areas corresponding to two metastases of a breast cancer patient (patient 6). A displays
the highlighted area of the histogram, which corresponds to the first metastasis (B), while C marks the
diagram region for the second metastasis (D).
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Fig. 44. Respective histogram regions regarding two metastases of another breast cancer patient (patient
7). A shows the marked first metastasis and B the corresponding highlighted diagram area while C displays
the second metastasis and D the related histogram region.
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Patients 8 and 9 both had been diagnosed with non-small cell lung cancer
(NSCLC). However, the tumour of patient 8 belongs to the adenocarcinoma
subtype while patient 9 possesses the subtype large cell neuroendocrine lung
carcinoma (LCNEC). The brain metastasis of patient 8 was represented by an
area near the subarachnoid space spike, similar to the breast cancer patients
(Fig. 45). In contrast to this, the metastasis of patient 9 with LCNEC corresponded
to the upper half of the histogram (Fig. 46).

Fig. 45. Corresponding region of the histogram concerning the metastasis of patient 8 with NSCLC. A shows
the marked tumour while B displays the associated histogram area. C shows the highlighted region of the
histogram while D displays the corresponding tumour.
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Fig. 46. Associated histogram area of an LCNEC metastasis (patient 9). A displays the highlighted tumour
tissue while B shows the corresponding marked histogram area.

The remaining two patients with brain metastases had a nodular malignant
melanoma as the primary tumour (patients 10 and 11). All four metastases from
these two patients lay in the upper half of the histogram (Fig. 47 and 48).

53



Fig. 47. Areas of the histogram relating to three different metastases of patient 10 with malignant melanoma.
A, C and E show the highlighted different metastases while B, D and F display the corresponding histogram
regions.
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Fig. 48. Corresponding histogram area of the nodular melanoma metastasis of patient 11. A and B display
the marked tumour while C shows the respective histogram region.

In conclusion, the subjects with the same kind of primary tumour often had
metastases, which were displayed in similar areas of the histogram. Similar to
meningiomas, there was not one specific region in the diagram, where all tumours
lay. The corresponding spots of metastases in the histogram were often widely
spread in the physiological diagram fraction, which was also previously observed
in meningiomas. Thus, many parts of the physiological brain tissue were marked
as well, when highlighting the corresponding histogram regions of metastases.

When compared with gliomas, metastases did not usually lie in the glioma-
specific histogram spike. Therefore, it was often possible to differentiate between

gliomas and metastases simply by investigating their respective histograms.

To summarise, brain metastases correlated to different parts of the histogram.
Here, connections between the diagram location and the type of primary tumour
could be observed. Similar to meningiomas, one can also often differentiate
between gliomas and metastases by examining the corresponding areas in the

histogram.
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3.3.4 Peritumoral oedema

Furthermore, peritumoral oedema of meningiomas and metastases was analysed
regarding its representation in the diffusion histograms. The oedema mostly
corresponded to the previously described glioma/oedema extension of the
diagram. Therefore, the same set of markings was chosen for highlighting the
oedema, which also had been used for the tumour spike of larger glioblastomas.

Fig. 49 and 50 depict the histogram with the marked glioma/oedema spike and
the corresponding MR images of various meningioma patients. The highlighted
oedema often seemed to be separated into layers by the various colours. This
phenomenon was also observed in oedema and vital tumour tissue of gliomas.
As one can see in Fig. 50, the diagram areas with the higher MK values in the
colours red and green were usually represented in the outer region of the
oedema. Opposed to that, the histogram fractions with the lower MK values,
coloured in blue and yellow, tended to correspond to the inner parts of the

oedema.

Substantial peritumoral oedema was visible in four of the five meningioma
patients. In all four cases, the oedema was highlighted when applying the

histogram coordinates shown in Fig. 49.
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Fig. 49. Highlighted histogram region that usually relates to the peritumoral oedema of meningiomas,
metastases and gliomas as well as the vital tumour tissue of gliomas. The displayed diagram was generated
from the diffusion characteristics of a meningioma patient.

Fig. 50. Highlighted peritumoral oedema which corresponds to the marked histogram area shown in Fig.
49. A-D depict the marked oedema in the MR images of four different meningioma patients.
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Fig. 51 and 52 show the histogram coordinates, that were used for highlighting
the oedema of metastases, and the respective marked voxels in MR images of
different patients with brain metastases. Similar to the oedema of meningiomas,
the colours often formed layers, where the higher MK values were located in the
outer region of the oedema while the lower MK values could usually be found

mainly in the inner oedema areas.

In four out of the six patients with brain metastases, substantial peritumoral
oedema could be found on the MR images. In all of these cases, the oedema
was highlighted when marking the histogram area displayed in Fig. 51.

Fig. 51. Highlighted histogram region that normally corresponds to the peritumoral oedema of metastases,
meningiomas and gliomas as well as the vital tumour tissue of gliomas. The displayed diagram belongs to
a patient with a brain metastasis.
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Fig. 52. Highlighted peritumoral oedema which corresponds to the marked histogram area displayed in Fig.
51. A-D depict the MR images of four different patients with metastases.

In summary, the oedema of meningiomas and metastases mainly corresponded
to the previously described glioma/oedema histogram spike. In glioma patients,
this diagram extension was shown to relate to the vital tumour tissue as well as
the peritumoral oedema. Therefore, this histogram spike generally related to

oedema, regardless of the primary tumour type.

Because gliomas and their peritumoral oedema both corresponded to this
extension of the diagram, it was not possible to differentiate between gliomas and
their peritumoral oedema. Opposed to that, most metastases and meningiomas
were located in different histogram regions and not in this glioma/oedema spike.
Therefore, it was often possible to discriminate tumour from oedema in these

tumour subgroups.

In Table 4, statistics are displayed about how many subjects demonstrated a
correlation between a certain histogram area and the respective brain region. As
previously described, there was a set of standard coordinates determined for
each of the mentioned brain regions in the table. This chart now displays the
percentage of subjects, where this correlation of the standard histogram
coordinates and the respective brain region could be confirmed. Therefore, this
table should serve as an overview regarding the statistical findings previously
described.

59



Table 4. Subjects where the described correlations between a specific histogram area and a brain region

were observed.

Brain regions

Layer-like markings
Subarachnoid space
Ventricular System
Nose

Vital tumour tissue of
glioblastoma and
peritumoral oedema

Oligodendroglioma and
peritumoral oedema

Astrocytoma and
peritumoral oedema

Peritumoral oedema of
meningiomas

Peritumoral oedema of
metastases

Subjects without a brain
tumour, where this
correlation between
histogram area and

brain region was
observed

100%
90%

100%
100%

3.3.5 Comparison of the tumour types

Subjects with a brain
tumour, where this
correlation between
histogram area and

brain region was
observed

85%
90%
100%
87%

65% of glioblastomas

100% of
oligodendrogliomas

50% of astrocytomas

100% of meningiomas
with visible oedema

100% of metastases
with visible oedema

Moreover, the representations of different tumour subgroups in the histograms
were directly compared. As already mentioned, the majority of meningiomas and
metastases were not represented by the glioma/oedema histogram spike. Only
the peritumoral oedema of all the tumour types usually lay in this specific diagram

extension.
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In order to directly compare different tumour subcategories, the two different sets
of histogram markings, which were previously used for highlighting vital glioma
tissue, were applied on patients with meningiomas or metastases. Fig. 53
displays an example of a meningioma patient where the histogram coordinates
for the glioma/oedema spike were applied. In this case, only the oedema
correlates to this specific histogram extension whereas the meningioma itself is
represented in the upper half of the diagram and is therefore not highlighted.
When applying the histogram coordinates for the glioma/oedema spike on the

other meningioma patients, none of the tumours was marked.

Fig. 53. Highlighted tumorous tissue and peritumoral oedema of a meningioma. A shows the marked
histogram fraction corresponding to the tumour, which is marked in B. C depicts the highlighted
glioma/oedema histogram spike, which only corresponds to the oedema and not to the tumour, as shown
in D.
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Fig. 54 displays the same concept in a patient with a brain metastasis. While the
oedema corresponds to the typical histogram coordinates for the glioma/oedema
spike, the metastasis is represented in a different part of the histogram. When
investigating the other metastases, only one of the ten analysed tumours
corresponded to the histogram coordinates for the glioma/oedema spike.

Fig. 54. Highlighted tumorous tissue and peritumoral oedema of a metastasis. A and B show the marked
metastasis, while C shows the corresponding diagram spots, which mainly lie in the upper half of the
histogram. D depicts the glioma/oedema histogram spike, that corresponds only to oedema and not to the
tumour as shown in E.
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In conclusion, the meningiomas and metastases were distributed over various
diagram locations. However, nearly none of these tumours lay in the
glioma/oedema histogram spike, unlike the vital tumour tissue of gliomas.
Therefore, it is normally possible to distinguish meningiomas and metastases

from gliomas by analysing the representation of vital tumour tissue in the

histogram.
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4 Discussion

4.1 Comparison of the findings and literature
4.1.1 Optimal b-value choice

An objective of this project was to find the optimal maximal b-value for the
generation of two-dimensional diffusion histograms, which were used for
investigating physiological brain tissue and brain tumours. B-values as high as
5000 s/mm? were employed. The most promising histograms were those, that
utilised b-values up to 2000 s/mm?. In these diagrams, the extensions were better
visible and therefore easier to analyse.

A study comparing specific diffusion histograms of the brain with regard to
different b-values has not been reported previously. However, there is emerging
evidence, which indicates that higher b-values can be helpful in characterising
tumour tissue in some cases. Two separate studies indicated that ADC values,
which were acquired with b-values of 3000 s/mm?, exhibited a better diagnostic
performance in differentiating LGG and HGG, when compared to b-values of
1000 s/mm? (Kang et al., 2011; Seo et al., 2008). Another study utilised b-values
between 500 and 2500 s/mm? to differentiate oligodendrogliomas, astrocytomas
and glioblastomas, in which case the highest b-value demonstrated the best
diagnostic performance (Nuessle et al., 2021). Another investigation showed that
employing a high b-value like 4000 s/mm? helped to distinguish pseudo-response
from true response of gliomas after bevacizumab treatment (Yamasaki et al.,
2012).

Therefore, high b-values can be helpful in diagnosing brain tumours. However, in
the here described case of the MD and MK histograms, the usage of higher b-
values did not produce a benefit and rather led to inferior diagrams with less

informative value.
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4.1.2 General shape of the histogram

As part of this project, the question was addressed, which regions of the brain
corresponded to certain histogram areas. When looking at previous research, the
concept of MD and MK diagrams had previously been described (Chen et al.,
2012; Jensen et al., 2005). In these studies, the diffusion characteristics were
displayed as a scatter plot, which looked very similar to our two-dimensional
histograms, regarding the general diagram shape. This confirmed the accuracy
of the here described findings concerning the histogram form in subjects without

a brain tumour.

In contrast to this project, none of these studies had investigated, which brain
areas correspond to specific parts of the diagram. Thus, these correlations
cannot be compared to former research. However, it is possible to partially
explain the layer-like markings, which resulted from highlighting the left border of
the histogram. A study found that MK values were significantly higher in white
matter when compared to grey matter (Maiter et al., 2021). In the diffusion
histograms of this project, the cortex, which belongs to the grey matter, was also
represented in a diagram area with lower MK values, while a lot of the white
matter corresponded to a histogram area with higher MK values.

4.1.3 Glioma-characteristic histogram region

As described previously, patients with gliomas possessed a spike in their
diffusion histogram, which is normally not found in individuals without a brain
tumour. This glioma spike had already been reported in one study (Hempel et al.,
2021). Here, MD and MK values had been displayed in a scatter plot, which
greatly resembled our two-dimensional histograms regarding the general
diagram shape and the glioma spike. Moreover, the same study had also
demonstrated, that the tumour area corresponds to the diagram spike by
manually segmenting the pathological tissue and investigating the related
diagram regions. Vice versa, a large portion of the tumour was highlighted when
the glioma extension was marked in the diagram. Therefore, this study supports
the here described findings regarding the glioma-characteristic histogram spike.
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4.1.4 Differentiation of glioma subtypes

The different glioma subcategories were often represented in the histogram by
characteristic shapes of the glioma-specific diagram spike. While this histogram
extension of oligodendrogliomas and astrocytomas usually lay vertical, it often
leaned to the right in glioblastomas. An exception to this tendency were smaller
glioblastomas, that often possessed a vertical tumour spike like
oligodendrogliomas and astrocytomas.

As previously mentioned, glioblastomas are usually WHO grade 4 tumours, while
astrocytomas and oligodendrogliomas are often classified as grade 2 or 3. This
means that the observed differences regarding the histogram shape of the glioma
subgroups can also hint to the WHO tumour grade. Moreover, the molecular-
histological subgroups of gliomas are partially defined by mutations of the tumour:
For example, an IDH-mutation leads to the classification of an oligodendroglioma
or astrocytoma whereas the IDH-wildtype is characteristic for glioblastomas.
Thus, the differentiation between these subgroups of gliomas can also hint as to
which mutations the tumour possesses. No other study could be found, which
compared these specific diffusion histograms between the glioma subtypes.
However, there had been a lot of research regarding the differentiation of gliomas
with diffusion characteristics.

For example, DWI and DKI were used to distinguish between different WHO
grades of gliomas. In general, MD values were often smaller in HGG because the
cellularity is normally increased when compared to LGG: This leads to less
extracellular space and therefore, less space for the molecules to move freely
(Cha, 2006). Regarding DKI, MK values were normally higher in HGG, which also
represents the restricted diffusion. Overall, DKI often exhibited a superior
performance in differentiating between various tumour grades when compared to
DWI. For example, in the group of astrocytomas, MK values could distinguish
grade 2 from 3, which could not be found for ADC values (Raab et al., 2010).
However, the same study stated, that both ADC and MK values were able to
discriminate between astrocytoma grade 3 and glioblastoma. Other research also

showed, that it was possible to differentiate between grade 2 and 4, as well as
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between grade 3 and 4, with MD values, while MK values could additionally also
distinguish grade 2 from 3 (Maximov et al., 2017).

While the general trend of research indicates the superior diagnostic performance
of MK values, the results vary across studies when discriminating the various
tumour grades. For example, in contrast to the previously mentioned research,
another study showed that MD values could indeed discriminate between grade
2 and 3 (Hempel et al., 2017). In accordance with former research, the same
could be proven for MK values in this study. However, it is only possible with MK
values to distinguish grade 2 from 4 according to this work.

Furthermore, it had been shown, that even though ADC, MD and MK values could
differentiate between LGG and HGG, the area under the curve (AUC) and
therefore the diagnostic performance was optimal when using MK values (Bai et
al., 2016; Qi et al., 2018; Tan et al., 2016). Moreover, a meta-analysis had
evaluated 10 studies with a total of 430 patients and calculated an AUC value of
0.94 for discriminating between LGG and HGG with the help of MK values (Falk
Delgado et al., 2018). Another meta-analysis had also confirmed these findings
by calculating an AUC of 0.92 regarding the diagnostic performance of DKI
(Abdalla et al., 2020).

Apart from being able to aid in assigning gliomas a WHO grade, DWI and DKI
can furthermore be helpful in attaining histological and molecular information
about the tumour. For example, one study demonstrated, that astrocytomas and
glioblastomas could be differentiated by the utilisation of MD and MK values
(Hempel et al., 2017). Furthermore, the same study indicated, that it is also
possible to distinguish oligodendrogliomas from glioblastomas when using MK
values. Moreover, another investigation demonstrated, that MK values are
significantly lower in IDH-mutated astrocytomas than in oligodendrogliomas or
IDH-wildtype glioblastomas (Hempel et al., 2018). Two other studies also showed
that MD and MK values can distinguish IDH-mutated from IDH-wildtype gliomas,
in which case MK values demonstrated a better diagnostic performance (Tan et
al., 2019; Zhao et al., 2019).
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These studies generally confirm the findings of this work, as they show that one
can differentiate various glioma subgroups with diffusion characteristics: The
distinguishment between the WHO tumour grades, the molecular-histological
subcategories and the IDH-mutation status is often possible with the above-
described histograms.

4.1.5 Meningiomas

When analysing the location of meningiomas in the histograms, it was difficult to
deduce any regularities. One could observe that the two analysed grade 2
tumours were in the same diagram region. However, it was not possible to state
any reliable rules regarding the distinguishment of the different WHO grades,

which was also due to the fact that only six meningiomas were examined.

The literature about the characterisation of meningiomas with the help of diffusion
characteristics is rather discordant. There is a meta-analysis, which stated that
DWI could differentiate between low and high-grade meningiomas (Siempis et
al., 2020). The low-grade subcategory consists of the grade 1 tumours while high-
grade meningiomas represent grade 2 and 3. Two other studies also indicated
that ADC values were significantly lower in high-grade than in low-grade
meningiomas (Lin et al., 2019; Sacco et al., 2020). However, another meta-
analysis concluded, that there was no reliable ADC cut-off value regarding the
discrimination of low and high-grade meningiomas (Meyer et al., 2020). A study
that was included in that meta-analysis even claimed, that there was no
significant difference in ADC values when comparing low and high-grade
meningiomas (Santelli et al., 2010).

Investigations have produced more explicit findings regarding the use of DKI in
the grading of meningiomas: Three studies compared both MD and MK values
and stated, that MK values demonstrated a better diagnostic performance in
differentiating between low and high-grade meningiomas (Chen et al., 2020; Lin
et al., 2018; Xing et al., 2017).
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In summary, it is challenging to compare the findings of this work to the current
state of research due to the limited patient number. However, literature suggests,
that at least MK values hold the ability to aid in the grading of meningiomas.

4.1.6 Metastases

Regarding the representation of brain metastases in the diffusion histograms, it
is not possible to determine one characteristic location, where most of these
tumours are depicted. However, there is evidence that metastases, which
originate from the same kind of primary tumour, tend to correlate to the same
diagram region. There was no literature found, that also analysed the location of

brain metastases in these diffusion histograms.

However, there has been some research conducted about the diagnostic value
of DWI in differentiating various subcategories of metastases. For example, there
were significant ADC value differences when comparing the metastases from the
two lung cancer subgroups small-cell lung cancer (SCLC) and NSCLC (Meyer et
al., 2015). This study also showed significant ADC value differences when
comparing SCLC and NSCLC separately with breast cancer and melanoma.
However, it was not possible to distinguish breast cancer from melanoma by
simply analysing the respective ADC values of the brain metastases, according
to this study.

Additional research also demonstrated the ability to discriminate between
metastases from SCLC and NSCLC by analysing the ADC values. In one case,
the AUC value was as high as 0.99 for the distinction between these two
histological lung cancer subcategories when using the ADC ratio: It was
calculated by dividing the ADC value of the solid tumour fraction by an ADC value
of an equivalent, healthy region in the contralateral hemisphere (Muller et al.,
2021). Another study generated one-dimensional ADC histograms, which
displayed the distribution of ADC values for an individual tumour: For example,
by analysing the 25" percentile of the ADC value, it was also possible to
differentiate NSCLC and SCLC with an AUC as high as 0.922 (Bozdag et al.,
2021). However, other research could not find a significant difference of the
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minimum ADC value in different histological lung cancer subgroups (Jung et al.,
2018). This study only stated that there was a significant ADC value difference of
lung cancer metastases with epidermal growth factor receptor (EGFR) mutation
and wildtype.

Moreover, research was conducted about categorising various subgroups of
breast cancer metastases. One study found no significant differences between
HERZ2 positive and negative tumours when analysing one-dimensional ADC
histogram parameters (Ahn et al., 2018). However, this work stated that some of
these ADC histogram parameters were significantly different when comparing
ER/PR positive to ER/PR negative breast cancer metastases. A different study
could also find no significant discrepancies of ADC values between HER2

positive and negative tumours (Meyer et al., 2015).

Furthermore, studies employed themselves with the distinguishment of brain
metastases from gliomas by using DWI and DKI. For instance, a meta-analysis
calculated a mean sensitivity of 0.81 and an average specificity of 0.84 in
differentiating metastases and glioblastomas with the help of DWI parameters
(Zhang & Liu, 2020). Another study also showed that it was possible to
discriminate between glioblastomas and solitary brain metastases by analysing
the parameters of one-dimensional histograms generated either by MD or MK
values (Gao et al., 2022). However, other research stated that only MD values
and not MK or ADC values were significantly different between high-grade
gliomas and solitary brain metastases regarding the contrast-enhancing tumour
fraction (Mao et al., 2020). Another work could also not find significant ADC value
discrepancies of the contrast-enhancing tumour part when comparing

glioblastomas and solitary brain metastases (Thammaroj et al., 2020).

Furthermore, a study investigated a different approach to examining DWI
parameters: ADC maps were generated of glioblastomas and metastases, and
afterwards, a texture analysis was performed based on these diffusion maps
(Zhang et al.,, 2019). The resulting parameters represented the tissue’s
homogeneity and were significantly different when comparing the two tumour

groups.
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In summary, the diagnostic performance of DWI in differentiating various
subtypes of metastases is controversial. This can also be said for the distinction
of brain metastases and gliomas utilising DWI and DKI. However, some studies
were successful in discovering significant differences when analysing the
diffusion parameters. No research could be found on the value of DKI in
discriminating between brain metastases, which originate from different primary

tumours.

As previously mentioned for meningiomas, it is challenging to compare the
findings of this work with literature due to the limited number of subjects.
However, this work and other studies show that DWI and DKI may be useful in
classifying brain metastases.

4.1.7 Peritumoral oedema

The great majority of the examined tumour patients had a peritumoral oedema,
which was represented in the typical glioma/oedema histogram spike, regardless
of the tumour subtype. A previously mentioned study also investigated diffusion
parameter scatterplots, that are very similar to the here described two-
dimensional histograms (Hempel et al., 2021). They examined glioma patients
and stated, that the tumorous tissue, as well as the peritumoral oedema, both lay
in the same diagram extension, which corroborates the findings of this work. No
other research could be found, that had investigated the representation of
peritumoral oedema in the diffusion histograms, which are described in this work.

However, there is some literature on the distinction of various tumours by
analysing diffusion parameters of their oedema. The histological picture of these
oedemas can vary, depending on the tumour subgroup. In the case of gliomas,
there were often tumour cells in the oedema, which could be detected by
analysing biopsies and T2-weighted images (Watanabe et al., 1992). In contrast
to that, metastases rather produce a vasogenic oedema, which usually did not

contain many tumour cells (Stummer, 2007).
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This difference regarding the oedema of these two tumour groups can also be
examined with DWI and DKI. One study found that there are significant disparities
in MD and MK values when comparing the peritumoral oedema of high-grade
astrocytomas and solitary brain metastases (Tan et al., 2015). In this case, MK
values demonstrated a better diagnostic performance. Other research supported
these findings by discovering a significant difference in ADC values between the
peritumoral area of high-grade gliomas and brain metastases (Liu et al., 2021,
Pavlisa et al., 2009). The minimum ADC values of the peritumoral area were also
proven to be helpful in differentiating between glioblastomas and metastases
(Lee et al., 2011; Neska-Matuszewska et al., 2018).

Contrary to this, other investigations state that there are no significant disparities
in ADC values regarding oedemas of gliomas and metastases (Guzman et al.,
2008). The same previously mentioned study, which found significant
discrepancies concerning the minimum ADC value of glioblastomas and
metastases, did not observe the same for the mean ADC value (Neska-
Matuszewska et al., 2018). Furthermore, studies compared the oedema of
gliomas, meningiomas and metastases, and were also not able to find any
significant ADC value differences (Oh et al., 2005; Server et al., 2009).

Another approach is the evaluation of the ADC value gradient regarding the
peritumoral oedema. One work stated, that such a gradient existed especially in
glioblastomas, in which case the ADC values were significantly higher in the outer
region of the oedema than in the area lying right next to the tumour (Lemercier et
al., 2014). They did not observe this gradient in metastases. Another study also
used the ADC gradient in order to differentiate the oedema of glioblastomas and

brain metastases (Tepe et al., 2021).

Moreover, some studies attempted to distinguish the oedema of various glioma
and meningioma subtypes. One study stated, that ADC values were significantly
different when comparing glioblastomas and LGG (Guzman et al., 2008).
However, another investigation claimed that only MK values, and not MD values,
could be useful for distinguishing low-grade from high-grade astrocytomas (Tan
et al.,, 2016). Another study found significant disparities in MK values only
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between grade 3 and 4 gliomas and none when comparing other glioma grades
(Qiu et al., 2022). However, MD values were able to differentiate between grade
3 and 4 gliomas, as well as between grade 2 and 4 gliomas, according to this
study. A further approach to this topic is the texture analysis of peritumoral
oedema with ADC maps: Here, one of the three parameters was helpful in
distinguishing LGG from HGG, which was not the case for the ADC value
(Soliman et al., 2021).

Regarding meningiomas, ADC values of peritumoral oedema did not display any
significant disparities when comparing typical to atypical tumours (Bano et al.,
2013; Hakyemez et al., 2006).

Another question is the value of DWI in discriminating between tumour tissue and
oedema. One study could not find any significant ADC discrepancy in this context
when investigating gliomas (Pauleit et al., 2004). However, another study claimed
that ADC values were significantly different between tumour and oedema in
gliomas, meningiomas and metastases (Oh et al., 2005).

In conclusion, literature is discordant on the value of DWI and DKI in the
differentiation of tumour subtypes by analysing the surrounding oedema. The
here described histograms were not able to discriminate between different
tumours by investigating the oedema or to distinguish between tumorous tissue
and oedema in the case of gliomas. However, these diagrams could be helpful in
separating oedema from meningiomas and metastases, as these kinds of
tumours usually do not lie in the glioma/oedema histogram spike.

4.2 Limitations and outlook

A limitation of this study was that the analysis of the diffusion histograms was
subjective. Especially the shape of the diagrams was investigated, in which case
it was difficult to deduct any trends regarding the influence of the tumour subtype
on the histogram. Here, it could be helpful to utilise image recognition software
and machine learning in order to make our findings more objective. Furthermore,
automatic tumour segmentation with the help of diffusion histograms could assist

in proving our findings.
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A further limitation was the comparatively low number of analysed patients with
oligodendrogliomas, astrocytomas, meningiomas or metastases. In the group of
gliomas, glioblastomas were most often investigated, because that was the
tumour subcategory which underwent MR imaging most frequently at the
institution where imaging was conducted. Thus, it would be advisable in the future
to examine more oligodendrogliomas and astrocytomas to further analyse the
diagnostic performance of the diffusion histograms in differentiating between the
glioma subtypes. Moreover, a higher number of meningiomas and metastases
would also help in gaining additional information on the representation of those
tumour subcategories in the histograms. For example, reliable indications as to
where the unknown primary tumour of the brain metastasis lies, could accelerate

the diagnosis and could get the patient their suitable treatment faster.

Another possible way to expand the patient collective would also be to include
inflammatory diseases of the brain. It would be interesting to see, how the
histograms are affected by such pathologies and how those diagrams could

potentially be useful in diagnosing inflammatory diseases.

When examining new patients, it would be ideal to conduct the MR imaging on
one common scanner with the exact same parameters in order to generate a
higher degree of comparability of the acquired images. Unfortunately, this was
not possible for this study, as the DKI sequences were often measured after the
previously scheduled normal MRI program for the respective patient at different
MRI scanners.

In the future, one could also further investigate the representation of intratumoral
necrosis in the histograms. In this work, it was shown that necrotic regions were
located in very different histogram areas. It would be interesting to identify
parameters, which influence the representation of necrosis in the diffusion
diagrams. For example, the histogram area, to which the necrotic region
correlates, could be connected to the prognosis of the patient.
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Furthermore, another possible use of the diffusion histograms is gaining
information about the extent of tumour cell proliferation. According to a study, MD
inversely correlated with the proliferation marker Ki-67 in gliomas, while MK
positively correlated with this marker (Zhao et al., 2019). Other works stated, that
the Ki-67 value also correlated with one-dimensional histogram parameters of
MD and MK (Chen et al., 2020) as well as with ADC values in meningiomas
(Surov et al., 2016). In contrast to that, another investigation only observed a
correlation between the Ki-67 value and MK, but not MD, in meningiomas (Xing
et al., 2017). A meta-analysis merely detected a moderate inverse correlation of
ADC with the Ki-67 value in this tumour group (Meyer et al., 2020). Concerning
the peritumoral oedema of gliomas, DKI parameters did not display any
connection to Ki-67 values (Qiu et al., 2022).

Moreover, the use of the diffusion histograms in estimating the prognosis and
survival of brain tumour patients could be investigated. For example, low MK and
high MD values represent beneficial prognostic parameters for overall and
progression-free survival regarding gliomas with either no 1p/19q loss of
heterozygosity or retained alpha-thalassemia/mental retardation syndrome X-
linked (ATRX) gene expression (Hempel et al., 2019). Another study showed that
ADC measurements of the whole brain also correlated with progression-free and
overall survival in patients with glioblastomas (Rulseh & Vymazal, 2020).
Regarding breast cancer brain metastases, some parameters of one-dimensional
ADC histograms were indicators for a shorter period of progression-free survival
if they were low (Ahn et al., 2018). Furthermore, a low ADC value was also shown

to be a sign for progression or recurrence in meningiomas (Ko et al., 2018).
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In addition, another useful application of the diffusion histograms could be the
discrimination between pseudoprogression of gliomas and actual tumour
recurrence. In this context, MK values demonstrated a superior diagnostic
performance when compared to MD values (Wu et al., 2021). Furthermore, a
study stated that the development of ADC values during therapy was able to
predict the therapeutic effect of whole brain radiotherapy and the EGFR inhibitor
gefitinib in patients with non-small-cell lung cancer (NSCLC) and resulting brain
metastases (Ye et al., 2021).

4.3 Conclusions

In this work, it was possible to identify certain physiological brain regions like
ventricles or subarachnoid space, which normally had the same representation
in the diffusion histograms. Furthermore, it was shown that gliomas were mostly
located in another part of the histogram when compared to meningiomas and
metastases. Therefore, it was normally possible to differentiate these groups. The
peritumoral oedema could usually also be found in that glioma histogram region,
regardless of the tumour subcategory. In conclusion, this work succeeded in
examining the physiological part of the diffusion histograms and describing the
differences concerning the representation of various brain tumours in these

diagrams.
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5 Summary

Malignant brain tumours often possess an unfavourable prognosis and can
severely diminish quality of life. Therefore, it is vital to improve the diagnostic
process so that the differentiation between various tumour subgroups can be
facilitated.

The objective of this work was to analyse two-dimensional histograms, which
were generated with the help of diffusion kurtosis imaging (DKI). For this purpose,
the DKI histograms of 10 subjects without a brain tumour and 39 patients with a
brain tumour were analysed. The aim was to investigate, whether any possible
differences could be recognised between these two groups and to compare the

various tumour subcategories gliomas, meningiomas and brain metastases.

Regarding similarities between healthy subjects and patients, common histogram
areas were identified that corresponded to specific regions like the ventricles or
the subarachnoid space in the majority of subjects. Moreover, highlighting a
specific histogram area marked corresponding layer-like regions in the brain. In
tumour patients, these layers usually did not extend into the pathological tissue,
rendering it distinguishable from physiological brain tissue.

With respect to the analysed brain tumours, gliomas and their peritumoral
oedema were found to correspond to a specific spike-like extension of the
histogram, which was not observed when analysing a healthy brain. This spike
also represented the oedema from meningiomas and metastases and can
therefore be referred to as the glioma/oedema spike. When comparing
oligodendrogliomas and astrocytomas with glioblastomas, it was possible to
recognize a slightly different shape and orientation of the glioma/oedema

histogram extension.
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In addition, the data suggest that various tumour subgroups of meningiomas and
metastases may be distinguished. Moreover, it was mostly possible to
differentiate between these two tumour categories and gliomas. In the future,
these observations about the different behaviour of the tumour groups could
improve the diagnostic process, for example with the help of artificial intelligence.

Besides, the DKI histograms could be used for automatic tumour segmentation.
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6 Zusammenfassung (German Summary)

Maligne Hirntumore besitzen oft eine ungunstige Prognose und konnen die
Lebensqualitat deutlich verringern. Daher ist es wichtig den diagnostischen
Prozess zu verbessern, sodass die Unterscheidung zwischen verschiedenen

Tumortypen vereinfacht werden kann.

Das Ziel dieser Arbeit war es, zwei-dimensionale Histogramme von Probanden
mit und ohne Hirntumor zu analysieren, welche mit der Hilfe von Diffusion
Kurtosis Imaging (DKI) generiert wurden. Hierzu wurden die DKI-Histogramme
von 10 Probanden ohne Hirntumor und 39 Patienten mit Hirntumor untersucht.
Es sollte gepruft werden, ob mdgliche Unterschiede zwischen diesen zwei
Gruppen erkannt und die verschiedenen Tumorsubgruppen Gliome,

Meningeome und Metastasen verglichen werden konnen.

Hinsichtlich Gemeinsamkeiten von gesunden Probanden und Patienten wurden
Histogrammareale identifiziert, welche bei der Mehrheit der Probanden den
gleichen spezifischen Regionen wie zum Beispiel den Ventrikeln oder dem
Subarachnoidalraum  entsprachen.  Aullerdem  wurden  schichtartige
Markierungen im Gehirn beobachtet, welche mit einer spezifischen
Histogrammregion korrespondierten. In Hirntumorpatienten drangen diese
Schichten nicht in das pathologische Gewebe ein, wodurch sich ein Unterschied

zum Gewebe in gesunden Probanden ergab.

In der Gruppe der analysierten Hirntumoren konnte man beobachten, dass
Gliome und deren peritumorales Odem in einem spezifischen Auslaufer des
Histogrammes reprasentiert wurden, welcher bei Patienten ohne Tumor nicht zu
sehen war. Diese Diagrammzacke stellte auch das Odem von Meningeomen und
Metastasen dar und kann daher als Gliom/Odemzacke beschrieben werden.
Wenn man Oligodendrogliome und Astrozytome mit Glioblastomen vergleicht,
konnte man eine etwas andere Form und Orientierung dieses Auslaufers

beobachten.
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Aulerdem wiesen die Daten darauf hin, dass moglicherweise verschiedene
Tumoruntergruppen von Meningeomen und Metastasen voneinander
unterschieden werden konnen. Des Weiteren war es meist moglich, zwischen
diesen zwei Tumorkategorien und Gliomen zu unterscheiden. In der Zukunft
konnten diese Beobachtungen hinsichtlich des verschiedenen Verhaltens der
Tumorgruppen den diagnostischen Prozess verbessern, zum Beispiel mit der
Hilfe kunstlicher Intelligenz. Aullerdem konnten die DKI-Histogramme fur
automatische Tumorsegmentierung genutzt werden.
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