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Abstract
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Gliomas are derived from glial cells and are the most common type of primary brain tumors
in adults. Gliomas are classified by the World Health Organization (WHO) according to their
malignancy grade and histological and molecular features. Malignancy grades range from I to
IV. WHO grade I tumors are benign tumors, mostly occurring in childhood. High-grade gliomas
(WHO grades III and IV) are undifferentiated and fast-growing tumors, with glioblastoma being
the most common and malignant form. Patients with glioblastomas have a median survival
of only 15 months. Clinical outcomes vary, however, and markers are needed to assist in
the decision-making process and management of these patients. PROX1 is a transcription
factor critical for embryonic development, with a role in cell cycle control and progenitor cell
differentiation. Apart from its role in normal central nervous system development, PROX1 has
been ascribed both tumor suppressive and oncogenic roles in several human cancers. The role
of PROX1 as a prognostic factor for survival in patients with glioblastomas was the focus of
paper I.
Gliomas WHO grade II, also called diffuse low-grade gliomas (DLGGs), are welldifferentiated tumors that occur mainly in adult life, with a peak incidence at around 30–35
years of age and a median survival of 5–10 years. DLGGs grow continuously at a rate of a
few mm per year and have a strong tendency to infiltrate the white matter tracts surrounding
the tumor. Eventually these tumors transform into high-grade gliomas, but, as is the case
with glioblastomas, there is a large variety of clinical outcomes. For radiological diagnosis,
magnetic resonance imaging (MRI) is routinely used, often in combination with advanced MRI.
Positron emission tomography with amino acid tracers provides additional diagnostic accuracy.
From a histological as well as imaging point of view, DLGGs are heterogeneous tumors. The
heterogeneity of DLGGs, in particular the correlation between radiological and histological
tumor features, was the focus of paper II & paper III.
Seizures are amongst the most common presenting symptoms of patients with gliomas.
Seizure semiology in patients with brain tumors and other structural brain lesions is closely
related to the anatomical location of the lesion and the involvement of functional networks. A
possible dynamic interplay between the anatomical region of seizure onset and connected target
areas within the network was the focus of paper IV.
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Proem

Humans have always been fascinated by the neurobiology of the brain, even
as far back as ancient Egypt. Hippocrates wrote about the brain as the seat of
intelligence. In the 19th century, the brain and its neurons were described by
scientists such as Golgi and Ramón y Cajal, contributing to the founding of
modern Neuroscience. Their observations led to the understanding that the
human brain consists, among many other things, of neurons and neuroglia that
form the building blocks of the central nervous system (CNS).
Neuroglia, or glial cells, were thought to be the glue of the nervous system.
Nowadays, we know their importance with regard to support, protection, neurotransmission, and synaptic connections in the CNS. Sometimes, these glial
cells acquire the ability to escape normal growth-restraining influences due to
molecular and genetic alterations. This transformation makes it possible for
them to form self-renewing cancer cells or neoplasms in the brain, called gliomas, which can affect brain function, cause severe symptoms such as epilepsy, and can be life-threatening, depending on their location and aggressiveness. Gliomas are well described in the updated (2016) fourth edition of the
World Health Organization (WHO) system. Here, gliomas are classified and
graded based on their microscopic appearance, i.e. tumor histology and additional molecular aberrations. Some of these histological and molecular abnormalities carry important diagnostic, prognostic, and/or predictive information.
The use of these prognostic markers could therefore benefit precision medicine. In order to determine the location and size of neoplasms in the brain
before surgery, noninvasive imaging is needed. In 1895, Wilhelm Röntgen
demonstrated x-ray imaging. In 1971, the first medical application using magnetic signal changes over time was suggested, to distinguish cancer from
healthy tissue. Nowadays, neuroimaging has evolved into a comprehensive
diagnostic tool. To detect brain lesions, magnetic resonance imaging (MRI) is
the gold standard, while new advanced imaging techniques provide additional
functional, physiological, and molecular diagnostic information.
The treatment of gliomas is dependent on several factors, with no standard
treatment. In the majority of cases, tumor treatment is not curative but can
significantly prolong survival and cause symptom relief. The chosen strategy
is based on histological diagnosis and additional clinical information. Precision medicine is of growing importance in tumor research and tumor treatment.
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Part I
Epidemiology of gliomas
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Incidence and survival
Genetic and molecular alterations can arise in the neuroepithelial tissue of the
human brain. These peculiar alterations in glial cells of the brain give rise to
gliomas. These neoplasms have been classified by the World Health Organization (WHO), updated in 2016, based on histopathological and molecular features of the affected cells [1, 2]. The yearly incidence of newly diagnosed gliomas is around 5.27 per 100,000 persons, based on the European Standard Populations [3]. In the WHO classification, gliomas are graded from I to IV, with
grade IV being the most malignant form. The incidence of the different glioma
subtypes, according to the central brain tumor registry of the United States
(CBTRUS), is shown in Figure 1. Grade I tumors are benign childhood tumors
and are not considered in this thesis. Low-grade gliomas (WHO grade II) are
well-differentiated tumors with cytological atypia. High-grade gliomas (WHO
grades III and IV), of which glioblastomas (GBMs) are the most frequent, are
undifferentiated tumors with anaplasia and mitotic activity (WHO grade III),
and endothelial cell proliferation, and/or necrosis in addition to mitosis and
nuclear atypia (WHO grade IV) [1]. At present, the median overall survival of
patients with gliomas is poor, depending on the tumor grade. For grade II gliomas, survival ranges from 5 years to >10 years, for grade III gliomas 2–3
years, and for GBMs 1.5 years [3], even with intensive multimodal treatment
strategies (surgery, chemoradiation, and adjuvant chemotherapy).

Figure 1. Distribution of primary brain and other central nervous system tumors diagnosed in the United States in 2010–2014 [4]. With permission of
Oxford University Press.
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Diffuse gliomas are divided into oligodendrogliomas and astrocytomas based
on morphological similarities and molecular tumor features. This means that
the predominant population of tumor cells share morphological similarities
with either oligodendrocytes or astrocytes [5], and additional genetic driver
mutations [2]. As mentioned above, low-grade gliomas have a better prognosis than high-grade gliomas, with an additional survival difference between
astrocytomas and oligodendrogliomas. Oligodendrogliomas (incidence of 0.4
per 100,000 persons, 78% survival at 5 years, 51% at 10 years) have a more
favorable prognosis than astrocytomas (incidence of 4.8 per 100,000 persons,
65% survival after 5 years, and 31% after 10 years) [6-8]. Genetic aberrations
are associated with clinical relevance such as incidence and survival differences between tumor subtypes. Genetic aberrations have, for example, been
associated with sensitivity to some forms of therapy and to improved patient
outcome [9, 10].
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Natural course of disease
Low-grade glioma
Diffuse low-grade gliomas (LGGs) are low-malignant brain tumors. As mentioned previously, they consist of grade II astrocytic and oligodendroglial tumors [8], affect young adults with an average age at diagnosis of 40 years, and
have an annual incidence of 1–2 per 100,000 adults [11, 12] (Table 1). Diffuse
astrocytomas (AIIs) are well-differentiated, slow-growing tumors without obvious anaplastic features on histologic examination [13, 14]. Oligodendroglial
tumors are highly cellular lesions consisting of relatively small but densely
packed tumor cells [10, 15, 16]. Oligodendrogliomas (OIIs) are further characterized by branching networks of capillaries (chicken-wire pattern) that sets
them apart from astrocytomas. LGGs are commonly located in or close to the
so-called eloquent areas of the brain that involve motor, language, visuospatial, and memory functions [17-19]. Additionally, LGGs are heterogeneous
tumors which possess the ability to grow (average growth rate of 5 mm/year
[20, 21]) and invade the brain, complicating surgery. If LGGs remain untreated, it is just a matter of time before they undergo malignant differentiation
(within 5 to 10 years), resulting in progressive neurological disability and ultimately death [22]. Our accumulating understanding of the biology of LGGs
and improved surgical techniques teaches us that early resection of LGGs delays the time to malignant progression and therefore improves overall survival
[22, 23].

High-grade gliomas
High-grade gliomas (HGGs) consist of anaplastic glioma (grade III) and glioblastoma (grade IV). Typical features of anaplastic gliomas are an increased
cellularity, nuclear atypia, and marked mitotic activity, but an absence of micro-vascular proliferation and/or necrosis [1] and consist of either anaplastic
oligodendrogliomas (OIIIs) or astrocytomas (AIIIs). GBMs are the most common (4–5 per 100,000 person-years [24]) and lethal type (mean survival
around 15 months [25]) of adult brain tumors (Table 1), with histological characteristics similar to those of anaplastic gliomas, but show additional endothelial proliferation and/or necrosis. Recent advances in cancer genomics have
provided support for distinctive molecular correlates of two clinical GBM
phenotypes: primary GBMs that arise de novo in predominantly older patients
and secondary GBMs in younger patients with a history of prior low-grade
gliomas. Clinically defined primary or de novo GBMs are the most prevalent
tumor (about 90% of cases), and they are the most predominant tumors in patients over 55 years of age. They develop very rapidly after a short clinical
course, without evidence of progression from a prior lesion [1]. Secondary
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GBM (about 10% of cases) develops slowly by progression from a prior lower
grade diffuse glioma and preferentially arises in younger patients. The progression of astrocytomas from AIIs to AIIIs is suggested to be an early stage
in the evolution of secondary GBMs [26], sharing similar molecular characteristics [27]. Survival of patients with secondary GBMs is longer than that in
those with primary GBMs [27]. The division into primary and secondary tumors is now done by genetic driver mutations, of which the IDH mutation
status is the most used [2].

Table 1.
WHO Grade
Grade II
(diffuse glioma)

Age of onset
30 to 40 years

Average survival
5 to 10 years

Occurrence (%)
7.7

Grade III
(anaplastic glioma)

Early 40s

2 to 3 years

6.5

Grade IV
(glioblastoma)

Mid 50–60s

14 months

56.1

WHO: World Health Organization [2]
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Part II
Histological classification

21

Morphological appearance
At initial diagnosis, brain tumors must be differentiated from benign lesions.
In addition to patient information, such as the patient’s age, size of the tumor,
and tumor growth rate, the final histological classification and grading are
the most important factors that determine treatment strategies [28, 29]. Histological evaluation and tumor grading of suspicious brain lesions is done by
histopathological assessment of tissue samples taken from the tumor area. Microscopic similarities of tumor tissue have been primarily based on light microscopic features in hematoxylin and eosin-stained sections, immunohistochemical expression of lineage associated proteins, and ultrastructural characterization [2]. Histologically, tumor tissue is an intermingle of tumor cells with
normal cells, such as neurons and native glia, and it forms clusters around
neurons (satellitosis), blood vessels, and the pia mater [29].
As mentioned in the previous chapter, phenotypical features in tumor classification are an increased cellular density, nuclear atypia, mitosis, vascular proliferation, and necrosis (Table 2). Diffuse astrocytomas are usually well-delineated tumors, showing increased cellularity and nuclear atypia. They have
enlarged irregularly shaped nuclei or elongated and hyperchromatic nuclei.
Anaplastic astrocytomas are histologically similar but have more frequent mitoses and increased cellularity. GBMs (WHO grade IV) show additional microvascular proliferation and/or necrosis [29].
Table 2.
WHO Grade

Comments

Grade II
(astrocytoma)

Increased hypercellularity; no mitosis; no vascular proliferation; no necrosis; can recur as a higher-grade tumor

Grade III
High rate of hypercellularity; high rate of mitosis; no vas(anaplastic astrocytoma) cular proliferation; no necrosis; high rate of tumor recurrence
Grade IV
(glioblastoma)

Very high rate of hypercellularity; very high rate of mitosis; presence of vascular proliferation; presence of necrosis

WHO: World Health Organization [2]
Immunohistochemistry (IHC) is the gold standard for studying protein distribution in histologic tissue sections, using selective antibody binding [30]
(Figure 2). An example is the glial fibrillary acidic protein (GFAP) [31], which
provides a way to distinguish astroglial cells from other cell types in the brain.
In contrast to astrocytomas, the expression of this protein is absent in oligodendrogliomas. IHC for oligodendrocyte transcription factor 2 (OLIG2) is
a way to highlight the tumor nuclei in oligodendroglial cells, and IHC for neu-
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rofilament (NF) highlights an infiltrative growth pattern [29]. The microtubule-associated protein 2 (MAP2) is expressed in both astrocytic and oligodendroglial tumors. However, the distinct pattern of MAP2 immunoreactivity may be useful as a diagnostic tool in oligodendrogliomas [32]. The antigen Ki67 is a cell proliferation-related protein, which increases gradually
with higher mitotic activity. Since diffuse LGGs have low mitotic activity, the
labeling index is usually less than 5% [33]. For HGGs, the labeling index is
usually more than 25% due to the high mitotic activity.

Figure 2. Immunohistochemistry (IHC) of GFAP, MAP2, OLIG and Ki67.
Images subtracted from https://www.proteinatlas.org.

Based on histological criteria, diffuse gliomas can be classified as follows:
diffuse astrocytomas, anaplastic astrocytomas, and GBMs (WHO grades II,
III, and IV, respectively), and oligodendrogliomas (including anaplastic examples) subtypes [29]. However, due to the biological diversity of gliomas it
is very difficult to precisely grade tumors using microscopic criteria and avoid
any possible misclassification [10].
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Part III
Molecular classification
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Diagnostic markers
Molecular and radiological markers are of increasing importance for tumor
assessment. Used together with histological classification, they help to prevent
misclassification and guide clinical decision making regarding glioma subtypes. In general, diagnostic markers are based on key molecular alterations
in gliomas, which helps to increase the accuracy of classification.
Important examples of diagnostic markers used in glioma classification are
the isocitrate dehydrogenase 1 and 2 gene family (IDH1/IDH2), the alphathalassemia/mental retardation syndrome X-linked (ATRX) gene, the tumor
suppressor protein 53 (TP53), telomerase reverse transcriptase (TERT), and
the codeletion of 1p and 19q chromosomes (1p19q codeletion) (Figure 3) [2].
The classification of low-grade glioma, for example, relies on IDH1 mutation
status [34], while subtyping of oligodendroglioma is based on the codeletion
of the 1p and 19q chromosomes [9]. Therefore, subtyping based on molecular
abbreviations leads to more accurate diagnosis and a decreased risk of misclassification. Which is why genetic profiling, in addition to histological assessment, is of clinical importance in reaching more accurate treatment decisions for patients with a glioma.
Mutations in the isocitrate dehydrogenase (IDH) gene are found in the cytoplasm and in peroxisomes. IDH catalyzes the oxidative decarboxylation of
isocitrate into alpha-ketoglutarate (alpha-KG) and nicotinamide adenine dinucleotide (NADPH), in the Kreb cycle and in the cytoplasm [35, 36]. Most IDH
mutations are caused by an amino acid substitution at position 132 in IDH1
from arginine to histidine (R132H) and substitution at position 172 in IDH2
from arginine to lysine (R172K) [36]. Mutant IDH genes inhibit histone demethylation and induce a glioma hypermethylation phenotype since the mutant proteins convert alpha-KG to the putative oncometabolite 2-hydroxyglutarate (2-HG). This hypermethylation (glioma CpG island methylated phenotype or G-CIMP) leads to transcriptional alterations, with prognostic implications for patients with diffuse gliomas [10]. IDH gene mutations (codon
R132H) have been identified in astrocytic and oligodendroglial grade II and
grade III gliomas. Additionally, they have been identified in secondary GBM,
but not in primary or de novo GBM. IDH mutations may pave the way for the
development of other mutations such as TP53 and ATRX in astrocytomas and
codeletion of 1p/19q in oligodendrogliomas [37].
The alpha-thalassemia/mental retardation syndrome X-linked (ATRX) gene is
located on chromosome Xq21.1, and protein expression is found in the cell
nuclei. ATRX gene mutations result in a loss of nuclear protein expression in
tumor cells, but not in non-tumor cells, and lead to telomere dysfunction [38].
ATRX is associated with mutations such as IDH1 and TP53. Interestingly,
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ATRX gene mutation is almost mutually exclusive to 1p 19q codeletion, making it a very specific marker for astrocytic tumors in combination with the
IDH mutation status [39]. Additionally, ATRX mutations have been observed
in 60%–80% of secondary GBM but in only 5% of primary GBM, making it
an additional marker for secondary GBM [40].
The loss of heterozygosity (LOH) for chromosome arms 1p (short arm of chromosome 1) and 19q (long arm of chromosome 19) has been known as a diagnostic marker of oligodendrogliomas since 1998 [9]. The codeletion of these
two chromosomal arms is due to an unbalanced translocation that leads to the
loss of one hybrid chromosome and thereby LOH [38]. The 1p19q codeletion
is one of the molecular alterations with beneficial clinical response to treatment [9, 10], which is described in more detail in the following chapter. Gliomas with either 1p or 19q deletion alone (nonconcurrent deletion) do not
share the survival benefit of codeleted tumors [36]. As mentioned previously,
1p19q codeletion is found only in oligodendroglial tumors, therefore the detection of codeletion is a useful way to discriminate oligodendroglioma from
astrocytic tumors.
Telomerase reverse transcriptase (TERT) promoter mutation is located on
chromosome 5p15.33, and the promoter region of the gene is the most important regulatory element for telomerase expression [41]. TERT expression
is mostly repressed in somatic cells, with the exception of proliferative cells,
in self-renewing tissues and cancer. Increased expression of the TERT to
maintain telomeres is essential for cancer cells to maintain their potential to
proliferate and prevent biological aging (senescence) [36]. Induction of TERT
transcription can lead to activation of oncogenes and inactivation of tumor
suppressors. An example of a tumor protein that has been shown to downregulate TERT transcription is p53 [41]. The increased TERT expression due to
a mutation in the promoter region serves as an important marker of glioma
subtypes. TERT mutations are found in IDH wild-type and 1p19q intact primary GBMs. Interestingly, TERT mutations are also found in classical oligodendrogliomas [42]. Information in Figure 3 is based on previous research
[2, 9, 34, 37, 39, 40, 42-45].
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Figure 3. Histological and molecular classification of gliomas, with corresponding tumor treatment [2, 9, 34, 37, 39, 40, 42-45].

Prognostic and predictive markers
Prognostic and predictive markers provide information about the expected
benefit of a certain treatment and can therefore assist in selecting the most
optimal therapy option. In some cases, molecular genetic subtyping of gliomas
has provided information that has proved useful to assure better overall survival in certain subgroups of patients [46, 47] or even to positively affect
response to treatment [9, 10], underlining the clinical importance of prognostic markers.
A prognostic marker for molecular genetic subtyping of groups with an overall
better survival in patients with glioma is the IDH mutation status. In the previous chapter, it is mentioned that the IDH mutation is associated with improved survival compared to IDH wild-type tumors [48]. It has been found
that a mutated IDH enzyme is unable to generate alpha-KG. This leads to the
accumulation of 2-HG in gliomas [38]. Accumulation of this 2-HG results in
the previously mentioned CpG island methylator phenotype (G-CIMP). Patients with G-CIMP tumors are younger at the time of diagnosis and experience significantly improved outcome if the G-CIMP tumor is associated with
MGMT promoter methylation [49]. An association with survival has been
suggested with regard to the differences between primary and secondary
GBMs, where overall secondary GBMs have a higher frequency of promoter
methylation and better overall survival than primary GBMs [50].
Predictive markers known to have clinical importance with regard to guiding
the treatment of patients with glioma are 1p19q codeletion [9, 10], MGMT
promoter methylation [36, 44], mutations of TERT [36], and BRAF [44]. As
mentioned previously, LOH for chromosome arms 1p and 19q is due to an
unbalanced translocation that leads to the loss of one hybrid chromosome and
thereby LOH [38]. Allelic losses of chromosomes 1p and 19q are a molecular
signature of oligodendrogliomas and occur in 50%–70% of both low-grade
and anaplastic tumors [51]. Additionally, it has been shown that 1p19q codeletion in recurrent anaplastic oligodendrogliomas has a better response to PCV
(procarbazine-lomustine-vincristine) chemotherapy. This improved survival
in tumors with 1p19q codeletion is directly linked to IDH mutation status,
where IDH mutant tumors with 1p19q codeletion have the best outcomes (representing oligodendroglial tumors), followed by IDH mutant tumors without
1p19q codeletion (astrocytic tumors), while IDH wild-type tumors have the
worst outcomes (primary GBM) [9].
MGMT (O6-methylguanine-DNA methyltransferase) is a mismatch repair enzyme suggested to remove the O6-methylguanine adducts induced by alkylator chemotherapies. Due to the repair capacity of MGMT, higher levels are
suggested to cause temozolomide (TMZ) resistance [36]. Conversely this
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means that tumor cells with low or absent MGMT expression are rendered
more sensitive to TMZ [44]. Methylation of the MGMT promoter in the CpGrich region results in epigenetic silencing (decreased expression) of the
MGMT protein. Therefore, MGMT promoter methylation is a predictive
marker for longer survival in GBM [52]. Survival almost doubles in patients
with IDH wild-type GBM (and high MGMT promoter methylation) receiving
both radiation and TMZ. As mentioned before, TERT transcription can lead
to activation of oncogenes and inactivation of tumor suppressors, which are
found in IDH wild-type and 1p19q intact primary GBMs. TERT has a dichotomous prognostic effect where it enhances sensitivity to TMZ and improves
survival in MGMT methylated tumors, while it is more resistant in unmethylated MGMT tumors [36]. Therefore, TERT promoter mutation is a predictive
marker in tumors with MGMT methylation.

A new prognostic marker
Through defective regulation of cell growth, differentiation, death and/or survival, cancer cells are capable of self-renewal and sustaining proliferation. It
is therefore important to identify key regulatory proteins and signaling pathways, not only for histological classification or predicting response to treatment, but also to unravel oncogenic mechanisms in neurogenesis. The underlying physiology during neurogenesis in CNS diseases is becoming more and
more clear. In the human CNS, neurogenesis occurs mostly in the subgranular
zone (SGZ) of the dentate gyrus (DG) in the hippocampus and the subventricular zone (SVZ) of the lateral ventricles [53], involving cell proliferation, migration, and neuronal differentiation. A mammalian transcription factor suggested to play a key role in embryonic development and adult neurogenesis of
the hippocampus is Prox1, which is commonly used as a specific marker for
the DG cell lineage [54]. Prox1, whose homolog in Drosophila is Prospero,
belongs to the family of homeobox transcription factors characterized by a
conserved homeo-domain that binds DNA and allows transcriptional regulation of other genes [55].
Prospero is a key determinant of cell fate in the Drosophila CNS [56], and
has a 65% similarity with the human Prox1 homeodomain [55]. Prospero is
found to be a critical regulator of the balance between self-renewal and differentiation in neural stem cells (NSCs) [57], and is expressed in a subset of neuroblasts, sensory neuron precursors, and glial precursors, but not in mature
neurons. Prospero suppresses self-renewal of neuroblast daughter cells and
cell cycle progression, while activating neuronal differentiation (Figure 4). On
the other hand, absence of Prospero leads to expression of self-renewal proteins, while neurons fail to differentiate [58], eventually leading to tumor-like
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masses. Lack of Prospero in the embryonic stage of Drosophila leads to tumor
formation [58].

Figure 4. Illustration of asymmetric cell division [55].

The human Prox1 gene is composed of five exons and four introns localized
on chromosome 1q32.2– q32.3 [55]. In vertebrates, Prox1 is a key regulator
for the generation of many organs during embryogenesis such as the brain,
spinal cord, retina, lens, liver, pancreas, and endothelial lymphatic system
[53]. Embryos with knock-out of Prox1 die before birth due to multiple developmental defects [59]. High protein expression of Prox1 in the mammalian
brain is found in the previously mentioned areas known to harbor neural progenitor and neural stem cells: the SVZ of the lateral ventricle wall and the
SGZ in the DG [60, 61]. Due to both the activating and repressive characteristics of the homeodomain, it is not fully clear whether Prox1 has tumor suppressive or oncogenic properties. However, just as in Drosophila, alterations
in Prox1 expression have been found to be related to a variety of cancer forms
in humans, i.e. in neuroblastoma, glioma, small cell lung carcinoma, lung carcinoid tumor, colon cancer, small intestine adeno-carcinoma, liver carcinoma,
and rhabdomyo-sarcoma [55]. Like Prospero, Prox1 is found to promote neurogenesis, to inhibit astrogliogenesis and self-renewal, to suppresses cell cycle
progression and proliferation [62], and to direct the terminal neuronal differentiation of progenitor cells into mature neurons [53]. This balance between
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progenitor cell differentiation and self-renewal is suggested through suppression of cell division by Sox1 regulating Prox1, or transcriptional regulation by
Prox1 of Notch1 [55], which is involved in stem cell self-renewal and stimulating neurogenesis. Accordingly, knock-out of Sox1 in mice accumulates
Prox1 expression levels [63], while Prox1 represses Notch1 [64].
Additionally, Prox1 has been suggested as a diagnostic marker to distinguish
low-grade from high-grade gliomas [65], because a higher malignancy grade
in gliomas is correlated to the elevated protein expression of Prox1. However,
in a subset of diffuse low-grade gliomas, prox1 protein expression was found
to be up-regulated. This subtype shows a more advanced and less differentiated phenotype, with worse prognosis and more rapidly progression to highgrade tumors [65, 66]. Recently, Prox1 expression has been suggested not only
to be a diagnostic but also a predictive marker in human gliomas [55] due to
survival disadvantage of Prox1 expression in patients with low-grade gliomas
[66]. Since this has not yet been established in higher grade gliomas, we asked
ourselves the question whether Prox1 is a predictive marker in high-grade gliomas as well. We therefore investigated the prognostic role of the transcription factor Prox1 in different cohorts of patients with GBMs, described in paper I.

32

Part IV
Radiological diagnosis
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Diagnostic imaging
Though histopathology is the gold standard for tumor grading, preoperative
noninvasive imaging parameters might be helpful in the clinical decisionmaking process. Conventional MRI provides important tumor information regarding contrast material enhancement, edema, distant tumor foci, hemorrhage, necrosis, and mass effect. Therefore, non-invasive anatomic imaging is
helpful in characterizing tumor aggressiveness and hence tumor grade [67],
showing maximum accuracy for LGG and for HGG subtypes of anaplastic
astrocytomas and GBMs of 91, 83, and 88%, respectively [68]. However,
sometimes anatomical imaging is unreliable for tumor grading, with a sensitivity in different studies ranging from 55.1% to 83.3% [67]. Low-grade gliomas are sometimes mistaken for a high-grade glioma when the glioma demonstrates peritumoral edema, contrast enhancement, central necrosis, and mass
effect. Conversely, high-grade gliomas can sometimes demonstrate minimal
edema, no contrast enhancement, no necrosis, and no mass effect, and therefore be mistaken for a low-grade glioma [67]. Therefore, more reliable noninvasive distinction between tumor tissue and the peritumoral brain tissue can
improve therapy planning of cerebral gliomas.
In low-grade gliomas, the T2-weighted fluid-attenuated inversion recovery
(T2-FLAIR) pulse sequence is the best method for noninvasively mapping of
the extent of a glioma. Additionally, a T1-weighted post-gadolinium contrastenhanced scan may also be obtained to exclude new contrast enhancement,
indicative of high-grade transformation [69]. These conventional MRI techniques, however, often underestimate the distribution of malignant cells
within the brain. Contrast enhancement on T1-weighted MRI reflects only areas of blood–brain barrier breakdown, and therefore the extent of tumor cells
infiltrating around the tumor margins is not displayed [69]. T2-FLAIR images
are used to identify non-enhancing tumor, but the diffuse infiltration of glioma
makes the differentiation of heterogeneous glioma tissue from nonspecific
changes unreliable [70], leading to the underestimation of the actual tumor
extent of gliomas [71]. Moreover, conventional MRI does not provide reliable
information on tumor physiology such as microvascularity, angiogenesis, metabolism, micronecrosis, or cellularity [67]. Therefore, additional information
is needed. Advanced imaging methods such as perfusion MRI (pMRI) and
positron emission tomography (PET) with amino acid tracers provide this
functional, physiological, and molecular diagnostic information. The tumor
border and the tumor growth pattern are important to define by noninvasive
imaging, aiding a more accurate tumor treatment planning in low-grade gliomas. This is the focus of paper II, while the relation between histological
characteristics and conventional and advanced radiological parameters is the
focus of paper III.
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Magnetic Resonance Imaging
MRI, including T1‑weighted and T2‑weighted sequences, is currently the
standard method for diagnosis and differential diagnosis of brain tumors. MRI
has excellent soft-tissue contract and high spatial resolution to detect spaceoccupying lesions in the brain [70, 72], providing anatomic information. Lowgrade gliomas show a low signal on T1- and a high signal on T2-weighted
imaging. T1 is the longitudinal relaxation time, showing cerebrospinal fluid
(CSF) as a dark area. T2 is the transverse relaxation time, showing fluid like
CSF in white matter. T2-weighted images are preferable with regard to defining tumor margins [73]. The T2-FLAIR pulse sequence is the best radiological
method for mapping the extent of a glioma (Figure 5a). By carefully choosing
the inversion time, the FLAIR method nullifies signals from fluids, such as
the CSF. However, as mentioned previously it is still very difficult to determine tumor grade, to discriminate between gliomas (i.e. to separate astrocytomas from oligodendrogliomas), or to define the exact boundaries of a glioma
due to its infiltrating character [74]. Usually, the presence of larger areas with
contrast enhancement seen on MRI is regarded as a sign of high-grade tumor.
However, the absence of contrast enhancing areas does not exclude a highgrade tumor. Previous research showed that one-third of non-enhancing tumors, presumed to be low-grade gliomas, turned out to be high-grade gliomas
after biopsy or surgery [75]. Therefore, correlation of tumor characteristics on
MRI with histological findings from stereotactic biopsies of DLGGs has been
the focus of several previous studies [76-79]. In these studies, infiltrating tumor cells were found in normal appearing T1 and T2 areas, in other words
outside the radiologically defined tumor border. These results demonstrate the
importance of more sensitive radiological tumor assessment and new imaging
techniques.

Advanced imaging
Advanced MRI methods such as pMRI and PET using amino acid tracers can
provide additional functional, physiological, and molecular diagnostic information in gliomas. [72, 80]. In pMRI, a paramagnetic contrast agent is injected
and the passage of a bolus of the contrast agent is observed via T2-weighted
imaging, a technique known as dynamic susceptibility contrast (DSC) [72]. A
valuable addition of pMRI to conventional MRI is the assessment of the relative cerebral blood volume (rCBV) due to its proven correlation with the grade
of neovascularization [81] and therefore its use in tumor grading and determination of tumor progression (Figure 5b). However, there are some methodological limitations to rCBV imaging such as standardizing image acquisition
and the processing and interpretation of rCBV due to its high sensitivity to
artifacts [82].
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A novel approach
PET using radiolabeled amino acids provides additional insight, beyond MRI,
into the metabolic activity of the tumor (Figure 5c). The use of amino acid
PET imaging, in addition to MRI, for brain tumor management is now recommended [83]. The uptake of amino acid tracers, representing metabolic activity, is low in normal brain tissue but upregulated in cerebral tumors. This is
due to the increased transport of large neutral amino through the plasma membrane, via the L-type amino acid transporter (LAT) system [84]. The high tumor-to-background contrast can help to differentiate tumor progression from
non-specific treatment-related changes [85]. The longest-established amino
acid tracer for PET is 11C methyl-l methionine (11C-MET). Hot spot areas of
amino acid uptake generally represent the most malignant part of the tumor
[86]. This information can improve planning of biopsy, neurosurgical resection, and radiotherapy (RT), to spare healthy tissue [87]. Studies using serial
stereotactic biopsies showed that 11C-methionine (MET) PET was superior to
CT or MRI with regard to delineating the tumor [88], improving the tumor
volume definition in 88% of low-grade gliomas and 78% of high-grade gliomas [89]. Additional research showed that the combination of PET and MRI
during diagnostic biopsy was more accurate than MRI alone (specificity of
94% and 53%, respectively) [90]. Recently, the tracer 18F- fluoroethyl-L-tyrosine (FET) has received increased attention [91]. FET has logistic advances
over MET due to its longer half-life and is now widely used for the clinical
management of gliomas [72]. To date, there have been a number of PET studies that compared histological data provided by biopsy or surgery with the
amino acid uptake [88, 90, 92, 93], demonstrating that the uptake reflects the
solid mass of gliomas and metabolically active tumor areas. Although the
combination of MRI and PET has proven to be more specific than MRI alone,
, an exact correlation has not yet been described between imaging findings in
MRI, the metabolic changes of amino acid uptake, and histological characteristics in these heterogeneous tumors with the use of biopsies. The relation between histological characteristics and conventional and advanced radiological
parameters was the focus of paper III, where a new method is introduced for
direct local comparison of subsequent areas.

Figure 5. (a) T2-weighted FLAIR MRI shows a tumor in the right frontal lobe.
(b) DSC perfusion MRI with rCBV greyscale map corresponding to the PET
hotspot (c) MET PET shows the hotspot region of the tumor.
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Part V
Clinical aspects and seizure semiology
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Seizure semiology of gliomas
One of the first tumor-related symptoms of a cerebral lesion is an epileptic
seizure [94]. Because of the presence of an enduring alteration in the brain
(i.e. the tumor) [95]. The incidence of epilepsy and epileptic symptoms depends on several aspects such as tumor subtype, grade, and location. First,
seizures are classified into focal onset, generalized onset, and unknown onset
[96]. Second, epilepsy types are classified as focal, generalized, combined
generalized and focal, and unknown [97]. Epilepsy can include multiple types
of seizures, which can be seen on electroencephalography. In focal epilepsies,
unifocal and multifocal disorders can include a range of seizure types such as
focal aware seizures, focal impaired awareness seizures, focal motor seizures,
focal non-motor seizures, and focal to bilateral tonic-clonic seizures [96]. Focal onset seizures are most common (60–95% [94]), and are divided into
aware and impaired awareness seizures [97]. Generalized epilepsies have no
apparent cause, including a range of seizure types such as absence, myoclonic,
atonic, tonic, and tonic-clonic seizures [96]. In regard to tumor grade, slow
growing low-grade glioma are more epileptogenic than high-grade gliomas
[98]. Seizures with no impairment of consciousness are most common in patients with high-grade gliomas. Impairment of consciousness, followed by involuntary movements or automatisms are more frequent in low-grade gliomas
[99]. Regarding tumor subtype, epileptic seizures are more common in oligodendrogliomas than in astrocytomas [100]. The brain has a cortical adaptor
mechanism that makes it possible for it to reorganize itself in the case of slowgrowing low-grade gliomas owing to its plasticity. In the case of high-grade
gliomas, the brain does not have or has only a limited ability to adapt, causing
more neurological deficits in patients with fast growing brain tumors, such as
GBMs [101, 102].
In general, seizure semiology is said to reflect the specific location of the tumor related to the organization of cortical brain functions [103]. The most
common location of a LGG is the frontal lobe which is strongly associated
with asymmetric tonic seizures [104], causing speech arrest or motor agitation.
Patients with temporal lobe seizures typically report symptoms consisting of
déjà vu phenomena and visceral sensations such as epigastric rising, gustatory
or olfactory auras [99], which are very similar to the epileptic phenomena related to the insular cortex. Sensorimotor deficits, cognitive impairment, and
language disorders are often more common in elderly patients with LGG,
demonstrating the age-related differences [105] and their importance for oncological treatment. At present, the exact origin and mechanisms of human
glioma-related epilepsy are unknown, although it has been suggested that glioma growth stimulates seizures, and that seizures encourage glioma growth
[106]. Therefore, antiepileptic drugs, surgery, radiotherapy and chemotherapy
can significantly improve seizure control and glioma growth [107].
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Brain connectivity in epilepsy
Understanding the connectivity of the human brain is of importance for predicting tumor behavior and the planning of biopsies and treatment. Studying
forms of epilepsy can shed a new light on current perspectives about the brain,
and provide information regarding the yet unknown origin and mechanisms
of human tumor-related epilepsy. A very rare form of epilepsy is the state of
consciousness during focal epilepsy with ecstatic seizures. Patients experiencing this form of epilepsy describe feelings of absolute well-being, intense serenity, bliss, and “enhanced self-awareness” [108]. A feeling not comparable
to any other stimuli. At present, there are only 52 known cases described in
the literature of patients who have experienced ecstatic seizures [108]. To understand the functional connectivity of the human brain, attempts have been
made to identify the anatomical structures of the human brain [109] (Figure
6), as well as the structures involved in this complex semiology of ecstatic
seizures [108, 110].

Figure 6. White matter fiber architecture from the Connectome Scanner data set. Image subtracted from
http://www.humanconnectomeproject.org

Previous research has provided conflicting results with no clear lateralization
of brain lesions to one hemisphere of the brain as the origin of the ecstatic
seizures. However, there are studies suggesting an emotional lateralization of
the brain with favorable euphoric-left and dysphoric-right distribution in the
brain [111]. Previously, the origin of ecstatic seizures was linked to one specific location, the temporal lobe [110, 112]. Modern technical advances in
multimodal brain imaging have provided new evidence pointing to other regions [113]. Despite the notion that seizure semiology is known to reflect the
specific location of the tumor and its organization of cortical brain functions,
this phenomenon seems rather to be a combination of several functional networks (e.g. sensorimotor, auditory, visual, attentional, salience, or default
mode networks) [114-118]. This suggests that ictal activity of ecstatic epileptic seizures is a dynamic interplay between the anatomical region of seizure
onset and connected target areas within the network [119, 120], providing evidence for a rather complex functional connectivity behind each symptom
[121-127]. A better understanding of human brain connectivity and its relation
to specific forms of epilepsy therefore has an impact on tumor treatment planning. In order to provide a better understanding of the anatomical networks of
the human brain, we studied this rare form of epilepsy in a unique opportunity
described in paper IV.
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Part VI
Therapeutic management
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Glioma treatment
As previously mentioned, the natural history of diffuse low-grade gliomas varies greatly. Therefore, tumor treatment has no optimum management and
needs to take into account a range of tumor-related and treatment-related factors that could influence clinical outcomes [128]. Tumor histology based on
examination of a biopsy of tumor tissue is a primary predictor of patient prognosis. Stereotactic biopsy guided by structural and metabolic imaging
(MRI/PET) is today the most common method used due to its high reliability
and low-risk. This new method is less invasive and has greater precision than
open biopsy via craniotomy [129]. Prognosis according to the histological information determines therapy. Tumor treatment is based on different strategies such as watchful waiting, radical surgery, radiotherapy, chemotherapy, or
a combination of these [107]. Subtype specific treatment of gliomas is shown
in Figure 3.

Surgery
Because of their growth pattern (Figure 7), gliomas of grades II, III, or IV
cannot be cured by resection. However, surgery can improve neurological deficits, seizure control, and achieve cytoreduction of the tumor mass with the
aim of prolonging patient survival. Nowadays, this is done through the removal of all T2/FLAIR-hyperintense tissue (in WHO grade II and III tumors),
or of all contrast-enhancing tissue (in GBM), while minimizing neurological
risk for the patient [129]. Early and maximum tumor resection has a favorable
impact on survival by delaying malignant transformation from low- to highgrade gliomas [130]. Supratotal resection, that is, resection of the tumor together with a margin outside the radiological border, has additional benefits
[131]. Tumor cells have been shown to be found up to 26 mm beyond MRIdefined abnormalities, where the supratotal resection is suggested to remove
these scattered tumor cells outside the radiological defined tumor border [79].
In primary treatment of WHO grade II and WHO grade III gliomas, the maximal resection of more than 90% tumor tissue, that is visible in T2/FLAIR
weighted MRI, improved the 5- and 8-year overall survival of patients to 97%
and 91%, respectively, compared to 76% and 60% with a lesser extent of resection [129]. However, the infiltrative character of low-grade gliomas together with the limited plasticity of the white matter represents a major challenge to the resection of tumors with infiltration of subcortical pathways. Additionally, the invasion rate of glioma cells in the white matter is about five
times higher than in the gray matter [132]. In GBM, complete removal of tissue with a disrupted blood brain barrier, and additional radiotherapy, improved overall survival from 12 to 15 months [129, 133]. Despite the beneficial effect of early and supratotal resection on survival, brain surgery itself
may cause neurological impairment, cognitive disabilities, and impaired quality of life. Especially tumors infiltrating eloquent areas of the brain require
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selective removal of tumor tissue without affecting the surrounding nonmalignant brain tissue [128]. After surgical treatment, follow-up MRI is performed every 4 to 6 months in patients with WHO grade II or grade III tumors
and every 3 months in patients with WHO grade IV tumors, depending on
their clinical condition.

Figure 7. Illustration of growth pattern of diffuse gliomas [134]. Left: Histologically
diffuse low-grade glioma (Astrocytoma, Oligodendroglioma, Mixed glioma). Right:
High-grade diffuse glioma (Glioblastoma, Anaplastic Oligodendroglioma).

Radiotherapy
For progressive and inoperable gliomas, as well as to prevent recurrences of
gliomas, local radiotherapy is given. The main goal of radiotherapy in general
is to achieve cell death by damaging DNA. Local radiotherapy of the tumor
region or tumor bed is performed in the immediate vicinity of the primary
tumor [28, 129]. Fractionated radiotherapy of gliomas is now a standardized
method, with total radiation doses of 50 Gy (for WHO grade II tumors) and
60 Gy (for WHO grade III and IV tumors) [129]. Treatment time is 5 to 6
weeks, with a daily individual doses of 1.8 to 2.9 Gy 5 days per week. Depending on age, a briefer course of hypofractionated radiotherapy is performed. In patients over age 60, a 10 x 3.4 Gy is given over a period of 2weeks
[129].

Chemotherapy
For gliomas, chemotherapy with the alkylating drug TMZ is the standard
chemotherapeutic drug for treatment. TMZ is an oral alkylating agent causing
impaired DNA replication and triggers cell death. In addition, a combination
of procarbazine, lomustine, and vincristine (PCV treatment) is used. Adjuvant
TMZ following radiochemotherapy (RCT) has been showed to be superior to
PCV in the treatment of anaplastic astrocytomas and GBMs (the so-called
Stupp protocol [135]), while PCV is used mainly for oligodendroglial tumors
[129]. Oligodendrogliomas with a 1p/19q codeletion show a high-sensitive
response to chemotherapy with PCV [136, 137], underlining the importance
of molecular parameters in glioma treatment.
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Informed decisions combining all possible information are therefore of high
importance for tumor treatment. In paper II and paper III, we studied tumor
behavior, such as tumor growth pattern and tumor invasion, in order to improve tumor treatment planning and to deepen our understanding of advanced
imaging techniques. In paper IV, we describe a rare form of epilepsy to provide a deeper understanding of the human brain connectivity.

44

Part VII
Present investigations
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Aims of this thesis
This thesis has several aims intended to deepen our understanding of tumor
growth, radiological tumor assessment, and anatomical connectivity of the
brain, to benefit precision medicine.
The aim of this thesis was to:
1. Provide further evidence of the importance of molecular classification
by demonstrating PROX1 as a novel pathway-prognostic marker in
high-grade astrocytomas.
2. Detect tumor cells outside the radiological border in LGGs.
3. Provide a deeper understanding of the metabolic imaging parameters
and perfusion, and compare these with histopathological tumor characteristics throughout the whole tumor.
4. Provide evidence for a possible anatomical network behind a complex
epileptic syndrome.
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Scientific questions
Paper I
PROX1 has been ascribed suppressive as well as oncogenic roles in several
human cancers, including brain tumors. Does PROX1 expression correlate
with patient survival, not only in low-, but also in high-grade astrocytomas?
Is there an age dependency? Are there pathway-specific differences?
Paper II
Given that MRI tends to underestimate the extent of DLGGs, how far can cells
be found outside the radiological border? How does radiology reflect the tumor growth pattern? What are the clinical implications of these findings?
Paper III
Oligodendrogliomas are heterogeneous tumors in terms of imaging appearances. How is the tumor heterogeneity reflected on 11C-methionine (MET)
uptake? Which histological and radiological parameters show strongest correlated with MET uptake? What are the clinical implications of these findings?
Paper IV
The origin of ecstatic seizures has previously been linked to several areas in
the brain. Can ecstatic epilepsy be designated to a single trigger zone? Or is it
rather a dynamic interplay of different areas? How does the brain connectivity
reflect seizure semiology changes?
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Paper I: A pathway-specific prognostic marker
In the present study, we investigated whether Prox1 is a prognostic factor
for patients with high-grade astrocytomas, something that has previously
been demonstrated in low-grade gliomas [66]. In three consecutive steps,
we showed that PROX1 protein levels correlated with survival for patients with IDH-mutant high-grade astrocytomas, but not for patients
with primary GBMs. These findings were confirmed by PROX1 gene expression analysis in tumors extracted from The Cancer Genome Atlas
(TCGA) that were 1p19q non-codeleted and stratified by IDH mutation
status. Together with the previous studies in low-grade gliomas, we conclude that PROX1 is a pathway-specific marker for IDH-mutant, 1p19q
non-codeleted astrocytomas that may be used to identify high-risk patients.
To date, there are few clinically useful markers to predict survival and/or individual response to treatment, or guide clinical management of patients with
high-grade gliomas [138]. Like other homeodomains containing proteins,
Prox1 is said to be able to both activate and repress transcription of genes in a
context- and tissue-dependent manner. Prox1 is shown to be involved in developmental processes such as cell fate determination, gene transcriptional
regulation, and progenitor cell regulation [55]. However, the relationship between Prox1 and cancer is complex, and Prox1 can exhibit either tumor suppressing or oncogenic properties, depending on cancer type.
Patient age is not only associated with glioma incidence [139], but also a predictor for survival in glioma types [140]. Additionally, there is increasing evidence for fundamental molecular differences between different age groups
with high-grade gliomas. Age-related changes in the microenvironment of
neuro-progenitor cells are thought to contribute to the increased cancer risk in
the older brain [141]. As mentioned earlier, Prox1 has been assigned a role as
both a diagnostic as well as a predictive marker in gliomas. Protein expression
of PROX1 is upregulated in high- compared to low-grade gliomas, whereas a
higher expression in low-grade gliomas been shown to be associated with
poorer survival. Since the survival benefit of Prox1 has not yet been established in higher grade gliomas, we asked ourselves the question whether Prox1
is a predictive marker in high-grade gliomas as well. Therefore, in this study
we investigated the prognostic role of the transcription factor Prox1 in different cohorts of patients with GBM.
In order to study the survival effects of PROX1 gene expression, we examined
a total of five different cohorts. 1) 86 unselected high-grade astrocytomas tumor samples from a representative group of IDH1 immunopositive
(mIDH1R132), and IDH1/2-mutated 1p19q non-codeleted tumors in our tissue microarrays (TMAs) (Figure 8). 2) 174 IDH1- R132H1 immunonegative
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GBMs derived from patients aged 60 years and older enrolled in the Nordic
phase III trial of elderly patients with newly diagnosed GBM. 3) 80 IDHwildtype GBMs from a different cohort of patients aged 18–60 years. 4) A
combined focus on the population of IDH-mutant anaplastic astrocytomas and
GBMs. We selected 19 IDH-mutant 1p19q non-codeleted high-grade astrocytomas from the younger cohort, and 15 high-grade astrocytomas immunopositive for mIDH1R132 from the trial in the elderly. 5) To verify our results, we
extracted 34 IDH-mutant 1p19q non-codeleted anaplastic astrocytoma and
GBMs from TCGA.

Figure 8. TMA of high-grade astrocytoma showing PROX1 expression.

We initially screened 86 unselected high-grade astrocytomas. As expected, we
found the age of the patient to be a prognostic factor for survival in our cohort
of unselected high-grade astrocytomas, whereas, surprisingly, PROX1 expression did not seem to have any benefit with regard to survival.
These findings in the screening cohort prompted us to study two age-specific
cohorts (younger patients (≤ 60 years) with IDH-wildtype GBM and elderly
patients (> 60 years) with newly diagnosed GBM) to determine a possible age49

related benefit of PROX1 protein expression on patient survival. In neither of
the age-specific cohorts were we able to demonstrate a possible benefit of
PROX1 protein expression on survival.
We then questioned whether survival benefit related to PROX1 expression
might be pathway dependent, and studied the combined population of IDHmutant anaplastic astrocytoma and GBMs from both the younger cohort and
the trial in the elderly. Here, we found that patients with high PROX1 protein
expression showed statistically significantly shorter survival, demonstrating a
possible pathway-specific effect of Prox1 on survival. On the other hand, low
PROX1 protein and younger age were associated with statistically significantly longer survival.
To validate the findings for PROX1 in IDH-mutated high-grade astrocytomas,
we used TCGA database (http://gliovis.bioinfo.cnio.es/). As expected,
PROX1 gene expression was identified as an independent prognostic factor
together with MGMT promoter methylation and WHO grade in IDH-mutant
astrocytomas grade III and IDH-mutant GBMs. Additionally, age was identified as an independent factor for prognosis in IDH-wildtype GBMs derived
from TCGA, whereas PROX1 gene expression was not correlated with survival in these tumors.
To summarize, our cohorts provide evidence that PROX1 is a predictor for
survival in high-grade 1p19q non-codeleted astrocytomas that are IDH-mutant
and are most common in younger patients with a history of prior low-grade
gliomas (secondary GBM). Our study does not provide evidence that PROX1
is an age-dependent prognostic marker in primary GBMs.
In conclusion, the transcription factor PROX1 with a widespread role in CNS
development is a prognostic marker for IDH-mutant anaplastic astrocytomas
(secondary GBMs) that evolve through multi-step genetic alterations over
time. The diverting roles of PROX1 in IDH-mutant and IDH-wildtype astrocytomas may be related to different epigenetic regulatory mechanisms between these tumor types. IDH-wildtype GBMs predominate in elderly patients
who generally have a higher degree of genomic methylation [142]. Promoter
hypermethylation may be a regulatory mechanism for PROX1 that is tumor
type specific, depending on cellular context and specific signaling pathways
[143]. As mentioned earlier, although PROX1 protein levels are lower in
diffuse low-grade gliomas than in high-grade gliomas, there is a subset of
low-grade gliomas with up-regulated PROX1 expression showing worse
prognosis and more rapid tumor progression [65, 66], indicating, also here, a
pathway-specific effect of PROX1. Together with the previous study in lowgrade gliomas [66], we propose that PROX1 is a clinically valuable marker to
predict the course of disease in patients with astrocytomas. Future studies are
50

needed to clarify the role of PROX1 and the mechanisms by which PROX1
leads to tumor progression and affects clinical outcome in this patient group.
Identification of distinctive molecular pathways can introduce new concepts
for therapeutic management based on the clinical diversity of these tumors and
provide useful information that will aid in the discovery of novel cellular and
molecular mechanisms involved in adult neurogenesis.
Additionally, whether PROX1 is a lineage-specific prognostic marker (i.e. for
astrocytomas but not for oligodendrogliomas) is still unknown and needs to
be studied further. We extracted preliminary data from TCGA to display a
statistically significant correlation between PROX1 gene expression and survival for patients with IDH-mutant, 1p19q non-codeleted low-grade astrocytomas, but not with IDH-wildtype or 1p19q codeleted low-grade gliomas.
These results may indicate that the prognostic impact of PROX1 in low-grade
gliomas is also pathway dependent, consistent with our findings in high-grade
astrocytomas.
TCGA is a collection of comprehensive, multi-dimensional maps of the key
genomic changes in 33 types of cancer (http://cancergenome.nih.gov/). It is
the result of a collaboration between the National Cancer Institute (NCI) and
the National Human Genome Research Institute (NHGRI). TCGA dataset has
publicly available genomic data to help the cancer research community improve the prevention, diagnosis, and treatment of cancer. Several studies have
been conducted based on TCGA database. Here, we used TCGA database as
a verification and validation of our patient cohorts.
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Paper II: Tumor growth and invasion
In this study, we developed and applied a new method for the co-registration of MRI and histological data in DLGG. We found that this method
is a useful aid in evaluating the growth pattern of these tumors in relation
to radiological findings because it illustrates the characteristic tumor infiltration of the white matter tracts and the extension of tumor cells outside the radiological border.
Agreement between histopathology and noninvasive imaging parameters prevents misclassification and undergrading during biopsy or partial tumor resection [144, 145] and is needed in clinical decision making. Additionally, surgical resection, biopsy, and radiation therapy planning in cerebral gliomas depend on reliable noninvasive distinction between tumor tissue and the peritumoral brain tissue. Therefore, with the method presented in this study, the
sensitivity of several imaging techniques with regard to detecting infiltrating
tumor cells can be further evaluated. Diffuse infiltration of glioma (Figure 7)
makes the differentiation of heterogeneous glioma tissue from nonspecific
changes or surrounding edema unreliable [70], leading to the underestimation
of the actual tumor extent of gliomas using T1‑weighted and T2‑weighted
MRI sequences [71]. An attempt to correlate tumor characteristics on MRI
and the histological findings in DLGGs has been the focus of previous studies
[76-79]. Despite clear radiological tumor borders, tumor cells were found in
normal-appearing brain outside these borders. However, these studies were
performed using biopsies or partial tumor resection only. In our research, we
describe a more direct method for co-registration of histological data with
MRI of DLGGs removed en bloc, which has not been previously reported.
We correlated MRI findings with histological
data to study the presence of tumor cells outside the radiological border in patients with
suspected DLGGs in whom en bloc resections
were performed (Figure 9). Five patients were
Figure 9. En bloc tumor rerecruited from a longitudinal follow-up study
section from our studies.
of adults with DLGGs at our hospital [74].
The complete en bloc tumor resection included a margin of normal appearing
brain located outside the radiological border. Neuropathological assessment
confirmed DLGG in four patients and revealed progression to WHO Grade III
glioma in one patient.
Prior to surgery, patients were examined with 3T MRI (Philips Achieva). Morphological MRI sequences including sagittal and axial T2-weighted turbo spin
echo (SE), coronal and axial T2-FLAIR, axial T1-weighted SE before and after contrast injection, and sagittal T1-weighted 3D turbo field echo after contrast injection [74]. Radiological tumor borders were manually delineated on
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T2-FLAIR sequences at the transition between high signal intensity and normal parenchymal signal intensity based on visual evaluation. In addition to the
histopathological diagnostics, immunostaining with IDH1-R132H was performed on all histological sections. For the co-registration, pre- and postoperative coronal MR images were oriented in the same direction as the histological sections. Then, the scanned IDH1 images were overlaid on the coronal
radiological images using Photoshop CC (Adobe Systems Software), and the
radiological tumor border was manually marked on the corresponding IDH1
image.
We found that the histological tumor core (area with the highest density of
tumor cells) was located in both gray and white matter. Most importantly, we
demonstrated that in all samples, tumor cells were found outside the radiological border at a maximum distance of 1.4 cm from the radiological border
(Figure 10). In one sample, an area with high tumor cell density and low signal
on T2-FLAIR MRI was found outside the radiological border in the white
matter (Figure 11, Left), which had not been detected on preoperative FLAIR
sequences (Figure 11, Right). In all cases, the infiltrating tumor cells followed
the white matter tracts. Tumor cells were concentrated in the periphery of the
tracts, with the highest density in the most peripheral parts. Tumor cells did
not cross the pia mater in the sulcus, resulting in a notable difference in tumor
cell density in the gray matter of two adjacent gyri.
The co-registration of histological data with MRI of DLGGs removed en bloc
as described here has not been previously reported, but the correlation between
the tumor characteristics on MRI and the histological findings in DLGGs has
been the focus of previous studies [76-79]. In these studies, tumor cells have
been demonstrated outside the radiological tumor borders, which is confirmed
in our study using a detailed comparison between the histological properties
of specific intra- and peritumoral regions and the corresponding signal
changes on MRI. We showed a relatively large area of high-density tumor
cells outside the radiological border, which had appeared normal on preoperative T2-weighted FLAIR images (Figure 11), supporting the notion that
FLAIR sequences are not sensitive enough to accurately detect the infiltration
of tumor cells.
Infiltrating tumor cells were detected in the white matter tracts in all cases in
the present study, in line with the previous studies [146-148]. Interestingly, in
two of the cases, the white matter tracts were only partly infiltrated, mostly in
the peripheral fibers of the white matter tracts. It is likely that this limited
infiltration of the white matter reflects an early stage of tumor invasion. To
spread to the adjacent gyrus, tumor cells followed the white matter tracts. They
reached the molecular layer of cortex but did not infiltrate the pia mater. It is
discussed whether short and intracortical U-fibers are the most probable way
of diffusion for tumor cells between two adjacent gyri [149-151]. Differences
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in tumor genotype and phenotype are associated with different invasion patterns in DLGG [152]. It has previously been shown that oligodendrogliomas
have a preference for the white matter regions, while low-grade astrocytomas
are more often located close to the lateral ventricles [153]. In addition, the site
of origin is also thought to affect the growth properties of the tumor [148, 154,
155]. Previous research demonstrated that different proteins can guide the migration of cells [152, 156, 157]. For example, metalloproteinases, expressed
by the tumor cells, may enhance the spread of glioma cells in the white matter
[158, 159].
Tumor treatment is dependent on a better understanding of the behavior of
tumor cells beyond the radiological border, enhancing the possibility of performing a radical tumor resection. Our findings indicate that the extension of
surgery for DLGGs should not be limited to the radiological border as delineated on T2-FLAIR MRI sequences, and they support the concept of supratotal
resection, which is also supported by previous studies [160]. Performing supratotal resection is crucial for improving the prognosis of patients with
DLGG because it has a positive influence on the time to anaplastic transformation [23, 107, 161-164]. Finally, large tumor resections provide more reliable representative samples for histopathological tumor diagnosis. When tissue loss is minimized and the whole tumor can be analyzed, the probability of
a correct diagnosis with respect to tumor grade and focal signs of anaplastic
transformation is augmented, preventing misclassification [165]. These results
show the importance of a combination of radiological and histological tumor
characteristics. Molecular and radiological parameters may become more important during radiological tumor assessment and tumor treatment.
Additionally, the tumor is expected to be visible on T2-FLAIR MRI if the
tumor cell density is above a certain value, that is, the “visibility threshold.”
In addition to the cell density, the MRI signal is influenced by several other
factors, including the water content of the tissue [166]. Another potential
tool for identifying infiltrative tumor cells is PET using amino acid tracers.
Due to the low background activity of 11C-l-methionine, these tracers are
considered reliable options in detecting the most malignant portion of the tumor.

Figure 10. Tumor cells outside
the radiological border.
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Figure 11. Radiological tumor border (blue line)
and histological tumor border (dotted line).

Paper III: Intra-tumoral heterogeneity
In this study, we further developed our method of co-registration, and
investigated intra-tumoral 11C-methionine (MET) uptake in relation to
tumor perfusion and the protein expression of histological cell markers
in corresponding areas of oligodendrogliomas. Using PET-to-MRI-toHistology co-registration, we demonstrate that the MET uptake throughout the whole tumor reflects the tumor cell density of oligodendrogliomas.
Vessel density and the density of proliferating cells are less stringently
correlated with MET uptake and are probably more susceptible to artifacts caused by larger blood vessels surrounding the tumor.
Oligodendrogliomas are heterogeneous tumors in terms of imaging appearances, whereas diffuse infiltration of glioma makes the differentiation of heterogeneous glioma tissue using conventional MRI unreliable [70]. PET with
amino acid tracers circumvents this problem since the uptake of amino acid
tracers is low in normal brain tissue but upregulated in cerebral tumors [84].
This high tumor-to-background contrast can help to differentiate tumor progression from non-specific, treatment-related changes [85]. Several studies
have tried to compare histological data with the amino acid uptake [88, 90, 92,
93], these studies demonstrate that the uptake reflects the solid mass of gliomas and metabolically active tumor areas. Additionally, the uptake of amino
acid tracers measured by PET has been suggested as an indirect measure of
microvessel density [167], proliferation, tumor cell density, and vessel density
[168-175]. However, these studies are contradictory and mostly based on biopsies, while an exact correlation between imaging findings in MRI, metabolic changes of amino acid uptake, and histological characteristics in these
heterogeneous tumors has not yet been described.
In order to provide the proof-of-concept of how MET uptake and rCBV reflect
the cellular heterogeneity in oligodendrogliomas, we evaluated the entire volume in en bloc resected oligodendrogliomas. We further developed our
method used in paper II to perform a region-by-region comparison of histological and advanced radiological parameters. We used consecutive histological sections in a series of en bloc resected oligodendrogliomas, described previously. We analyzed the intra-tumoral uptake of the amino acid tracer 11C
methyl-l methionine (11C-MET) uptake in PET, tumor perfusion (rCBV) on
MRI and the protein expression of histological cell markers.
First, we immunostained all sections of four tumors covering the entire en bloc
removed tumor, with antibodies against IDH1-mutated protein (tumor cells),
Ki67 (proliferating cells) and CD34 (blood vessels). The subsequent histological images were co-registered with each other, using an in-house developed
software, to quantify protein expression of the histological cell markers. Hereafter, the histological images were overlaid on corresponding MET PET scans
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and MRI perfusion maps. We then selected regions of interest (ROIs) on PET
throughout the entire tumor volume. The ROIs covered hot spot areas (known
to generally represent the most malignant part of the tumor [86]), areas adjacent to hot spots, and tumor borders with infiltrating zone. We also determined
MET uptake (tumor-to-normal tissue ratios) and mean relative cerebral blood
volume (rCBV) in these ROIs, which were compared to the protein expression
of histological cell markers in the corresponding regions.
We first investigated whether MET uptake throughout the whole tumor reflects tumor cell density using a total of 84 ROIs in four oligodendrogliomas.
In our study, we found that MET uptake was indeed correlated with tumor cell
density in each of the tumors studied. By using the antibody against IDH1mutated protein as a marker for tumor cells, we confirmed previously established correlations between MET and cell density [86], and extended these
findings to a correlation between MET and tumor cell density in oligodendrogliomas.
Since the development and maintenance of an adequate blood supply are essential for tumor growth and invasion [175-177], cell proliferation and angiogenesis have been suggested to explain the generally higher MET uptake in
oligodendrogliomas compared to astrocytomas [86, 178]. Indeed, we showed
that MET uptake correlated with vessel cell density, as well as proliferating
cell density, in two tumors with consistently decreasing rCBV values in relation to the tumor core. Our results confirm previous findings and show that
MET uptake is a measure for not only tumor cell density, but also microvessel
density in regions outside the hot spot and in peritumoral areas. In the other
two tumors, we noticed an unexpected increase of rCBV values in the peritumoral region. The lack of significant correlations between MET-CD34 and
MET-Ki67 was due to partial volume effects from adjacent cortex and large
vessels in this region. It is likely that the increased count for microvessels and
proliferating cells in the tumor periphery are not true histological representations, explaining the lack of statistically significant correlations between
MET-CD34 and MET-Ki67 in these tumors.

Figure 12. Co-registration of MRI,
PET and corresponding histological
images with defined ROIs (ROI1,
red and orange; ROI2 yellow, ROI3
green)
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To conclude, we complemented previous reports correlating MET uptake with
histological parameters. We demonstrate that the MET uptake in hot spots,
outside hotspots, and in infiltrating tumor edges unanimously reflects the tumor cell density of oligodendrogliomas. The correlation between MET uptake
and vessel density and density of proliferating cells is less stringent in infiltrating tumor edges and is probably more susceptible to artifacts caused by
larger blood vessels surrounding the tumor. A better understanding of noninvasive tumor distinction could improve the planning of biopsy, neurosurgical
resection, and radiotherapy and to a greater extent to the sparing of healthy
tissue [87].
The novelty of the present study lies in the use of en bloc resected tumors,
representing the concept of supra-total tumor resections, whereas previous
studies have all been based on limited, less representative tumor tissue [93].
Our model also illustrates a novel way for evaluating imaging parameters with
respect to the intra-tumoral heterogeneity of gliomas.
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Paper IV: A dynamic interplay
In this study, we investigated a possible network involved in a rare form
of epilepsy. We describe changes in ecstatic seizure semiology and MRI
connectivity during three different time periods, prior to and after the
surgical removal of a hypothalamic hamartoma. We carefully suggest
that a balance of the networks between the thalamus, the brain stem, and
the frontal lobe is crucial with regard to experiencing gelastic and ecstatic
seizures. We hypothesize a possible connection between gelastic and ecstatic seizures, where it seems that the frontal lobe functions as a negative
reinforcer, while activation of the brain stem in combination with the
gelastic component is a possible positive reinforcer of an ecstatic seizure.
This new information about the possible organization supports the hypothesis that the complex pattern of symptoms seen in patients with ecstatic epileptic seizures is a network, rather than just a single trigger zone.
As mentioned in section V, epileptic seizures are one of the first tumor-related
symptoms [94] that are due to an alteration in the brain (i.e. the tumor) [95].
Complex focal seizures involve impairment of consciousness, followed by involuntary movements or automatisms [99], generally reflecting the specific
location of the tumor related to the organization of cortical brain functions
[103]. For example, the frontal lobe is strongly associated with speech arrest
or motor agitation [104]; the temporal lobe with symptoms consisting of déjà
vu phenomena and visceral sensations such as epigastric rising and gustatory
or olfactory auras [99], similar to the insular cortex. At present, the exact
origin and mechanisms of human tumor-related epilepsy is unknown, and research is difficult due to the plasticity of the brain, which makes it possible for
the brain to can reorganize itself in the event of slow growing tumors. We
have mentioned before that it is important to understand the connectivity of
the human brain in order to predict tumor behavior, planning of biopsy, and
tumor treatment. Therefore, rare forms of epilepsy can shed a new light on
current perspectives about the brain and provide information on the yet unknown origin and mechanisms of human tumor-related epilepsy.
In this paper, we studied a unique opportunity provided by a case of ecstatic
epilepsy to reveal a possible network behind this epilepsy. We describe a clinical/neurological longitudinal follow-up study of a patient with a history of
gelastic and ecstatic seizures. A gelastic seizure is a “desire or pressure to
laugh”, that often occurs without any “funny” emotion, in contrast to ecstatic
seizures [179]. The uniqueness of this study lies in the disappearance and later
reappearance of the ecstatic phenomenon in relation to the treatment of a hypothalamic hamartoma. We merged data from MRI investigations performed
at three different time points with clinical information on presurgical semiology and its development 1 year and 11 years after surgery. Normally, neural
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tracts could be visually represented using a 3D modeling technique called tractography based on diffusion-weighted images (DWI). Artifacts caused by a
vagus nerve stimulator prevented us from using this technique. To circumvent
this problem, we used a previously described tractographic template [109] to
reconstruct the white matter connectivity in relation to the tumor lesion.
Therefore, we created a ROI of the lesion volume from the native MRI sequences within the Montreal Neurological Institute (MNI) space. We then reconstructed the white matter bundles, according to the ROIs in our MRI investigations, with the white matter architecture of an average brain from the
Human Connectome Project (HCP) template.
In our connectivity analysis, we found that three potential areas were possibly
involved in the clinical course of the gelastic and ecstatic seizures: the left
superior frontal gyrus, the brainstem, and the left thalamus. During the presence of the seizures, the white matter pathways between hypothalamus-thalamus and brainstem were particularly evident. The absence of the seizures in
the postoperative period seemed to be connected with the predominant involvement of the fronto-thalamic-brainstem network. Therefore, we carefully
suggest that a balance of the networks between the thalamus, the brain stem,
and the frontal lobe seemed crucial with regard to experiencing gelastic and
ecstatic seizures. Our results suggest a possible connection between gelastic
and ecstatic seizures, where the frontal lobe is involved in the inhibitory effect/negative reinforcement, and the activation of the brain stem in combination with the gelastic component is a possible positive trigger/reinforcement
of an ecstatic seizure [180]. These findings support the hypothesis that these
phenomenon seem to be a combination of several functional networks (e.g.
sensorimotor, auditory, visual, attentional, salience, or default mode networks) [114-118], with a complex functional connectivity behind each symptom [121-127]. This new information about the possible organization supports
the notion that it is a dynamic interplay rather than just a single trigger zone
that produces the complex pattern of symptoms seen in patients with ecstatic
epileptic seizures. The opportunity to study this rare form of epilepsy may add
to a better understanding of the human brain connectivity and its relation to
specific forms of epilepsy, possibly impacting tumor treatment planning.
The Human Connectome Project (HPC) is a project to construct a map of the
complete structural and functional neural connections in vivo within and
across individuals (Figure 6). In this map, the connectivity of 500 healthy subjects is reconstructed [109, 181]. In our project, we used reconstructed data
from 488 subjects, which were averaged to create a representative HCP-488
atlas. Hereafter, a deterministic fiber tracking algorithm was used [181]. ROIs
from our own MRI investigations were placed within this template and used
for the segmentation of the HPC’s white matter connectivity, which may have
been influenced by the tumor area of our patient at three different times investigated.
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Concluding remarks

The work in the four studies forming this thesis touches on several concepts
related directly or indirectly to the clinical management of gliomas (Figure
13). This thesis provides further insight into the use of intelligent integration
of morphological, molecular, radiological, and clinical information for precision medicine. The research presented here is built upon a wide spectrum of
interest, tackling a variety of different methodological challenges in order to
provide answers to the questions raised.
First, we provide additional information on the importance of molecular glioma classification. We demonstrate that Prox1, a transcription factor involved
in developmental processes, may have novel pathway-specific benefits as a
marker. We provided proof for the use of Prox1 to predict the course of disease
in patients with astrocytomas and concluded that the identification of distinctive molecular pathways can introduce new concepts for therapeutic management, based on the clinical diversity of these tumors.
Second, we defined the diffuse tumor characteristics of low grade gliomas by
studying the presence of tumor cells outside the radiological border in en bloc
tumor resections. We support the notion that T2-FLAIR sequences are not
sensitive enough to accurately detect the infiltration of tumor cells because
they consistently show that tumor cells appear normal outside the radiological
tumor border on preoperative images. Interestingly, we found that tumor cells
followed the white matter tracts to spread to the adjacent gyrus, instead of
infiltrating the pia mater. This information shows the importance of a combination of radiological and histological tumor characteristics, leading to a better
understanding of the behavior of tumor cells beyond the radiological border.
This knowledge could improve tumor treatment planning in favor of radical
and supratotal tumor resection.
Advanced imaging with amino acid uptake can be favorably used to differentiate tumor progression from non-specific treatment related changes, due to its
high tumor-to-background contrast. Here, we provide a deeper understanding
of the imaging parameters in relation to the corresponding histopathological
tumor characteristics. By evaluating the entire tumor volume of en bloc resected oligodendrogliomas using a PET-to-MRI-to-Histology co-registration,
we were able to demonstrate that intra-tumoral 11C-methionine (MET) uptake
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reflects tumor cell density throughout the whole tumor. Additional information on the histological and radiological heterogeneity of gliomas and a
better understanding of noninvasive tumor distinction could improve tumor
treatment planning and possibly spare healthy tissue.
By using a new approach in a complex and fascinating epileptic syndrome, we
provide evidence for a possible anatomical network in the human brain that is
involved in epilepsy. We investigated seizure semiology and MRI connectivity changes during three different time periods, supporting the hypothesis that
the complex pattern of epileptic symptoms seen in patients is a dynamic interplay, rather than just a single trigger zone. Information provided by this unique
study may contribute to a better understanding of human brain connectivity
and its relation to specific forms of epilepsy, impacting precision medicine.

Figure 13. A schematic visualization of the four papers presented in this thesis,
and their respective overlap.
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Future Perspectives

This thesis provides further insights regarding the use of intelligent integration
of morphological, molecular, radiological, and clinical information. We raised
questions and provided evidence by presenting new methodologies. Results
presented in this thesis may help to improve precision medicine. The methods
presented in this thesis can be improved and used for similar studies.
In paper I we showed the role of Prox1 as a prognostic factor for patients with
specific genetic mutations. The different genetic characteristics between glioma types originated in diagnostic and predictive markers, which may give
further insight into tumor-specific treatment planning. This study is the first
to suggest Prox1 as a pathway-specific prognostic marker in high grade gliomas (i.e. for astrocytomas but not for oligodendrogliomas). However, the
mechanism behind this is still unknown and should be studied further. As
mentioned previously, preliminary data from TCGA provided additional evidence for a pathway-dependent effect of PROX1 related to 1p19q codeletion
in low-grade gliomas. This pathway-specific effect is of interest for future
studies. This could lead to the discovery of novel cellular and molecular mechanisms involved in adult neurogenesis.
In paper II and paper III, we demonstrated a method for direct comparison
between radiological and histological tumor characteristics, and its importance for tumor assessment and treatment. Especially tumor growth and its
spread locally by moving into nearby normal tissue is a topic of intense interest. Previous studies have showed differences in cell migration regarding glioma type [182], based on the inhibitory effects of proteins. The large en-bloc
tumor resections described in this study can be used to study protein expressions involved in the cell migration and tumor spread in the brain to reveal
intra- and inter-tumoral differences. We therefore further developed our
method of co-registration in order to provide a deeper understanding of the
imaging parameters in relation to the corresponding histopathological tumor
characteristics. For this, we used 11C-methionine (MET), which is the longestestablished amino acid tracer. However, the tracer 18F- fluoroethyl-L-tyrosine
(FET) has been proven to have logistic advances over MET due to its longer
half-life and is now widely used for the clinical management of gliomas [72].
Therefore, it is of interest to look at the PET-to-MRI-to-Histology co-registration using FET as the amino acid tracer of choice. In our study, we stated
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that vessel density and the density of proliferating cells are less stringently
correlated with MET uptake in infiltrating tumor edges. However, we discuss
whether this is due to the susceptibility to artifacts caused by larger blood vessels surrounding the tumor. Blood vessels in low-grade glioma are morphologically similar to normal brain vasculature [164]; however, higher-grade gliomas are characterized by abnormal vessels. It is hypothesized that the linear
growth in low-grade gliomas is due to this absence of neovascularization
[183], whereas the exponential growth and shorter survival of high-grade glioma are caused by the presence of hypervascularization [184]. This difference
in neovascularization between low- and high-grade glioma is called the “angiogenic switch” [185], which has recently been shown to be associated with
IDH mutation status [186]. It has been suggested that targeting angiogenesispromoting factors could be used therapeutically. [187, 188]. Therefore, a
deeper understanding of the molecular mechanisms underlying vascular abnormalization in gliomas and their relation to advanced imaging parameters
would be of interest for future studies. This knowledge could contribute to
the development of efficient treatment regimens for normalizing vascular
function in the brain [189].
In paper IV we describe the importance of unique data to study seizure semiology changes in relation to MRI connectivity. Our results point toward a dynamic interplay of the human brain rather than just a single trigger zone in
epilepsy. The origin of specific types of epilepsy is the subject of a current
debate on which we tried to shine new light. However, our study is based on
only one case because of it’s the uniqueness of the condition. Additionally,
our study showed technical limitations due to the use of a vagus nerve stimulator in the patient. In future studies, it would be beneficial to find a way to
perform MR tractography to study the anatomical connectivity involved in
epilepsy. Though challenging, more cases with rare forms of epilepsy such as
ecstatic epilepsy need to be recognized, studied, and described in the literature
to deepen our knowledge.
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Svensk Sammanfattning

Denna Doktorsavhandling baseras på fyra studier som berör områden och koncept som direkt eller indirekt är relaterade till den kliniska handläggningen av
gliom (Figur 13). Syftet med avhandlingen är att bidra med ytterligare insikter
inom användningsområdet “precision medicin” med smart integration av morfologisk, molekylär, radiologisk och klinisk informations karaktär. Forskningen som presenteras är baserat på ett stort intresseområde med varierande
metodologiska utmaningar som genom bearbetning i sin tur ger svar på den
ställda frågan.
Det första som vi gjorde var att presentera information som är viktigt för klassificeringen av olika molekylära gliom. Vi har demonstrerat att Prox1, en
transkriptions faktor som är involverad i utvecklingsstadiets processer, kan ha
en ny signalvägs-specifik nytta som biomarkör. Genom att använda sig av
Prox 1 har vi bevisat att vi kan förutspå sjukdom hos patienter med astrocytom. Detta öppnar upp möjligheten att det går att identifiera distinkta molekylära signalvägar som kan användas för att introducera ett nytt koncept av
terapeutiska behandlingar som kan baseras på tumörers diversitet inom kliniken.
Det andra vi gjorde var att definiera den diffusa tumörkarakteristiken av låg
grads gliom genom att studera närvaron av tumörceller utanför den radiologiska gränsen i en ”en bloc ” tumörresektion. Vi stödjer åsikten att FLAIR
sekvenser inte är känsliga nog för att korrekt upptäcka infiltration av tumörceller. Detta visas genom att tumörceller i upprepade fall påvisats utanför den
radiologiska gränsen på preoperativa foton.
Intressant nog så har vi hittat tumörceller som följer den vita hjärnsubstansen
gångar som sprider sig till närliggande gyrus istället för att infiltrera pia
matern. Detta fynd visar vikten av att kombinera radiologiska och histologiska
tumör karakterisering/diagnostik för att bättre förstå hur tumörceller beter sig
utanför den radiologiska gränsen. I framtiden skulle detta eventuellt kunna
leda till en förbättrad tumörbehandlings planering där en radikal och supra
total tumörresektion är att föredra.
För att differentiera tumörprogression i en icke-specifik behandling föredrar
man användningen av metoden “advanced imaging” där man mäter upptaget
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av aminosyror. Metoden är föredragen på grund av att den ger en hög tumörkontrast till bakgrunds återgivning. Här har vi bidragit med en djupare förståelse för återspeglings parametrar i relation till den korresponderande histopatologiska tumörkarakteristiken. Med hjälp av PET, MRI, och histologisk coregistrering har vi undersökt tumörvolymen i en ”en bloc” resekterad
Oligodendrogliom och visat att intra-tumörala C-methionine (MET) upptag
reflekterar tumörcellers densitet genom hela tumören. Ytterligare information
om histologiska och radiologiska heterogeniteten av gliom, samt en bättre förståelse för icke invasiv tumör distinktion skulle kunna förbättra tumörbehandlings planering och eventuellt spara frisk vävnad vid en resektion.
Slutligen har vi genom att använda en ny infallsvinkel i ett komplext och fascinerande epileptiskt syndrom kunnat bidra med bevis för ett möjligen nytt
anatomiskt nätverk i hjärnan kopplat till epilepsi. Vi undersökte anfallssemiologi och MRI- konektivitets förändringar vid tre olika tidpunkter för att
stödja hypotesen som föreslår att de komplexa mönstren av epileptiska symtom som setts i patienter handlar mer om ett dynamiskt mellanspel än en ensam ”trigger zone”. Information från denna unika studie skulle eventuellt
kunna bidra med en bättre förståelse för hjärnans konektivitet och dess relation
till specifika former av epilepsi som skulle kunna ha en inverkan på precisions
medicin.
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Nederlandse Samenvatting

In deze thesis beschrijf ik vier studies die direct of indirect aansluiten op de
klinische behandeling van gliomas (Figuur 13). Vandaag de dag krijgen
kankerpatiënten niet altijd een effectieve behandeling. Een behandeling die
voor de ene patiënt wel werkt, werkt voor een andere patiënt misschien veel
minder en vice versa. In sommige onderzoekscentra wordt daarom aanvullend
op een diagnose met de microscoop, tijdens een moleculair onderzoek
gekeken wat er precies misgaat bij de patiënt, op het niveau van het DNA en
RNA. Aan de hand van deze analyse, kan een arts in sommige gevallen
bepalen welke behandeling wel of niet effectief is. Dit wordt “precisiegeneeskunde” genoemd.
Tijdens het onderzoek dat hier wordt gepresenteerd worden vanuit een breed
draagvlak uiteenlopende wetenschappelijke vraagstukken aangehaald. De
onderzoeken hebben als doel bij te dragen aan de verbetering van de tumor
behandeling, en zijn een combinatie van verschillende aspecten. Zo wordt er
in de thesis dieper ingegaan op de morfologische, moleculaire, radiologische
en klinische achtergrond van gliomas, om een klein steentje bij te dragen aan
de verbetering van de precisie-geneeskunde.
Ten eerste worden de belangen van de moleculaire classificatie van gliomas
aangehaald. In dit onderzoek laten wij zien dat Prox1, een transcriptie factor
betrokken bij ontwikkelingsprocessen van het centraal zenuwstelsel, mogelijk
nieuwe pathway-specifieke voordelen heeft als een marker. Wij verschaffen
bewijs voor het gebruik van Prox1, om het verloop van de ziekte te
voorspellen bij patiënten met astrocytomas. De identificatie van moleculaire
pathways kan nieuwe concepten verschaffen voor therapeutische behandeling,
gebaseerd op de klinische diversiteit van deze tumoren.
Ten tweede worden, door het bestuderen van tumorcellen buiten de
radiologische grens de tumor karakteristieken van laag-graad gliomas verder
in kaart gebracht. Dit hebben wij gedaan door het gebruik van en-bloc
verwijderde resecties, waarbij de gehele tumor wordt verwijderd, te
vergelijken met radiologische scans van de tumor vóór de operatie. Door
nauwkeurig tumorcellen buiten de radiologische grens aan te tonen die niet te
zien waren op de scans, bevestigen wij eerdere bevindingen dat T2-FLAIR
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niet gevoelig genoeg is om nauwkeurig infiltrerende tumorcellen te meten.
Verder vonden wij dat tumorcellen zich spreiden langs de witte banen in het
brein, in plaats van de pia mater te infiltreren. Deze informatie toont de
belangen en mogelijkheden van het combineren van radiologische- met
histologische informatie. Uiteindelijk draagt ons onderzoek bij tot het
verschaffen van een beter inzicht in het gedrag van tumorcellen buiten de
radiologische grens. Dit leidt tot het verbeteren van tumor behandeling,
waarbij ons onderzoek een voorkeur laat zien voor radicale en supra-totale
verwijdering van de tumor.
Advanced imaging waarbij de aminozuur opname in het brein wordt gemeten
is een goede manier om tumor progressie te onderscheiden van niet specifieke
veranderingen in het brein. Dit komt vanwege het hoge contrast tussen de
tumor en achtergrondinformatie op de scans. In dit onderzoek gaan wij dieper
in op de radiologische meetwaarden in relatie tot de histologie van de tumor.
Wij hebben de gehele tumor volume van en bloc verwijderde
oligodendrogliomas geëvalueerd door het gebruik van PET-op-MRI-opHistologie co-registraties. Op deze manier laten wij zien dat in de gehele
tumor 11C-methionine (MET) opname correspondeert met de dichtheid van
tumorcellen. Het verschaffen van informatie omtrent histologische- en
radiologische heterogeniteit van gliomas kan leiden tot het beter
onderscheiden van tumoren aan de hand van radiologische scans en het
verbeteren van de tumor behandeling door bijvoorbeeld (zo min mogelijk)
gezond hersenweefsel te verwijderen.
Uiteindelijk hebben wij gebruik gemaakt van een complex en fascinerend
epileptisch syndroom om een eventueel anatomisch netwerk in het menselijk
brein te onderzoeken die betrokken is bij epilepsie. Wij beschrijven een
nieuwe methode waarbij we de semiologie van de epileptische aanvallen
hebben vergeleken met veranderingen in MRI-connectiviteit, wanneer deze
specifieke aanval af- en aanwezig was. Wij bevestigen aan de hand van onze
resultaten dat het complex patroon in patiënten met epilepsie eerder een
dynamische wisselwerking is tussen verschillende gebieden in het brein, in
plaats van een enkele triggerzone. De informatie uit dit onderzoek kan
mogelijk leiden tot een beter begrip van de connectiviteit van het menselijk
brein, in relatie tot specifieke vormen van epilepsie.
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The very first Delta Force mission was to free hostages out of Tehran, in 1979,
Iran. One of the members of this elite group was fast asleep when the plane
lands in the desert somewhere to refuel. While it's on the ground, a Navy helicopter crashes into it due to the heavy winds. The person wakes up, and sees
the plane is on fire. Thinking they’re still 20,000 feet up, he can't find a parachute. So, he just flings himself through the smoke, right out the door. Later,
the rest of the members ask him: "If you thought we were 20,000 feet in the
air, why would you fling yourself out the door without a parachute?".
And he answers "All I knew was the plane was on fire, and I figured one problem at a time".
From Inside Delta Force, by Eric L. Haney
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