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yAolog, -ou, 6 = resin, gum, something sticky

BAaotavw = to grow, to sprout, to form
TIPOYLYVWOKW = to know, perceive, learn or understand beforehand
MPOYVWOLG, -EWG, 1) = foreknowledge
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INTRODUCTION

Hippocrates of Kos emphasized already 2500 years ago the importance of prognosis in
medicine. The term ‘prognostic awareness’ denotes the awareness of the patient (or the
caregiver) of incurable disease and shortened life expectancy (1). Higher prognostic
awareness in patients with advanced cancer may enhance quality of life, guide end-of-life
discussions and reduce needless aggressive treatment near death (2,3). Patients are entitled
to receive objective information based on scientifically supported data. However, evidence
shows that patients suffering from high-grade glioma or glioblastoma often have low
prognostic awareness and inaccurate perception of prognosis (3,4). High-grade glioma
patients seem to talk infrequently about their prognosis with their physicians (4). At the
same time, patients indicate that they want to receive prognostic information early on
in their disease (1). These factors and data are also of paramount importance because they
form the basis of the shared decision-making process which allows the glioblastoma
patient to take part in vital decisions, e.g., whether to engage in neurosurgical resection
or rather opt for biopsy only.

Glioblastoma patient survival has been and, unfortunately, remains dismal although
prognosis has substantially improved over years, especially since the introduction of
temozolomide (5,6). Age and patient performance at diagnosis have been recognized for
decades as important prognostic factors. Surgery and radiotherapy were early pillars of
treatment. Other prognostic factors remained elusive for a very long time. However, in recent
years new insights emerged from progress in medical imaging, in cytoarchitectonic studies of
the adult human brain and especially in glioblastoma genetics.

This thesis will elaborate on certain surgical, radiotherapeutic, radiological and molecular
biological prognostic factors concerning glioblastoma patient survival.

Glioblastoma Classification and the Isocitrate Dehydrogenase Mutation

Virchow introduced the term ‘glioma’ in the 19t century, but the first scientific classification
of gliomas was published in 1926 by Bailey and Cushing in their authoritative work A
Classification of the Tumors of the Glioma Group on a Histogenetic Basis with a Correlated
Study of Prognosis (7). Bailey and Cushing also coined the term glioblastoma* and elaborated
on the high malignancy and dismal prognosis associated with this tumor. Fourteen years later,
Scherer, working at the Bunge Institute in Antwerp, wrote about the distinction between
primary and secondary glioblastomas (8). Since its first publication in 1979, the World Health
Organization (WHO) Classification of Tumours of the Central Nervous System is the globally
accepted brain tumor classification system. Until recently, this classification was based
primarily on histological features. The current revised fourth edition of the WHO
classification, published in 2016, introduces a combined histopathological-molecular
classification with a central role for isocitrate dehydrogenase (/DH) mutation and the 1p/19q

1 Before, this tumor was known as medullary sarcoma in the English-speaking medical community, sometimes
also as spongioblastoma, and as fungus medullare in German medical literature.
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co-deletion in the grouping of gliomas (9). Seventy-six years after the pioneering work of
Scherer, it was established that secondary glioblastomas typically harbor an /IDH mutation
while primary glioblastomas belong to the IDH-wildtype (/IDHwt) group. According to the
redrawn family tree of gliomas in the 4" revised WHO edition (Fig. 1), glioblastoma is now
part of the large group of diffuse astrocytic and oligodendroglial tumors and is the most
malignant glioma (formerly WHO grade V). Three types of glioblastoma are described:
glioblastoma, IDH-mutated; glioblastoma, IDH-wildtype; and glioblastoma, not otherwise
specified (NOS). The differences between IDH-mutated and IDHwt glioblastoma are
summarized in table 1.

Histology Astrocytoma Oligoastrocytoma Oligodendroglioma Glioblastoma
| J I
e ——— :
| A
] |
Pt fecie IDH mutant 1DH wild-type : IDH mutant 1DH wild-type
1
1
L
| Glioblastoma, /IDH mutant |
1p/1% and' ATRX loss* ) 1
other genetic P53 mutation® 1p/19q codeletion |
parameters ! : I Glioblastoma, IDH wild-type |
l .
1
1
1

Diffuse astrocytoma, IDH mutant

Genetic testing not done

Oligodendroglioma, IDH mutant and 1p/19q codeleted
or inconclusive

\ 4

1

After exclusion of other entities: :
Diffuse astrocytoma, IDH wild-type 1
Oligodendroglioma, NOS :
1

L

A4

Diffuse astrocytoma, NOS
Oligodendroglioma, NOS
Oligoastrocytoma, NOS
Glioblastoma, NOS

* =characteristic butnot
required for diagnosis

Figure 1. Simplified algorithm for the classification of the diffuse gliomas, based on both
histological as well as genetic features; 4" revised WHO classification of tumors of the
central nervous system (9).
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Table 1. Key characteristics of IDH-mutated and /DH-wildtype glioblastoma (9).

IDH-wildtype glioblastoma

IDH-mutated glioblastoma

Synonym Primary glioblastoma Secondary glioblastoma
Precursor lesion Unknown Diffuse astrocytoma;
anaplastic astrocytoma

Proportion of glioblastomas ~90% ~10%
Median age at diagnosis ~ 62 years ~ 44 years
Male-to-female ratio 15:1 1.1:1
Median overall survival

Surgery & radiotherapy 9.9 months 15 months

Surgery & 15 months 31 months
chemoradiotherapy

Location Supratentorial Preferentially frontal
Necrosis Extensive Limited
Telomerase Reverse Transcriptase 72% 26%
(TERT) gene mutations
Tumor Protein (TP) 53 gene 27% 81%
mutations
Alpha thalassemia/mental Exceptional 71%
retardation syndrome X-linked
(ATRX) gene mutations
Epidermal Growth Factor 35% Exceptional
Receptor (EGFR) amplifications
Phosphatase and Tensin Homolog 24% Exceptional

(PTEN) gene mutations

Because of the pivotal importance of IDH mutations for gliomas and glioblastomas, both for
classifying purposes but as well as a prognostic parameter, some basic aspects of this
mutation will be highlighted. The role of IDH mutations in gliomas was first described in 2008
and 2009 (10,11). IDH is an essential metabolic enzyme of the citric acid cycle (Krebs cycle),
involved in the oxidative decarboxylation of isocitrate to alpha-ketoglutarate. Three enzymes
exist: IDH1, IDH2 and IDH3; IDH3 is a distinct enzyme from IDH1 and 2, despite the similar
name giving, and will not be discussed further since it has no role in gliomas. IDH1 is found in
the cell’s cytoplasm, while IDH2 resides in the mitochondria. IDH1 and 2 are homodimers
which generate nicotinamide adenine dinucleotide phosphate (NADPH) using NADP* as a
cofactor. In fact, IDH1 is the largest source of NADPH in the human brain (12). IDH1 and IDH2
take part in several important cellular functions, such as glutamine metabolism, lipogenesis
and the regulation of the cellular redox status (13). The IDH1R'32H-mutation (CGT = CAT) is
present in about 90% of cases of IDH-mutated gliomas; in 2.5% the IDH2R'72-mutation is found
(11). The enzymatic activity of mutated IDH is significantly reduced and results in
accumulation of D-2-hydroxyglutarate (D2HG). The exact role of D2HG as an oncometabolite

13



remains unknown but evidence

suggests (Fig. 2) that /DH mutations oubid | Amino Aca
ynthesis
and high levels of D2HG lead to DNA ‘
alterations, histone methylation and Acetyl-CoA /
. .. Oxaloacetate — > Citrate <~ > Citrate
blockage of normal differentiation ’ i \ P
processes (13). IDH mutations are mT' Mool - E fsois 7 Mekpaton
. . . IDHZBHIDHZ I IDH1 3
considered early events in glioma Fumarate A i T s ppprttcn
genesis leading to a genetically more A Joon i
Defective
homogenous group of tumors as N (Colagen
opposed to /IDHwt gliomas (14). In witochondral [G'“'"““’“
. . . matrix Glutamine
glioma, the IDH mutation is strongly “ "t
. . . Glioma cell cytoplasm
associated with a so-called glioma m
. . Tumor interstitium
CpG island methylation phenotype (G- .
CIMP), res‘UItmg n DNA Figure 2. Schematic overview of altered metabolism
hypermethylation (15). The in IDH1-mutated gliomas (13).

methylation of the 068-

methylguanine-DNA-methyltransferase gene promoter (MGMTp) is a typical example of the
G-CIMP hypermethylation profile (13). It has been shown experimentally that introducing the
IDH1 mutation into human astrocytes induces vast DNA hypermethylation (16). However, the
vast majority of newly diagnosed glioblastomas will not bear the IDH mutation (Table 1).

The IDH1R¥32H mutation can be detected by immunohistochemical (IHC) staining with an
IDH1R32H antibody, which is a cheap and widely available technique. However, DNA-PCR
based techniques have higher sensitivity and are also able to detect rarer IDH mutations.
Unfortunately, these techniques come with higher financial costs.

In the patient cohort studied in this thesis, the IDH mutation was determined using DNA
sequencing on stored tumor tissue. The focus of this thesis is on the IDHwt group because the

overwhelming majority of glioblastoma patients studied here belongs to this subgroup.

Glioblastoma Incidence and Demographic Characteristics

Recent data from the United States of America show that glioblastoma accounts for 14.6% of
a five-year total of 405,740 patients suffering from primary brain and other central nervous
system (CNS) tumors and for 48.3% (Fig. 3) of primary malignant brain tumors (17). On
average 90% of newly diagnosed glioblastoma patients suffer from /IDHwt tumors. Reported
age-adjusted incidence rates of glioblastoma are variable and range from 0.59 (Korea) to 3.69
(Greece) per 100,000 person-years (18). Of note, in the age group of 70 years or older,
glioblastoma accounts for an incidence of 17.5 per 100,000 person-years (2).
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Figure 3. Distribution of primary malignant brain and
other central nervous system tumors (2).

According to the Belgian Cancer Registry?, 573 patients were diagnosed with glioblastoma in
the year 2018 for a population of 11.4 million. In comparison to the incidence of prostate
cancer (172/100,000/year) and female breast cancer (185/100,000/year) in Belgium?3,
glioblastoma (5/100,000/year) is luckily a rare disease.

In the adult population, the incidence of glioblastoma raises steadily with age, impacting the
economically active part of the population (2). The median age at diagnosis for glioblastoma
patients is 65, but only 44 years for IDH-mutated glioblastoma patients. Years of Potential Life
Lost (YPLL) is an important parameter, reflecting the economic and social repercussions of
premature death. YPLL measures the average time a person would have lived if she or he
would not have died prematurely due to the disease. Average YPLL for glioblastoma is 20
years, the highest YPLL across all cancers (19).

Men are more likely to suffer from glioblastoma than women (M:F = 1.5:1) (17). In Belgium,
there were 351 newly diagnosed male glioblastoma patients in 2018, compared to 222 female
patients (M:F ratio of 1.6:1)2.

Demographic data from the USA show that the incidence of glioblastoma is significantly lower
amongst African Americans as compared to non-Hispanic whites (20). A valid explanation for
this observation is currently lacking.

2 personal communication from the Belgian Cancer Registry with the author on September 24, 2020;
unpublished data. The website of the Registry shows only bulk data of malignant CNS tumors.
3 https://www.gezondheidbelgie.be/nl/gezondheidstoestand/niet-overdraagbare-aandoeningen/kanker
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Symptoms, Imaging and Diagnosis

There is no clinical presentation
that is specific of glioblastoma.
The presenting signs and
symptoms depend on the
location and size of the tumor
but also on the extent of brain
edema. Typically, the onset of
neurologic symptoms follows a
subacute course. The most
common symptoms include
headache, seizures, and focal
neurologic symptoms (e.g.
language deficit; motor
weakness, memory loss, visual
disturbances, personality
changes) (21).

Once the suspicion of a brain
tumor, possibly a glioblastoma,
has been raised, magnetic
resonance (MR) imaging of the
brain is the preferred imaging
modality of the brain. On T1
weighted images, glioblastoma

Figure 4. A representative post-gadolinium axial

15 a hy‘pomtense lesion.  An Tl-weighted MR image of an IDH-wildtype
IDHwt glioblastoma on T1 post- glioblastoma with subventricular zone contact
gadolinium imaging is typically and a large necrotic core region.

an intense ring-enhanced

lesion, with a central hypointense area (suggestive of necrosis) and surrounding oedema (Fig.
4). Non-enhancing glioblastoma is rare but possible. IDH-mutated glioblastoma shows little if
any central necrosis and has a predilection for the frontal lobes (22). It was already shown in
1987 by Kelly et al. that tumor infiltration extends at least into the T2 and FLAIR hyperintense
zone, beyond the boundaries of contrast enhancement (23). MR spectroscopy of glioblastoma
shows a typical choline peak and a decreased level of N-acetyl aspartate. Glioblastoma has
highly increased metabolic rates, like most malignancies. Most glioblastomas show increased
uptake of fluoro-deoxy-glucose (FDG) and also of fluoro-ethyl-tyrosine (FET). Therefore,
metabolic imaging in glioblastoma may be useful not only for diagnosis, but also for selecting
the appropriate target for stereotactic biopsy and for treatment follow-up (24,25).
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Definitive diagnosis of glioblastoma is based on histopathological diagnosis. A tumor tissue
sample can be obtained using stereotactic biopsy, but in most cases a (partial) resection of
the tumor will be performed. Either way, a sufficient amount of tissue should be obtained in
order to allow both histological and molecular biological examination. As already mentioned,
the 4™ revised 2016 edition of the WHO classification necessitates both histopathological

] P S ] MUONVAN £ /s VNN WGl ¥ AL Aa™¥.
Figure 5. Microscopic images of IDHwt glioblastoma. A. A representative
histological image of glioblastoma showing a highly cellular tumor, zones
of necrosis (N) surrounded by dense accumulation of tumor cells,
together forming palisading necrosis (P) and microvascular proliferation
(blue arrows).

study and molecular testing (/IDH mutation and in selected cases 1p/19q co-deletion) to
establish a diagnosis of glioblastoma. Briefly, microscopy of typical glioblastoma shows a
highly cellular glioma (Fig. 5). The tumor cells are poorly differentiated, sometimes
pleomorphic. They have nuclear atypia and high mitotic activity. Diagnostic characteristics
that separate glioblastoma from high-grade glioma are the presence of prominent
microvascular proliferation and/or necrosis (9). Necrosis often occurs in the form of palisading
necrosis, formerly known as ‘pseudo-palisading’ (26). Vascular proliferation is frequently
associated with thrombosis, which may become apparent to the neurosurgeon during
resection as the presence of so-called “black veins” (Fig. 6). If these typical histopathological
characteristics are present, IHC for the IDHR'32" mutation should be performed. In patients
younger than 54 years, sequencing to search for IDH mutation is preferred to IHC (9).
Presently, other molecular tests (TERT, TP53; ..) are not necessary for diagnosis of
glioblastoma. The presence of pathological cells with rounded nuclei, frequently with
perinuclear halos (“fried egg appearance”) and a “chicken-wire aspect” of branching
capillaries should rise suspicion of anaplastic oligodendroglioma and necessitates molecular
testing (IHC for IDH mutation and FISH for 1p/19q co-deletion, or sequencing techniques).

17



y N .

Figure 5. B. Representative histological image of glioblastoma showing cells with
pleomorphic features and nuclear atypia, a mitosis (green circle) and glomeruloid
appearance of microvascular proliferation (orange circles).

Figure 5. C. Representative histological image of glioblastoma showing
palisading necrosis, characterized by necrosis (N) surrounded by dense
accumulation of tumor cells.
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Current Glioblastoma Treatment

The current standard-of-care of
glioblastoma patient treatment is
maximum safe resection followed by
temozolomide-based
chemoradiotherapy, the so-called
Stupp protocol (5). Neurosurgical
intervention for glioblastoma has
several goals: removal of malignant
tissue (also called ‘debulking’ or
‘cytoreduction’),  relieving  mass
effect, and acquiring tissue for
histological diagnosis and molecular
biological study. If safely possible,
gross total resection of the contrast-

. Figure 6 A. Operative image showing an IDHwt glioblastoma reaching the
enhancmg part of the tumor should cortical surface of the brain. Blue arrows depict a sulcal border; yellow star
be achieved. Extent of resection is shows an exophytic growth pattern; green star denotes superficial

. . . necrosis with a small “black vein” (dotted purple arrow).

evaluated on MR imaging obtained

within 48 hours after surgery,
although methodological issues concerning tumor measurement remain unresolved (27-29).
Large retrospective studies show that gross total resection results in better patient survival
compared to biopsy only (30). There is no consensus at present concerning the effect of
partial resection on glioblastoma patient survival. After surgery, external beam radiotherapy
is applied. A 1-2 cm margin surrounding the clinical target volume, often including the FLAIR
hyperintense zone, is irradiated to a
total dose of 60 Gy delivered in daily
fractions of 2 Gy each weekday.
Temozolomide, an alkylating agent, is
administered during radiotherapy (75
mg/m?/day) and continued for six
cycles after completion of the
radiation therapy (first cycle 150
mg/m?/day and escalated to 200
mg/m?/day thereafter if tolerated).
The application of the Stupp regimen
adds a median overall survival benefit
of 2.1 months, compared to
g X _ . radiotherapy alone (5). Despite this
Figure 6 B. Operative image showing the neurosurgical microscopic view of aggressive treatment, lDH-wiIdtype
the glioblastoma tumor core. glioblastoma patients have a median
overall survival of only 14.6 months
from diagnosis; patients with IDH-mutant glioblastoma of 31 months. All the patients of the
cohort studied in this thesis were treated with temozolomide-based chemoradiotherapy after

surgery.
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A new treatment modality for glioblastoma is alternating electric field therapy. Briefly, low
intensity alternating electric fields (of intermediate frequency of 220kHz) are delivered to the
brain via transducer arrays attached to the bald scalp. It has been shown that these fields can
cause mitotic cell arrest and can also induce apoptosis, especially of rapidly dividing cells (31).
According to the final analysis of a large prospective study published in 2017, adding tumor-
treating fields® to the Stupp regimen prolonged median overall survival of glioblastoma
patients with 4.9 months (32). Nevertheless, this treatment is at present not routinely applied
in Belgium and in most of the industrialized countries. The cost of approximately 21.000 USD
per patient per month may be an important factor to explain the delay for the routine
implementation of this therapy, next to other, more practical, obstacles such as the necessity
to apply the device 18 hours per day. None of the patients studied in this thesis were treated
with tumor-treating fields®.

Neural Stem Cells, the Subventricular Zone and Glioblastoma Origin

Since 2001, the “Cancer Stem Cell Hypothesis” is the dominant theoretical framework in
oncology (33). This theory implies a cellular hierarchy within oncological diseases, with the
rarely occurring “Cancer Stem Cells” (CSCs) at the top of the pyramid. The CSCs rarely divide
but give rise to precursor cells which, by rapid division, create high numbers of
differentiated tumor cells; these in turn build up the bulk of the tumor (Fig. 7).

(O Ependymal cetis @) Neural stem celis (1) Neuroblasts () Otigodendrocytes (@) Neurons (@) Myelinated axons ’ Mutated neural stem celis {I Cancer stem calis Cancer celis

Figure 7. Schematic representation of the origin of brain tumor propagating cells based on the cancer stem cell theory (34).

If the very small subpopulation of CSCs is not eradicated, tumor recurrence is inevitable.
Normal stem cells and CSCs share several essential characteristics: multipotency,
rare occurrence and low self-renewal rate, a specialized and specific microenvironment
which keeps a strict balance between proliferation and cell death, and similar signalling
pathways. Applied to glioblastoma, this theory implies the existence of “Brain Tumor
Propagating Cells” (BTPCs), which may originate from any (already differentiated) cell or
from normal neural stem cells (NSCs). Although it is unlikely that a normal differentiated
cell (e.g., an astrocyte) may dedifferentiate, it is not impossible. But accumulating evidence
points towards NSCs as the origin of glioblastoma (34).
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Although long disputed, it is now [a
accepted that NSCs are present in )
the adult human brain. Two large o) N\ Lateral ventricl
niches for NSCs are described: the
largest reservoir is the >
subventricular zone (SVZ), but the
dentate gyrus of the hippocampus
also contains NSCs (Fig. 8). Sanai et
al. showed in 2004 that within the (

SVZ of the adult human brain a A, 7
unique astrocyte ribbon exists M
containing NSCs (35). In 2018, Lee | <.

and colleagues delivered direct | » <
proof of BTPCs arising from the SVZ 4
in both glioblastoma patients and <
glioblastoma mouse models (36). Of |&

equal importance, these authors ¥ Y, ¢ /Subconcalwmwmaua
also showed that astrocyte-like \ j g

Fourth ventricle

Subventricular zone along lateral wall
of the lateral ventricles

Denta!egyrus
BTPCs may leave the SVZ to travel Q) 1 l
large distances in the brain and ' - Z ,&
ultimately form gliomas. So, the | ~~4/ &% *\J
adult human SVZ is a reservoir of | » “% 2s =} = 2 /(
NSCs but most likely also of BTPCs X7 LN > = ¢
(37,38). However, BTPCs are e z e S

. . AL L T
probably not exclusively found in
the S_VZ or the hilppoca.mpus., but Figure 8. Schematic overview of the germinal regions of the
also in other brain regions if the adult human brain (37).
conditions of the microenvironment
are appropriate for BTPCs. Aderetti et al. propose the concept of the ‘hypoxic peri-arteriolar
glioma stem cell niche’, which integrates earlier descriptions of five glioma stem cell niches
(39). The concepts of the SVZ glioma stem cell niche and the peri-arteriolar glioma stem cell
niche are complementary, rather than mutually exclusive. It is likely that BTPCs migrate from
one niche to another, given the complex interplay of signalling pathways and microtubes that
is progressively being unravelled.

As stated before, the SVZ is the largest reservoir of NSCs in the adult human brain. To date,
the astrocyte ribbon of the SVZ has been shown only at the level of the lateral borders of the
lateral ventricles, including the atrium and the temporal horns. It was not found at the septal
lining of the lateral ventricles nor at the level of the third and the fourth ventricle, although
only six specimen from the third ventricle and three samples from the fourth were studied
(35). The cytoarchitecture and cellular composition of the SVZ of the lateral ventricles have
been described in detail (40). Briefly, using electron microscopy, the adult human SVZ was
shown to contain four layers (I - IV). The layers are from medial to lateral: /. Ependyma; /I.
Hypocellular gap; /ll. Astrocyte ribbon, containing NSCs; /V. Transitional zone towards the
brain parenchyma (Fig. 9). Regional differences in SVZ cytoarchitecture exist. Layer Ill (ribbon
of astrocytes) was most prominent in the anterior horn and in the body of the ventricle but
was present in the whole SVZ of the lateral ventricles. Between layer Il and Ill, small clusters
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of displaced ependymal cells were found. The exact meaning of this finding remains elusive

(40).

11 1A%

O Ependymal cells ‘ Neural stem cells |

Figure 9. Schematic overview of the cytoarchitectonic layers of the adult human subventricular zone (34).

Glioblastoma Prognostic Factors

Neuroblasts O Oligodendrocytes O Neurons . Myelinated axons

Before the introduction of temozolomide in clinical practice, retrospective clinical studies
showed that patient age and the clinical condition of the patient at diagnosis (as measured in
performance scores) were the most important prognostic factors in glioblastoma patient
survival. In the glioblastoma patient cohort studied in this thesis too, age and Karnofsky
Performance Score (KPS) were statistically significant prognostic factors (unpublished data;
Fig. 10).
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A. Age at diagnosis, with 65 years as cut-off point.

P <0.001

<64.9 years

0 50 100 150 200

months

Figure 10 A. Kaplan-Meier overall
survival curves of glioblastoma
patients (n = 220) studied in this
thesis according to age at
diagnosis. Eleven patients were
censored for survival analysis (+).
(Unpublished data)
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Figure 10 B. Kaplan-Meier overall o8| \

survival curves of glioblastoma 1
patients (n = 220) studied in this \
thesis according to Karnofsky ‘
Performance Score at diagnosis,
with a score of 70 as cut-off
point. Eleven patients were {
censored for survival analysis (+). 02|
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>70

Cum Survival
-

months

Although controversy remained, the general view prevailed in the 20th century that the
extent of neurosurgical resection correlated with glioblastoma patient survival and offered a
substantial survival advantage as compared to biopsy only (41). Radiotherapy was already
early on established as a cornerstone of glioblastoma patient treatment (42). Currently,
extent of resection and treatment with temozolomide-based chemoradiotherapy are
considered the golden standard in glioblastoma treatment.

In the first decades of the 21st century, new prognostic parameters emerged. Review of large
population-based datasets, led to the conclusion that in glioblastoma, as in other fields of
oncology, a sex-based survival difference exists. Female glioblastoma patients have a survival

advantage as compared to males, but the underlying mechanisms are still poorly understood
(43-45).

In 2005 and 2008, molecular biological factors were revealed that are not only of academic
interest but also of clinical importance in glioblastoma (10,46). The pivotal role of IDH
mutations was already discussed (47). Patients with /DH-mutated glioblastoma have a
significantly better prognosis than IDHwt glioblastoma patients (11).
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Another molecular biological
factor of high importance is
MGMTp methylation. MGMT is a
so-called DNA repair enzyme
which acts by removing the alkyl

MGMT
@ m@@@w@( group, if present, at the 0°

position of guanine. During this

lUbiquitination process, the enzyme s
oo, irreversibly inactivated (“suicide
O QD enzyme”). MGMT has an
Degradation

important role in protecting the
cell DNA from potentially
mutagenic changes in normal
human cell biology.
Temozolomide is an alkylating
agent that induces methylation
of cell DNA mainly at the N/
position of guanine, but also at
the N2 and 0° positions of
adenine and guanine

W WWW respectively (48). The
DNAstfa"dbfeakslAWF’wsis effectiveness of temozolomide
may be increased if the DNA

repair mechanism by MGMT is
Figure 11. Schematic representation of MGMT- inhibited (Fig. 11). Hegi et al.
mediated DNA-repair (52). A. Repair of O°- were the first to show that
methylguanine.(oﬁjmeG) by MGMT. B. Effects if epigenetic silencing of the
0°%-methylguanine is not repaired. MGMTp results in a significantly
better survival for glioblastoma patients, especially when treated with temozolomide (46).
This survival benefit was confirmed in a meta-analysis of 11 studies which determined
MGMTp methylation status by pyrosequencing assay (49). Epigenetic silencing of the MGMT
gene results from hypermethylation of CpG islands in the promoter region of the gene (Fig.
12). As mentioned above, IDH-mutated gliomas are associated with a specific phenotype, the
so-called G-CIMP, which results in a hypermethylated DNA status (15). Therefore, IDH-
mutated glioblastoma is highly associated with the MGMTp methylation, explaining at least
in part the better survival of IDH-mutated glioblastoma patients (13). But in /IDHwt
glioblastoma, on average only 40% of tumors will show MGMTp methylation (50).
Importantly, consensus is currently lacking as to which technique should be used to
determine MGMTp-methylation status and different assays may yield different results
(51,52).

Mismatch
repair
futile
cycling

In this thesis, MGMTp methylation status was determined using quantitative methylation-
specific polymerase chain reaction (gMSP). Therefore, this technique will be described
succinctly (Fig. 12; Roman numerals in the following paragraph refer to the steps depicted in
this figure). DNA was extracted from FFPE tissue samples, using the QlAamp DNA TTFP Tissue
kit (Qiagen, Hilden, Germany). The role of an experienced neuropathologist is essential to
select slides with high tumor concentration (a minimum concentration of 10% tumor cells is
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generally accepted). Sampling of non-tumor cells or non-viable tumor regions (necrosis) could
result in bias. Next, bisulfite conversion of unmethylated cytosine into uracil is performed:
the bisulfite reaction deaminates unmethylated cytosine, but 5-methyl cytosine remains
unaltered (I-11). In the following step (lIl), primers are used to specifically amplify alleles with
converted (unmethylated sequences) or unconverted (methylated sequences) cytosines (1V).
The amplified sequences were assessed via a quantitative real-time detection using the
LightCycler 480 system (Roche, Basel, Switzerland). The B-actin gene (ACTB) is used as a
reference gene to normalize the MGMT values. Criteria to consider an assay as methylated
were as follows:
1. Quantification cycle (Cq) < 40 for MGMT assay.
2. Cg< 32 for ACTB assay.
3. A maximum difference of 1.5°C between the melting temperature and the positive
control.
4. A maximum difference of 10 base pairs between the amplicon length from the length
of the positive control.
5. Ratio value < 0.2, which was calculated as [(MGMT/ACTB) x 100)].
A ratio value of 2 was used as the threshold to consider an assay as 'strongly methylated',
while a value of less than 0.2 was the threshold for lack of methylation. Finally, ratio values
between 0.2 and 2 were considered as 'weakly methylated'.

Allele 1 (methylated) Allele 2 (unmethylated)
m
Genomic DNA -==-ACTCCACGG---TCCATCGCT--- ---ACTCCACGG---TCCATCGCT---
---TGAGGTGCC---AGGTAGCGA--~ ~---TGAGGTGCC---AGGTAGCGA---

m

: Bisulphite treatment
Quality check —— @ Alkylation @

Spontaneous denaturation

i i 1 "
[ = DIIETE | -—-AUTUUAUGG-~-TUUATCGUT==~ ==--AUTUUAUGG-~~TUUATUGUT-~~

---TGAGGTGUU---AGGTAGCGA--- ~---TGAGGTGUU---AGGTAGUGA---

@ Methylation-specific primers

—— e e

~<—GCAA---
f | }
— m ——
---AUTUUAUGG---TUUATCGUT--~ ---AUTUUACGG---TUUATUGUT---
~—GCAA--—- <—GC
Generation of PCR amplicon
- o g
PCR @ Y of the region of interest

—=-ATTTTATGG---TTTATCGTT--— No product

---TAAAATGCC~---AAATAGCAA---

Gel Real-time Heat/melting
electrophoresis detection curve

MSP  MethyLight Mc-MSP
ConLight-MSP

Figure 12. Methylation-specific polymerase chain reaction (52). Please see
Roman numerals in text for explanation.
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Recently, Gittleman and colleagues published a nomogram?* to enable an individualized
prognosis of IDHwt glioblastoma patients. Age at diagnosis, KPS, sex, extent of
resection, treatment using concurrent temozolomide-based chemoradiotherapy and
MGMTp-methylation status are the prognostic factors used to calculate one-year and
five-years survival estimates for individual patients (53). IDH mutation and MGMTp
methylation prove to be the strongest prognostic factors for glioblastoma patients' survival.
Unfortunately, the majority of newly diagnosed glioblastoma patients will belong to the
group with unfavorable molecular biological markers, namely the IDHwt group with MGMTp
unmethylated tumors.

4 https://gcioffi.shinyapps.io/Nomogram_For_IDH_Wildtype_GBM_H_Gittleman/
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OBJECTIVES AND OUTLINES

This thesis examines the influence on survival of glioblastoma subventricular zone contact,
incidental subventricular zone irradiation, O%-methylguanine-DNA methyltransferase gene
promoter (MGMTp) methylation and partial resection of glioblastoma in a well-defined
cohort of patients treated at Ghent University Hospital and AZ Delta Roeselare (formerly H.
Hartziekenhuis) between 2003 and 2014. The ethical committees of both hospitals approved
the study. Informed consent from individual patients or their next of kin was waived because
of the retrospective study design which held no risk for the patient, the fact that more than
90% of patients had passed away at the time of database closure and because patients had
agreed at diagnosis with storage of tumor tissue samples.

A list of all patients with the diagnosis of glioblastoma between 2003 and 2014 was extracted
from the pathology database from both hospitals. Next, the pathology reports, patient charts
and imaging were manually screened. The following exclusion criteria were used:
- Diagnosis of high-grade glioma, other than glioblastoma.
- Younger than 18 years at time of diagnosis.
- Infratentorial glioblastoma.
- Lost to follow-up.
- Treatment with best supportive care only.
- Shortened radiotherapy schedule (not 60Gy) and/or another chemotherapeutic agent
than temozolomide.
- Preoperative diagnostic imaging impossible to retrieve and/or postoperative imaging
lacking and/or only CT imaging available.
- Radiotherapy plans impossible to retrieve or to restore.

Demographic data were collected from the patient files. Date of death was cross-checked
with the Belgian Cancer Registry. Stored tumor samples were collected from the database
and re-examined by the pathologist, to reconfirm the diagnosis of glioblastoma.
Representative formalin-fixed paraffine-embedded tumor samples were selected and
analyzed for MGMTp methylation and presence of the isocitrate dehydrogenase (/DH)
mutation. Glioblastoma tumor volumes were measured using semi-automated segmentation
on the S7 planning software for neuronavigation (Medtronic Inc, Louisville, CO, USA). Hereto,
0.9 mm slice thickness contrast-enhanced Magnetization Prepared-Rapid Gradient Echo
(MPRAGE) images, obtained for standard neuronavigation, were used. However, MPRAGE
images were not always performed postoperatively.

So, we were able to study the aforementioned factors in a cohort of uniformly treated
glioblastoma patients.

MGMTp methylation is a well-known prognostic and predictive factor in glioblastoma.
However, using quantitative methylation-specific PCR, a zone of diagnostic uncertainty exists.
We studied whether survival of patients with methylation test results in this zone differs from
patients with unmethylated MGMTp (Publication 1: Weak MGMT gene promoter methylation
confers a clinically significant survival benefit in patients with newly diagnosed glioblastoma:
a retrospective cohort study).
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We examined the role of the subventricular zone (SVZ) in glioblastoma from two different
points of view. First, the prognostic role of contact of the contrast-enhancing part
of glioblastoma with the SVZ was studied (Publication 2: Subventricular zone
contacting glioblastoma: tumor size, molecular biological factors and patient survival).
Second, we investigated the potential effect of incidental SVZ irradiation on the survival of
IDH-wildtype glioblastoma patients (Publication 3: Survival impact of incidental
subventricular zone irradiation in IDH-wildtype glioblastoma).

The effect of neurosurgical cytoreduction on the survival of glioblastoma patients, continues
to stir intense scientific debate. We contributed to the debate (and the controversy) by
examining the effect of partial tumor resection on glioblastoma patient survival (Publication
4: Partial resection offers an overall survival benefit over biopsy in MGMT-unmethylated IDH-
wildtype glioblastoma patients).
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PUBLICATION 1

Weak MGMT gene promoter methylation confers a clinically significant survival
benefit in patients with newly diagnosed glioblastoma: a retrospective cohort study
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Epigenetic silencing of the O°®-methylguanine-DNA methyltransferase gene promoter
(MGMTp) results in diminished expression of MGMT in tumor cells. Hegi et al. showed in 2005
that glioblastoma patients harboring tumors with hypermethylated MGMTp had a
significantly better survival when treated with temozolomide-based chemoradiotherapy (1).
Silencing of the MGMT gene occurs if the CpG islands in the promoter region are methylated.
Different techniques are used to determine MGMTp methylation. Quantitative methylation-
specific PCR (qMSP) is often applied in studies on the prognostic role of MGMTp methylation
in glioblastoma because it is widely available, has a short turnaround time and is cheaper than
pyrosequencing. But consensus on a fixed cut-off value to discriminate between methylated
and unmethylated MGMTp using gMSP is lacking (2,3). As such, a "grey zone" of diagnostic
uncertainty exists. We investigated if glioblastoma patients harboring tumors with a “low
MGMTp methylation” also experience a survival benefit as compared to unmethylated
glioblastoma.

1. Hegi ME, Diserens A-C, Gorlia T, Hamou M-F, de Tribolet N, Weller M, et al. MGMT gene silencing and benefit from
temozolomide in glioblastoma. N Engl J Med. 2005; 352(10): 997-1003.

2. Wee CW, Kim E, Kim N, Kim IA, Kim TM, Kim YJ, et al. Novel recursive partitioning analysis classification for newly diagnosed
glioblastoma: A multi-institutional study highlighting the MGMT promoter methylation and IDH1 gene mutation status.
Radiother Oncol. 2017; 123(1): 106-11.

3. Hegi ME, Genbrugge E, Gorlia T, Stupp R, Gilbert MR, Chinot OL, et al. MGMT Promoter Methylation Cutoff with Safety Margin
for Selecting Glioblastoma Patients into Trials Omitting Temozolomide: A Pooled Analysis of Four Clinical Trials. Clin Cancer Res.
2019;25(6): 1809-16.
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Abstract

Introduction Quantitative methylation specific PCR (qMSP) is a frequently used technique to assess MGMT gene promoter
methylation in glioblastoma patients. The optimal technical cut-off value to distinguish methylated from unmethylated sam-
ples is nevertheless still undetermined. In literature, a “grey zone” of diagnostic uncertainty has been described.

Methods We performed a retrospective analysis of newly diagnosed glioblastoma patients treated according to the Stupp
protocol. Epidemiological data were gathered from the individual patient files. MGMT gene promoter methylation status was
determined on stored tumour samples using QMSP. A strong, weak or absent promoter methylation was determined based
on Cq values (quantification value) of the MGMT and ACTB primers as well as a positive control sample.

Results In total, 181 patient files were reviewed and included for statistical analysis. MGMT promoter hypermethylation was
detected in 38.7% of glioblastoma patients. The median overall survival of unmethylated and strongly methylated patients was
10.1 months and 19.7 months respectively. Furthermore, 11% of the total patient cohort had a weak MGMT gene promoter
methylation. The median OS in this subgroup was 15.4 months, significantly better compared to the unmethylated cohort
(P <0.001). Multivariate Cox regression analysis showed weak MGMT promoter methylation as an independent prognostic
parameter for overall survival.

Conclusion Glioblastoma patients with weak promoter methylation show a statistically significant longer overall survival
when compared to clearly unmethylated patients. Patients with grey zone qMSP test results should receive additional molecu-
lar analysis in future to further direct individual therapy strategies.

Keywords Glioblastoma - MGMT gene methylation - gMSP - Prognosis

Introduction

Glioblastoma is the most malignant form of brain cancer
with an estimated incidence of 3.19 per 100.000 person years

H. Pinson and G. Hallaert have contributed equally to this article. [1]. It has a dismal prognosis with a median overall survival
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by concomitant chemoradiation and adjuvant chemotherapy
according to the Stupp protocol [3]. This treatment proto-
col includes temozolomide as first-line chemotherapeutical
agent.

Temozolomide is an alkylating agent belonging to the
group of Imidazotetrazinones. In aqueous environment
such as the human body, it is rapidly hydrolysed to MTIC
(5-(3-dimethyl-1-triazenyl) imidazole-4-carboxamide).
This intermediate is ultimately responsible for methylation
of tumour DNA inducing double-strand DNA breaks and
tumour cell death [4]. The methylation of cell DNA occurs
mainly at the N’-atom of guanine, but to a lesser extent as
well at the N*- and O%-atoms of adenine and guanine respec-
tively [4].

The human cell has three different defence mechanisms
to counter act the methylation of DNA by temozolomide:
€)) 06—methylguanine-DNA methyltransferase (MGMT); (2)
DNA-mismatch repair mechanisms; (3) base excision repair
[4]. Epigenetic silencing of the MGMT gene is a known
prognostic factor for newly diagnosed glioblastoma patients.
As hypermethylation of the MGMT promoter region results
in a diminished expression of MGMT in tumour cells, a
higher susceptibility to the alkylating effects of temozolo-
mide follows. The landmark article by Hegi et al. showed a
significant survival benefit in patients with hypermethylated
MGMT promoter regions when treated with temozolomide
[5].

The promoter and enhancer region of the MGMT gene are
working together as a cis-regulatory element of non-coding
DNA. The promoter contains no classical TATA-box, but
has a dense GC-rich sequence instead [6]. The enhancer is a
small region downstream of the promoter capable of reduc-
ing the promoter activity by 98% [7]. Epigenetic silencing
of the MGMT gene is a result of hypermethylation of CpG
islands in the promoter region of the gene [8]. Nakagawachi
et al. described two regions (Differentially Methylated
Region (DMR) 1 & 2) of profound CpG hypermethylation
in MGMT silenced cell lines corresponding to the above
mentioned promoter and enhancer region of the gene [8].
Furthermore, Malley et al. found several CpG sites within
the DMR 2-region critical for transcriptional control of the
MGMT gene [9].

In clinical practice, different techniques are currently used
to determine MGMT gene promoter methylation. Pyrose-
quencing has the best predictive value for survival in high
grade glioma patients but is generally more expensive [10].
Quantitative methylation specific PCR (qQMSP) is a cheaper
alternative to pyrosequencing with still excellent prognos-
tic performance. Moreover, the turnaround time is shorter
and the technique is more widely available [11]. Therefore,
gMSP unlike pyrosequencing has already been used in dif-
ferent prospective trials to determine the prognostic role of
MGMT promoter gene methylation in glioblastoma patients
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[11]. The optimal cut-off value to be used in qMSP to dichot-
omize these tumours is nevertheless still a matter of debate
[12]. Recent literature confirms the existence of a grey zone
of ratio values close to the used cut-off value in which the
actual methylation status might be uncertain [11, 12].

Here we investigated the possible correlation between OS
of glioblastoma patients and MGMT promoter gene methyla-
tion using different cut-off values in qMSP.

Materials and methods
Patient selection and characteristics

This retrospective cohort study included all patients with
supratentorial glioblastoma treated at two Belgian institu-
tions between 2003 and 2014. The following inclusion cri-
teria were used: (1) patients had a new diagnosis of glio-
blastoma; (2) no other concurrent tumours were present; (3)
further treatment with 60 Gy external beam radiation therapy
and concomitant temozolomide after biopsy or resection; (4)
the patients were meant to receive at least six cycles of adju-
vant temozolomide; (5) stored tumour tissue samples were
present for further molecular analysis. Major exclusion cri-
teria were treatment with best supportive care or a reduced
and/or shortened radiation schedule; known progression
from low grade glioma. In the early days after the study
by Stupp et al. was published in 2005, some older patients
with low performance scores and various comorbidities did
receive lower radiation doses and/or shorter temozolomide
treatments. These patients, who were not meant to receive
six cycles of temozolomide, were excluded from our study
as their treatment did not comply with the current standard
of care and their survival is therefore not representative for
today’s practice.

Demographic parameters were gathered from the medical
files of the patients. These parameters included sex, age at
diagnosis, Karnofsky Performance Score (KPS) and surgi-
cal resection. Surgery was classified as biopsy only, subtotal
resection (STR) or gross total resection (GTR) according to
the presence (STR) or absence (GTR) of contrast enhanc-
ing tumour on postoperative imaging. Overall survival was
measured from date of histological diagnosis to closure of
the database or date of decease. The latter was confirmed by
the Belgian Cancer Registry.

Furthermore, the MGMT gene promoter methylation sta-
tus and IDH-1/2 mutations were assessed using the speci-
mens harvested for histological diagnosis. The MGMT gene
promoter methylation status was analysed using quantitative
methylation specific PCR (QMSP). The presence of IDH-1/2
mutations was determined using next generation sequencing
techniques (NGS).
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The study protocol was approved by the ethics commit-
tee of both participating hospitals (Belgian Registration
number B670201730765; AZD 17004; UZG 2016/1594).
The obligation to obtain informed consent of the patients
or their next-of-kin was waived as most of the patients
had succumbed at the time of analysis.

MGMT gene promoter methylation status

The MGMT gene promoter methylation status was ana-
lysed using the qMSP technique as described elsewhere
[13, 14].

Briefly, DNA extraction was performed on formalin-
fixed paraffin-embedded (FFPE) tumour samples obtained
during initial diagnostic work-up or surgical treatment
using the QIAamp DNA FFPE Tissue Kit (Qiagen, Hilden,
Germany). This resulted in 0.5-1.0 pg of purified tumour
DNA. This DNA was afterwards exposed to bisulfite
treatment in order to transform the unmethylated cytosine
nucleotides into uracil using the EZ DNA Methylation Kit
(Zymo Research, California, US).

The bisulfite treated DNA was used to perform a
quantitative real-time methylation specific polymerase
chain reaction (qMSP) using the LightCycler 480 system
(Roche, Basel, Switzerland) [14]. The B-actin gene was
used as a control to normalize the MGMT values (see Sup-
plementary Material).

The primers used in the MSP assay were described ear-
lier [14, 15]. The primers used for ACTB (located on chro-
mosome 7) were TAGGGAGTATATAGGTTGGGGAAG
TT (forward primer) and AACACACAATAACAAACA
CAAATTCAC (reverse primer). The primers for methyl-
ated MGMT (chromosome 10) were TTTCGACGTTCG
TAGGTTTTCGC (forward primer) and GCACTCTTC
CGAAAACGAAACG (reverse primer). A gMSP assay
was considered methylated if the following conditions
were met: (1) Cq <40 for the MGMT assay; (2) Cq<32
for the ACTB assay; (3) the melting temperature (Tm)
did not differ more than 1.5 °C from the positive control;
(4) the amplicon length did not differ more than 10 base
pairs from the positive control; (5) ratio value (MGMT/
ACTB x 100) > 0.2. The Cq value (quantification cycle)
points to the first PCR cycle in which a positive fluores-
cence signal is detected; as such, a lower value indicates a
higher DNA concentration at baseline. If the MGMT gene
promoter was considered methylated, the samples were
further dichotomized in weakly and strongly methylated
variants using a different ratio value. In this study, a ratio
value of 2 was used as cut-off value to consider a sample
strongly methylated. The second value of 0.2 was used to
identify weakly methylated tumours and to demarcate our
own qMSP grey zone between 0.2 and 2.

Statistical analysis

To compare the means between different categorical groups
a one-way ANOVA test was used if the following assump-
tions were met: (1) normal distribution of the dependent
variable (using the Shapiro—Wilk test); (2) a homogeneity of
variances (using the Levine test); (3) independence of vari-
ables. The Pearson chi-square test was used to compare two
categorical variables based upon independent subgroups. For
survival analysis, Kaplan—Meier curves were constructed
and the Log Rank test was used to assess the probability of
survival. Finally, Cox regression analysis was used to cor-
rect the survival analysis for confounding variables (age at
diagnosis, KPS, surgery, MGMT gene promoter methylation
status, cycles of temozolomide, IDH-1/2 mutations).

A two-sided cut-off value of 0.05 was used to determine
statistical significance. The statistical analysis of the data
was performed using SPSS (version 25, IBM, Armonk, NY,
USA).

Results

In total, 181 patients met the inclusion criteria and their
files were included for review. Mean age at diagnosis was
61.6 years; 33.7% of patients were female. The majority of
patients (68.5%) had a KPS of 70 or higher. All patients
underwent surgical therapy for their disease: 27.1% under-
went only tumour biopsy for histological diagnosis, 43.1%
received a subtotal resection and 29.8% a gross total resec-
tion. At the molecular level, 38.7% of tumours harboured
weak or strong MGMT hypermethylation and 7.7% were
determined as IDH-1 mutated. In 11% of cases, IDH-1 muta-
tion status could however not be determined due to a lack of
sufficient or qualitative DNA. Table 1 gives an overview of
the different epidemiological parameters gathered accord-
ing to MGMT methylation status. No statistically signifi-
cant differences between the three groups could be detected
concerning baseline characteristics. The main reasons why
patients were unable to complete six cycles of adjuvant
temozolomide treatment were disease progression, major
treatment toxicity (mostly bone marrow failure) or death.

The median OS of the whole study cohort was
12.2 months. Age at diagnosis, KPS >70%, surgical resec-
tion, MGMT hypermethylation (weak and strong) and six or
more cycles of temozolomide were statistically significant
prognostic variables in univariate testing using the Cox pro-
portional hazard model. The IDH-1/2 mutation did not reach
statistical significance as a prognostic variable for OS. These
results are summarized in Table 2.

Next, a multivariate model was created using the Cox
proportional hazard model adding the dichotomized
MGMT methylated tumours based on different cut-off
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Table 1 Study population
characteristics

Parameter

No methylation

Weak methylation

Strong methylation

P-value

n (%)
Age at diagnosis (mean)
KPS
<70
>70
Surgery
Biopsy
STR
GTR
IDH-1/2 mutation
No
Yes
NA
Median TMZ cycles
PFS (median)
OS (median)

111 (61.3%)
61

32 (28.8%)
79 (71.2%)

34 (30.6%)
46 (41.4%)
31 (27.9%)

93 (83.8%)
7 (6.3%)
11 (9.9%)
3

5.4

10.1

20 (11%)
65

5(25%)
15 (75%)

2 (10%)
10 (50%)
8 (40%)

18 (90%)
1.(5%)
1(5%)

6

11.2
15.4

50 (27.6%)
62

20 (40%)
30 (60%)

13 (26%)
22 (44%)
15 (30%)

36 (72%)
6 (12%)
8 (14%)
6

10.5
19.7

0.351%

0.296°

0.430°

0.359°¢

0.028¢
<0.001°
<0.001¢

NA not determined due to technical reasons

#One-way ANOVA

®Pearson Chi-Square test with degrees of freedom (df) =2

“Pearson Chi-Square test with df =4

dKruskal-Wallis test
°Log Rank test with df=2

Table 2 Different prognostic
parameters in survival of

Parameter

Mean/proportion Median OS Hazard ratio Wald test

glioblastoma Age at diagnosis (years)

KPS
<70
>70

Type of surgery
Biopsy
Subtotal resection
Gross total resection

MGMT gene promoter methylation

No

Yes
Temozolomide

<6 cycles

>6 cycles
IDH-1/2 mutation

No

Yes

61.6 - 1.019 P=0.007

31.5% 8.3 0.483
68.5% 13.9

P <0.001

27.1% 7.6 - -
43.1% 12.4 0.594 P=0.005
29.8% 16.2 0.374 P <0.001

61.3% 10.1 0.347
38.7% 19.2

P <0.001

56.4% 7.8 0.286
43.6% 17.9

P <0.001

81.1% 12.2 0.592
7.7% 21.3

P=0.083

values for the qMSP ratio value. The results are sum-
marized in Table 3. The median OS of patients without
MGMT gene promoter hypermethylation was 10.1 months;
for patients with weakly methylated tumours 15.4 months;
for patients with strongly methylated tumours 19.7 months

@ Springer

(see Fig. 1). Patients with weakly methylated tumours
showed a significant survival benefit compared to the
group with unmethylated tumours (P <0.001). The
median progression free survival (PFS) was 5.4, 11.2 and
10.5 months respectively.
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Table 3 Multivariate Cox

. . Parameter B Standard devia- Hazard ratio ‘Wald test
proportional hazards regression tion
analysis
Age at diagnosis 0.019 0.009 1.019 P=0.033
KPS >70 —-0.801 0.196 0.449 P <0.001
Subtotal resection (STR) —0.686 0.212 0.504 P=0.001
Gross total resection (GTR) —1.147 0.245 0.317 P<0.001
MGMT methylation—weak —0.831 0.289 0.436 P=0.004
MGMT methylation—strong —1.339 0.222 0.262 P<0.001
Temozolomide-6 or more cycles —1.144 0.183 0.318 P<0.001
IDH-1/2 mutant —-0.285 0.309 0.752 P=0.356
ol —be MGMT gene Table 4 Survival analysis of different methylation groups (median
W iomee  OS in months)
.\\ —No
e, 3 \\\ Mt Study Methodology Unmethyl- Grey zone Methylated
_ N ated
5 0 Xia et al. MSP 17.0 20.0 34.1
E AR [20]
° L T Hsu et al. MSP 14.6 18.0 25.6
’ . P [21]
B T . Hegi et al. gqMSP 13.6 16.5 25.6
| 1 [12]
0 10 20 30 40 50 60 This study qMSP 10.1 154 19.7

0S (months)

Fig. 1 Kaplan—-Meier curve illustrating the differences in overall sur-
vival (OS) between the MGMT gene promoter methylation groups

Discussion

Quantitative methylation specific PCR (QMSP) is a com-
monly used method to determine MGMT methylation sta-
tus. In comparison to pyrosequencing, it is cheaper and
widely available. Moreover, it has been used in various
prospective, randomized trials to dichotomize glioblas-
toma samples in methylated and unmethylated groups
[16—18]. The gMSP technique used to assess MGMT gene
promoter methylation status in this study is adapted from
a technique described elsewhere by Vlassenbroeck et al.
[13]. Results of gMSP might be based on the quantifica-
tion cycle (Cqg-values) or on the copy numbers present in
the sample.

Nevertheless, the optimal cut-off for this ratio value
in gMSP is still a matter of debate. The technical cut-
off based on copy numbers used in the original study by
Vlassenbroeck et al. was founded on a bimodal distribu-
tion of the dichotomized tumour groups. Although techni-
cally valuable, both groups show a clinically significant
overlap. This overlap has been termed the qMSP “grey
zone” in which diagnostic uncertainty prevails [12]. Dif-
ferent trials have used a ratio value of 2 to identify MGMT

gene promoter hypermethylation [16—18]. Contrary, trials
looking for alternatives to temozolomide for MGMT gene
promoter unmethylated patients have used a more stringent
cut-off value of 0.6 to minimize inclusion of patients with
methylated tumours [19]. This is important as the latter
group substantially benefits from temozolomide treatment
and should not be withheld today’s standard-of-care. Hegi
et al. recently tried to minimize the qMSP grey zone by
defining optimal clinical cut-off points for future trials.
The authors combined the results of earlier trials including
1725 patients using a slightly different “corrected” ratio
value ( log,[(MGMT + 1)/ACTB x 1000]). The authors
found a lower and upper limit of the grey zone of —0.28
and 1.27 respectively [12]. An important remark has to be
made; the group of Hegi et al. used absolute copy numbers
to calculate their ratio value. This study used Cg-values so
direct comparison might therefore not be possible.
Ambiguous results are a frequent problem in both quali-
tatively and quantitatively assessed MSP techniques for
MGMT gene promoter methylation analysis. Accordingly,
the existence of a (Q)MSP grey zone as such has been illus-
trated in different studies (Table 4). Xia et al. used a quali-
tatively assessed technique (as opposed to the quantitative
technique qMSP) and found an inconsistency rate of 12%.
These samples could in other words not easily be labelled
MGMT methylated or not. Further analysis showed that
these inconsistent cases had an OS close to the unmethylated
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group. Finally, the authors found prognostic heterogeneity
within the inconsistent cases, possibly related to varying
rates of gene methylation in these patients [20]. Similar
results were found by Hsu and colleagues examining the
prognosis of glioblastoma patients with faint MSP results.
They found a prevalence of inconsistency of 15.5% with
a median OS of 18 months in this group of patients [21].
Again, comparing the results with a paired gMSP analy-
sis, the authors found a correlation with overall methylation
level [21]. After optimizing the cut-off points for qMSP,
Hegi et al. found their grey zone contained 8.1% of their
test cohort with a median survival of 16.5 months. Finally,
this study confirms that a subgroup of patients analysed
with gMSP show worse survival than strongly methylated
patients (QMSP ratio 2 or more), but perform still better than
unmethylated patients (QMSP ratio 0.2 or less). We show
that patients may still benefit from temozolomide treatment
if they belong to the so-called grey zone. In this study, the
latter group constitutes 11% of the total cohort and shows a
median OS of 15.4 months.

This qMSP grey zone is in fact a heterogenous group
of glioblastoma patients, methylated and unmethylated
tumours, with overlapping and thus indiscriminating diag-
nostic test results. In a way, this zone contains false positives
(unmethylated samples that seem methylated in gqMSP) and
false negatives (methylated samples that seem weakly or not
methylated at all in qMSP). From a clinical point of view, the
latter probably form no major therapeutic problem as even
weakly methylated tumours might benefit from a temozolo-
mide based adjuvant treatment. This was shown preclinically
in cell lines by van Nifterik et al. and indirectly confirmed
clinically by the study of Hegi et al. and by this study [12,
22]. One should therefore realise that MGMT expression is
a continuum rather than an all or nothing phenomenon [22,
23]. The inclusion of unmethylated samples in the gqMSP
grey zone on the other hand poses a more important thera-
peutic problem as these patients might not benefit from treat-
ment with temozolomide [19, 24]. The reason why these
samples might seem (weakly) positive on gMSP is probably
due to sample cell heterogeneity and suboptimal test sensi-
tivity. Normal tissues, such as brain and liver cells, produce
MGMT protein to protect and repair their DNA. Further-
more, tumour blood vessels, tumour-associated leukocytes
and microglia express MGMT as well, possibly dominating
the MGMT signal of glioblastoma cells in qMSP [23].

Mansouri et al. recently proposed a diagnostic algo-
rithm for MGMT gene promoter methylation testing dur-
ing the diagnostic work-up in newly diagnosed glioblas-
toma patients [11]. Using clinical relevant cut-offs, qMSP
should be used to distinguish clearly unmethylated and
methylated tumour samples, as this test is fairly cheap
and widely available. Samples in the grey zone should be
further analysed using an alternative diagnostic technique
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such as pyrosequencing. Here it may become of primary
importance to identify the false positive and thus unmeth-
ylated cases, as these might benefit from alternative treat-
ment regimens in future. On the other hand, this approach
is very useful to include patients in future trials investigat-
ing alternative treatments for truly unmethylated tumours.

This retrospective study has several shortcomings.
Obviously, the retrospective methodology implicates a
risk of bias, confounding the interpretation of the results.
This may equally apply to the rather small patient cohort
of this study. Unfortunately, the study methodology was
already designed before publication of the paper from the
Hegi group, so different methods were used in comparison
to their ratio value [12]. The baseline characteristics of
the three methylation groups do not seem to differ sig-
nificantly. However, attention should be paid to the fact
that the weak methylation has a better KPS score in com-
parison to the strongly methylated group and the fraction
of patients who underwent tumour debulking was higher.
Furthermore, the relative proportion of IDH mutated
tumours in the gross total resection group is higher com-
pared to the other groups. IDH mutation status is a well-
known prognostic parameter in glioma tumours, although
not reaching statistical significance in this study cohort
due to low incidence (Table 1). One of the major strengths
of this study is that the results were gathered in a heterog-
enous clinical sample from day to day practice, improv-
ing external validity. We therefore confirm the results
published by Hegi et al. gathered from a larger patient
cohort, included in four different randomized trials, but
subjected to various in- and exclusion criteria [12]. Next,
the technique used for MGMT gene promoter methylation
analysis is thoroughly known and often used in different
prospective trials.

Conclusion

It is important to recognize the existence of a grey zone
in qMSP analysis for MGMT gene promoter methylation
in glioblastoma patients. In comparison to patients with
clearly unmethylated tumours, these grey zone patients still
show a better OS when treated with temozolomide based
radiochemotherapy. Patients with ambiguous gMSP results
should receive further molecular analysis using different
techniques (preferably pyrosequencing) to definitely deter-
mine their methylation status. This may become ever more
important in the age of precision medicine, and especially
for patients with unmethylated tumours, as they might ben-
efit from other treatments than or added to temozolomide
in the future.
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The subventricular zone (SVZ) is the largest reservoir of neural stem cells in the adult human
brain. Already in 1944, Globus and Kuhlenbeck® formulated the hypothesis of an etiological
relationship between glial brain tumors and the "subependymal plate", as the SVZ was then
called (1). Nowadays, growing evidence from both animal studies and human studies exists
to support the hypothesis that the SVZ has an important role in glioblastoma, possibly in part
by functioning as a niche for the glioblastoma stem cell (2,3). Several reports found that SVZ
contact of the contrast-enhancing part of the tumor is a negative prognostic factor for
glioblastoma patient survival (4,5). However, most publications were unable to include
molecular biological factors in the survival analysis (6). We studied whether a survival
difference between SVZyos and SVZ,eg patients exists when survival analysis is adjusted for
molecular biological markers.
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“ Perhaps Bailey and Cushing were the first to coin the idea in their book A Classification of the Tumors of the
Glioma Group on a Histogenetic Basis with a Correlated Study of Prognosis published in 1926. However, Globus
and Kuhlenbeck were the first to describe a full and comprehensive theoretical framework.
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ABSTRACT

Background: Several studies show that subventricular zone (SVZ) contact of glioblastoma at diagnosis
is a negative prognosticator of survival. In this report, we study glioblastoma patient survival, molecu-
lar biological and MRI-based volumetric findings according to SVZ contact.

Patients and methods: We conducted a retrospective study of adult patients diagnosed with supra-
tentorial glioblastoma and uniformly treated with temozolomide-based chemoradiotherapy after sur-
gery. The patient cohort was dichotomized according to tumor contact with the SVZ at diagnosis as
determined on preoperative MR imaging. Tumor volume was measured using semi-automated seg-
mentation technique. MGMT-gene promoter methylation and IDH mutation status were determined
on stored tumor tissue. Kaplan-Meier survival curves were constructed. Cox regression analysis was
used to adjust for known confounding factors of glioblastoma patient survival.

Results: A total of 214 patients were included in the study of whom 68% belonged to the SVZ,
group. Median tumor volume was significantly larger in the SVZ,, group (33,8mL vs 156mL;
p <.001). MGMT-unmethylated glioblastoma was more frequent in the SVZ,,s group (61.4% vs 44.9%;
p=.028). The overall survival and progression-free survival were 12.2 months and 5.9 months for the
SVZ,.s patient group but 16.9months and 10.3 months for the SVZ,.4 group (log-rank p=.016 and
.007 respectively). In multivariate Cox survival analysis, SVZ contact proved a negative prognostic par-
ameter, independent from age, KPS, extent of resection, MGMT-methylation and IDH mutation status.
Conclusions: This study confirms SVZ contact at diagnosis as an independent negative prognostic fac-
tor for glioblastoma patient survival. SVZ,,,, glioblastoma had larger tumor size and a larger proportion
of unmethylated tumors than SVZ,.4 glioblastoma. Further research is needed to establish whether
the observed differences are solely explained by a different molecular profile of SVZ,. glioblastoma
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or by interaction of glioblastoma with the unique SVZ microenvironment.

Introduction

Glioblastoma is both the most frequent and most malignant
primary brain tumor in adults. Almost all patients succumb
to the disease, as reflected in a five-year survival rate of only
4.6% [1]. This tumor typically presents on MR imaging of the
brain as an irregularly ring-shaped zone of contrast-enhance-
ment with central necrosis and surrounded by edema. If the
contrast-enhancing part of the tumor abuts the subventricu-
lar zone (SVZ) at diagnosis, the tumor is considered as SVZ-
contacting glioblastoma (SVZ,.; Figure 1). In recent years,
the SVZ has regained attention as the potential source of
brain tumor initiating cells (BTICs), a hypothesis already for-
mulated in 1944 by Globus and Kuhlenbeck [2]. The evidence
supporting the presence of BTICs in the SVZ is now rapidly
growing and these cells probably originate from neural pro-
genitor cells (NPCs) [3-5]. Several retrospective studies
acknowledge SVZ contact at diagnosis as a negative prog-
nostic factor in glioblastoma [6-9]. The negative influence of
SVZ contact of glioblastoma seems to be independent from

known prognostic factors such as age, Karnofsky
Performance Score (KPS), extent of resection and molecular
biological factors, specifically methylation of the 0°-methyl-
guanine-DNA-methyltransferase (MGMT)-promoter and isoci-
trate dehydrogenase (IDH)-mutation status [7-9]. In this
report, we conducted a retrospective study of a cohort of
uniformly treated de novo glioblastoma patients with regard
to survival and demographic, MRI-based volumetric and
molecular biological differences between SVZ contact groups.
The prognostic significance of SVZ contact was tested both
in univariate and multivariate survival analysis, adjusting for
independently validated prognosticators of glioblastoma
patient survival [10].

Patients & methods
Patient selection

We performed a retrospective analysis of adult (18years or
older) patients treated for supratentorial glioblastoma in two
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Figure 1. Contrast-enhanced axial T1 MR image (A) and matching coronal T1
image (B) illustrating a right frontal glioblastoma with SVZ contact.

hospitals in Flanders (Belgium) between 2003 and 2014.
Patients were included only if they completed temozolo-
mide-based chemoradiotherapy (60Gy in 30 fractions) after
surgery. Patients with a previous history of low-grade glioma
or other brain tumors were excluded. If the preoperative
imaging could not be retrieved, these patients were
also excluded.

The following demographic parameters were collected
from the written or electronic medical files: sex; age at diag-
nosis; Karnofsky performance score (KPS). Surgery was classi-
fied into biopsy only or resection, based on surgical intent.
Resection was classified into subtotal resection (STR) or gross
total resection (GTR) based on postoperative imaging,
according to the method applied by Stummer et al. [11].
Briefly, if postoperative imaging showed the presence of con-
trast-enhancement of the size of one voxel or more, then
surgery was classified as STR; if not, GTR was accepted.
Overall survival (OS) was determined as the time between

the date of histological diagnosis and the date of death.
Progression-free survival (PFS) endpoint was determined by
either the date of radiologic evidence of disease recurrence
or progression or the date of change in treatment plan due
to clinical disease progression. Patients who were still alive
at the time of analysis were censored for OS. Patients with-
out disease progression were censored for PFS at the time of
the last registered follow-up visit.

This study was approved by the Ethics Committee of both
participating  hospitals  (Belgian  Registration  number
B670201730765; UZG 2016/1594; AZD 17004). Since the vast
majority of patients had deceased at the time of analysis, the
need for individual informed consent was waived by
both committees.

Imaging and molecular biological factors

Contact of the contrast-enhancing part of the tumor with
the SVZ was evaluated on preoperative MR imaging (SVZpos
vs SVZ,.g). Preoperative tumor volume was measured on
3D-T1 magnetization-prepared rapid acquisition gradient
echo (MPRAGE) images with a slice thickness of 0.9 mm
obtained for neuronavigation and using semi-automated seg-
mentation technique [12]. These images were acquired on
1,5T or 3T magnetic resonance imaging systems (Siemens,
Erlangen, Germany).

The  neuropathologist selected a  representative
formalin-fixed paraffin-embedded tissue block from the
tumor tissue archive for each case. All samples were
reviewed and tested for IDH-1 and —2 mutation using next-
generation sequencing techniques. MGMT promoter methyla-
tion was determined using semi-quantitative methylation-
specific polymerase chain reaction (qMSP), as previously
described [13].

Statistical analysis

Fisher's exact test was used to compare proportions between
independent categorical variables of SVZ,,; and SVZ,q
groups and the independent samples t-test was applied for
numerical variables, except for preoperative tumor volume.
Mean difference in preoperative tumor volume between
groups was assessed using a linear regression model, after
log-transformation to improve normality of the measured
tumor volumes. Kaplan-Meier survival curves for OS and PFS
were plotted and compared between groups with the log-
rank test; hazard ratios were also calculated using a univari-
ate cox regression model. Next, a multivariate Cox regression
model was fitted for survival analysis (OS and PFS), including
known prognostic factors of survival in glioblastoma patients
(age at diagnosis; KPS; biopsy vs resection; MGMT- methyla-
tion; IDH-mutation). In Cox regression models, numerical vari-
ables were not categorized [14]. Graphical methods were
used to assess that the proportional hazards assumption was
respected in Cox models for categorical variables. For
numeric variables, a time-dependent covariable was intro-
duced in the model and checked that it was not significant.
All statistical analyses were performed using SPPS (v26, IBM,
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Armonk, NY, USA). Statistical significance was set at p <.05
using two-tailed tests.

Results

In total, 399 patients were surgically treated for glioblastoma.
Three patients were excluded because of cerebellar localiza-
tion or the presence of other tumors; 43 were lost to follow-
up; 93 patients were treated with shortened radiotherapy
schedules or without temozolomide; diagnostic MR imaging
could not be retrieved in 46 patients. So, 214 patients were
included in the study of whom 12 were still alive at the time
of database closure. The majority of patients (68%) belonged
to the SVZ,,, group (Table 1). IDH mutation could not be
determined due to technical reasons in 19.5% of patients
while MGMT-methylation status is lacking in 8% of patients.
Only the IDH1%'32 mutation was found. The difference in
tumor size and in MGMT-methylation status between SVZ
contact groups proved statistically significant (Table 1). The
number of unmethylated tumors was higher in the SVZ,
group while in the SVZ,.4 group the numbers of methylated
and unmethylated tumors were proportionally distributed
(44.9% unmethylated and 46.4% methylated; Table 1). There
was no difference in frequency of IDH-mutation between
SVZ contact groups. Tumor volume could be determined in
177 patients. Median tumor volume was more than double
in the SVZ,, glioblastoma group (33.8mL for SVZ,, vs
15.6 mL for SVZ,,.5; p <.001). There were no significant differ-
ences in age, KPS, female/male ratio or extent of surgical
resection between SVZ contact groups.

Univariate survival analysis showed that age, KPS, extent
of resection, MGMT-methylation status and IDH-mutation
correlated significantly with glioblastoma patient survival
albeit IDH-mutation only for PFS (Table 2). Preoperative
tumor volume did not correlate with survival in univariate
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Cox regression model. SVZ contact was a significant prognos-
tic factor for both OS (SVZ,,s median OS 12.2months vs
SVZ,eg median OS 16.9 months; p=.016) and PFS (SVZ,
median PFS 5.9 vs SVZ, .y median PFS 10.3 months; p =.007).
After adjustment for age, KPS, surgical resection, IDH-muta-
tion and MGMT-methylation status, SVZ contact proved a
statistically significant prognostic factor both for OS and PFS
(Table 3, Figure 2).

Discussion

This study confirms SVZ contact as an independent negative
prognostic factor in glioblastoma patient survival. Compared
to SVZ,eq tumors, SVZ,,, glioblastoma has a double median
tumor volume and comprises predominantly MGMT-unme-
thylated tumors. There were no significant differences
between SVZ contact groups with regard to sex ratio, age,
KPS, extent of resection or IDH-mutation.

Contrary to our results, a recent meta-analysis of 6 reports
on MGMT-methylation status of SVZ,, glioblastoma, showed
no significant difference between SVZ contact groups con-
cerning this important prognostic epigenetic factor [15]. This
was also the case in the prospective study on SVZ contacting
glioblastoma by Van Dijken et al. [7]. However, a 2018 report
by Han et al. on predicting MGMT promoter methylation sta-
tus based on preoperative MR imaging, showed similar
results to this study, with a significantly higher number of
unmethylated tumors in the SVZ,,, group compared to the
SVZ,g group (58.3% vs 36.4% resp.; p=.012) [16]. Literature
does not allow to draw a definitive conclusion at present
whether SVZ,,, glioblastoma has a different MGMT-methyla-
tion pattern than SVZ,.4 tumors.

Importantly, despite the obvious higher number of unme-
thylated tumors in the SVZ,, group, SVZ contact was an
independent prognostic factor in multivariate survival

Table 1. Overview of demographic, surgical, molecular biological and volumetric characteristics as well as survival

according to subventricular zone contact group.

Parameter SVZ contact No SVZ contact p-value
N (%) 145 (68%) 69 (32%) -
Sex 2237
Female 55 (38%) 20 (29%)
Male 90 (62%) 49 (71%)
Mean age at diagnosis (years) 60 62 162°
KPS (mean) 70 70 1150
Surgery 5528
Biopsy only 40 (27.6%) 15 (21.7%)
STR 60 (41.4%) 28 (40.6%)
GTR 45 (31.0%) 26 (37.7%)
MGMT-methylation .028¢
No 89 (61.4%) 31 (44.9%)
Yes 45 (31%) 32 (46.4%)
unknown 11 (7.6%) 6 (8.7%)
IDH-mutation .276°
No 111 (76.6%) 44 (63.8%)
Yes 10 (6.9%) 7 (10.1%)
unknown 24 (16.5%) 18 (26.1%)
Median tumor volume (mL)* 338 15.6 <.001¢
Median overall survival (months) 12.2 16.9 .016°
Median progression-free survival (months) 5.9 10.3 .007¢

®Fisher's exact test. PIndependent samples t-test. “Fisher's exact test with exclusion of NA group. “Linear regression
model of the log transformed volumes. ¢Log-rank test. *Available in 177 patients.

Significant p-values are highlighted in bold. KPS =Karnofsky Performance Score; STR = subtotal resection; GTR = gross
total resection; MGMT = 0°-methylguanine-DNA-methyltransferase; IDH = isocitrate dehydrogenase.
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Table 2. Univariate survival analysis for several prognostic factors of glioblastoma patient survival.

Overall survival

Progression-free survival

Parameter % of patients Median (months) Hazard ratio (95% Cl) Wald test p Median (months) Hazard ratio (95% Cl) Wald test p
Age at diagnosis (years)
>65 35,5% 1.7 1.021 (1.009-1.034)* .001 6.2 1.009 (0.997-1.021)* 161
<65 64,5% 14.3 6.7
KPS
>70 70% 15.33 0.981 (0.971-0.991)* <.001 77 0.987 (0.978-0.997)* .010
<70 30% 9.4 4.6
Preoperative tumor volume* 82.7% - 0.997 (0.985-1.009 .588 - 1.005 (0.992-1.019) 469
Surgery
Biopsy only 25,7% 8.7 - - 47
STR 41,1% 13.0 0.673 (0.480-0.944) .022 6.2 0.589 (0.417-0.832) .003
GTR 33,2% 17.0 0.503 (0.371-0.682) <.001 10.7 0.554 (0.403-0.760) <.001
MGMT-methylation
Yes 39% 20.9 0.361 (0.263-0.497) <.001 12.0 0.471 (0.343-0.649) <.001
No 61% 1.5 55
IDH-mutation
Yes 10% 23.8 0.612 (0.359-1.044) 072 1.3 0.548 (0.319-0.939) .029
No 90% 13.4 6.3
SVZ contact
Yes 68% 12.2 1.439 (1.067-1.941) .017 5.9 1.523 (1.119-2.072) .007
No 32% 16.9 10.3

*Numerical variables were not categorized in Cox regression model.

Significant p-values are highlighted in bold. KPS =Karnofsky Performance Score; STR = subtotal resection; GTR = gross total resection; MGMT = 0°-methylgua-
nine-DNA-methyltransferase; IDH = isocitrate dehydrogenase; SVZ = subventricular zone.

Table 3. Multivariate Cox regression model of glioblastoma patient survival adjusted for age, KPS, extent of resection, MGMT-methylation and SVZ contact.

Parameter Overall survival hazard ratio (95% Cl) Wald test p Progression-free survival hazard ratio (95% Cl) Wald test p
Age 1.029 (1.014-1.045) <.001 1.013 (0.998-1.028) .093
KPS 0.982 (0.969-0.995) .008 0.985 (0.973-0.997) .018
Biopsy vs resection 0.503 (0.343-0.736) <.001 0.594 (0.405-0.872) .008
MGMT-methylated 0.294 (0.203-0.425) <.001 0.442 (0.308-0.634) <.001
IDH-mutated 0.685 (0.518-1.541) .685 0.653 (0.368-1.158) 145
With SVZ contact 1.464 (1.027-2.088) .035 1.483 (1.037-2.121) .031

Significant p-values are highlighted in bold. Cl = confidence interval; KPS = Karnofsky Performance Score; MGMT = 0°-methylguanine-DNA-methyltransferase;

IDH = isocitrate dehydrogenase; SVZ = subventricular zone.

analysis. Our survival results are analogous to the results of
the 2017 meta-analysis on SVZ contact and glioblastoma
patient survival [6] and to those more recently obtained by
Van Dijken et al. [7] and Mistry et al. [9]. In their 2019 study,
Mistry et al. showed that SVZ, glioblastoma was associated
with decreased survival and also with post-treatment hydro-
cephalus and leptomeningeal dissemination. This negative
influence on glioblastoma patient survival of SVZ contact
was also independent from ventricular entry during neuro-
surgical resection [9]. Moreover, in another report studying
TCGA molecular data of glioblastoma, the same group could
not find a distinct molecular biological profile of SVZ, glio-
blastoma [17]. Another group came to the same findings [8].
If the molecular signature of SVZ,,s tumors is not fundamen-
tally different from SVZ,.4 glioblastoma, possibly the inter-
play between glioblastoma cells and the complex and
unique SVZ niche may hold the key to understanding how
SVZ contact of glioblastoma influences patient survival [18].
For example, it has been shown in a mouse model that gli-
oma cells invading the SVZ become radioresistant by influ-
ence of SVZ chemokines [19].

The current finding of significantly larger tumor size for
SVZ,,s glioblastoma is consistent with previously published
findings [7,8,15,20]. Nevertheless, this observation alone is

insufficient to establish the SVZ origin of glioblastoma. A dir-
ect correlation between anatomical localization of glioblast-
oma and its origin is unlikely [20]. Mathematical glioma
growth models demonstrate that tumors originating at a dis-
tance from the SVZ have a high likelihood of reaching the
SVZ before detection [21,22]. SVZ,,, glioblastoma may just
be the consequence of a highly malignant and rapidly grow-
ing tumoral lesion within the limited confinements of the
brain rather than the indication of pure SVZ origin [22].

Most importantly, this study acknowledges SVZ contact as
a negative prognostic factor for glioblastoma patient survival,
independent from age, KPS, extent of resection, MGMT-
methylation status and IDH mutation (Table 3, Figure 2). In
other words, SVZ,,s glioblastoma is even more aggressive
than SVZ,.4 tumors. The SVZ niche in glioblastoma patients
may become a therapeutic target in the future whether by
radiating the SVZ or by targeting specific components of the
SVZ microenvironment [5,18]. We join the call already made
by Smith et al. in 2016 to increase translational and basic
research on the SVZ and its role in glioblastoma [23].

This study has several shortcomings of which selection
bias due to the retrospective study design may be the most
important. Furthermore, corticosteroid use at diagnosis was
not included in the analysis nor were the different treatment
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Figure 2. Kaplan-Meier curves of overall survival (A) and progression-free survival (B) in glioblastoma with (SVZp.) and without (SVZ,.) subventricular

zone contact.

modalities applied for disease recurrence or progression.
Nevertheless, we present a large series of glioblastoma
patients who were uniformly treated in first tier treatment.
We were able to include MGMT-promoter methylation status
and IDH-mutation in the study and adjust survival analysis
for these and other well-known prognostic factors.

Conclusion

In this glioblastoma patient cohort, SVZ contact at diagnosis
is a negative and independent prognostic factor. The SVZ
patient group had significantly more MGMT-unmethylated
and larger tumors. More studies are needed to be able to
draw a definitive conclusion whether differences in MGMT-
methylation pattern exist between glioblastoma SVZ contact

groups. The role of SVZ contact in glioblastoma needs to be
examined further in larger patient groups in order to estab-
lish how SVZ contact influences patient survival. The SVZ
emerges as a potential therapeutic target in glioblast-
oma treatment.
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If the subventricular zone (SVZ) harbors the glioblastoma stem cell, then this brain region may
emerge as a therapeutic target for glioblastoma patient treatment. The report by Evers et al.
in 2010 was the first to study the correlation between incidental SVZ irradiation and high-
grade glioma patient outcome (1). In a cohort of 55 patients, they found a significantly better
progression-free survival if the bilateral SVZ received a dose of 43 Gy or higher. Several
reports on the impact of SVZ irradiation on glioblastoma patient survival were published
since. However, recent reviews on SVZ radiation could only conclude that the literature is
conflicting, and definitive conclusions cannot be drawn at this point in time (2,3). Reports on
SVZ radiation in the group of IDH-wildtype glioblastoma only are very rare. We investigated
whether a correlation exists between incidental SVZ irradiation and patient survival in a
cohort of IDH-wildtype glioblastoma patients.
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ABSTRACT

Background and purpose: The subventricular zone (SVZ) is an important niche for neural stem cells
but probably also for brain tumor propagating cells, including the glioblastoma stem cell. The SVZ
may become a target for radiation therapy in glioblastoma patients. However, reports studying the
effect of irradiation of the SVZ on glioblastoma patient survival show conflicting results. We studied
the correlation between incidental SVZ radiation dose and survival in a cohort of isocitrate dehydrogen-
ase-wildtype (IDHwt) glioblastoma patients with inclusion of important survival prognosticators.
Patients and methods: In this retrospective analysis, only adult patients with supratentorial IDHwt
glioblastoma were included who were treated with temozolomide-based chemoradiotherapy after sur-
gery. The SVZ was contoured on the radiotherapy planning imaging. Cox proportional regression over-
all survival (OS) analysis was used to study the correlation between SVZ dose and survival. Age,
Karnofsky Performance Score, extent of resection and O°-methylguanine-methyl-DNA-transferase gene
promoter (MGMTp) methylation were used as covariates in multivariate analysis.

Results: In total, 137 patients were included. Median OS was 13.3 months. The MGMTp methylation
was present in 40% of cases. Ipsilateral SVZ (iSVZ) mean dose was 44.4Gy and 27.2 Gy for the contra-
lateral SVZ (cSVZ). Univariate survival analysis showed an inverse relationship between cSVZ mean
dose and OS (HR 1.029 (1.003-1.057); p= .032). However, there was no correlation between cSVZ
mean dose and OS in multivariate analysis. iSVZ dose did not correlate with survival.

Conclusion: In this cohort of 137 IDHwt glioblastoma patients, iSVZ did not correlate with OS. Higher
cSVZ dose was inversely correlated with OS in univariate survival analysis but lost its significance in
multivariate analysis, including MGMTp-methylation. Hence, the correlation between SVZ radiation and
glioblastoma patient survival remains unclear. Carefully designed prospective studies are needed to
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provide unequivocal results on this controversial topic.

Introduction

Circumscribing the lateral walls of the lateral ventricles, the
subventricular zone (SVZ) is the largest reservoir of neural
stem cells (NSCs) in the adult human brain [1,2]. In humans,
the SVZ contains a unique ribbon of astrocytes which are
capable of self-renewal but also of differentiation into neural
cell types and glial cells. The cancer stem cell (CSC) theory
states that oncological diseases are hierarchically organized.
Oncogenic mutations in stem cells lead to CSCs. These CSCs
share several characteristics with normal stem cells, such as
multipotency, low self-renewal rate, and a strictly regulated
balance between proliferation and cell death, in which the
local microenvironment of the stem cell niche has a crucial
role [3]. Adapted to brain tumors, the CSC theory implies the
existence of brain tumor propagating cells (BTPCs). In 2019,
Lee et al. presented direct genetic evidence from both glio-
blastoma patients and mouse models that BTPCs develop

from SVZ cells [4]. BTPCs divide and differentiate into prolif-
erating glioblastoma cells which build up the bulk of the
glioblastoma tumor mass. If the BTPCs are not eradicated,
the tumor will inevitably return. This theory explains the
high tumor recurrence rate in the vast majority of glioblast-
oma patients, despite maximum safe resection, radiation
therapy, and concurrent temozolomide (TMZ)-based chemo-
therapy. Hence, targeting BTPCs or their microenvironment
seems a logical next step in glioblastoma treatment [5].
Since BTPCs likely reside in the SVZ, this brain region may
become a radiotherapeutic target in glioblastoma patients
given that radiation therapy is already standard-of-care in
glioblastoma treatment [6]. The past decade, several articles
were published on the correlation between SVZ radiation
and glioblastoma patient survival [7-20]. Three consecutive
reviews of the available literature were unable to draw
definitive conclusions from these reports [21-23]. Some of
the major criticisms on these studies are the lack of inclusion
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of molecular biological factors in survival analysis, especially
isocitrate dehydrogenase (IDH) mutation and O°-methylgua-
nine-DNA-methyltransferase gene promoter (MGMTp) methy-
lation; relatively small sample sizes with subgroup analysis,
limiting statistical power; and inclusion of other high-grade
gliomas, next to glioblastoma, combined with lack of uniform
first-tier treatment of patients at diagnosis [22]. Hence,
reports studying the impact of SVZ radiation on survival of
IDH-wildtype (IDHwt) glioblastoma patients with survival cor-
rection for MGMTp-methylation status are sparse. We wanted
to evaluate the effect of incidental radiation to the SVZ on
survival in a larger cohort of IDHwt glioblastoma patients
who were uniformly treated with TMZ-based chemoradio-
therapy after surgery [24]. MGMTp-methylation status was
included in survival analysis.

Patients and methods
Patient selection

Adult patients (18 years and older) with supratentorial IDHwt
glioblastoma were included in this retrospective study only if
they completed the full radiotherapy course with concomi-
tant TMZ chemotherapy after surgery. If patients did not
complete six cycles of adjuvant TMZ, they were still eligible
for inclusion. All patients were treated between 2003 and
2014 in two Flemish hospitals. Patients were excluded if the
so-called Stupp protocol was not applied; if patients were
lost to follow-up; or if radiotherapy planning data could not
be retrieved or restored (Figure 1) [24]. Demographic param-
eters were collected from the patient charts or electronic
medical records. Date of death was cross-checked with the
Belgian Cancer Registry. This study was approved by the
Ethics Committee of both participating hospitals (Belgian
Registration number B670201730765; UZG 2016/1594; AZD
17004). The need for informed consent was waived because

HOSPITAL A

165 adult patients with
supratentorial WHO IV
glioblastoma treated with
radiotherapy after surgery

HOSPITAL B

203 adult patients with
supratentorial WHO IV
glioblastoma treated with
radiotherapy after surgery

Not according to Stupp
56 patients excluded —
inaccessible dosimetry

L 15 patients excluded —

75 patients excluded —
Not according to Stupp
21 patients excluded —  [*
inaccessible dosimetry

94 patients treated according
to Stupp protocol

107 patients treated
according to Stupp protocol

| | 10 patients excluded —
Lost to follow-up

“» 14 patients excluded —
IDH-mutated or
unknown IDH status

8 patients excluded —
Lost to follow-up
32 patients excluded - [+
IDH-mutated or
unknown IDH status

70 patients were analyzed

67 patients were analyzed

In total, 137 patients with
WHO IDH-wildtype
glioblastoma were analyzed

Figure 1. Selection criteria of the IDH-wildtype glioblastoma patient cohort.

of the retrospective study design and because the study did
not involve any risk to the patients. The STROBE guideline
was used as a guide to write the manuscript.

Imaging, surgery, and molecular biological factors

The presence of SVZ contact at diagnosis was evaluated on
post-contrast T1 magnetic resonance (MR) imaging. All MR
images were acquired on 1.5 T or 3 T MR imaging systems
(Siemens, Erlangen, Germany). If the contrast-enhancing part
of the tumor abutted the ventricle, the tumor was classified
as SVZ contacting glioblastoma. Surgery was dichotomized
as biopsy vs. resection. Resection was further categorized as
gross total resection (GTR) if there was no residual contrast-
enhancement on postoperative imaging but as subtotal
resection (STR) if there was. The neuropathologist selected
an appropriate tissue specimen from the tumor database.
Histological diagnosis was reconfirmed according to the
2016 World Health Organization (WHO) criteria. The presence
of IDH1 or 2-mutation in exon 4 was analyzed using next-
generation sequencing [25]. MGMTp-methylation was
detected using semi-quantitative methylation-specific poly-
merase chain reaction (qQMSP) as previously reported [26].
Finally, none of the patients were treated with tumor treat-
ing fields.

Radiotherapy: contouring and dosimetry

All patients were radiated using 3D conformal external beam
therapy or intensity modulated radiotherapy. The radiation
oncologist defined the GBM target volumes at the time of
treatment planning. Gross tumor volume (GTV) was defined
on planning computed tomography (CT) after co-registration
with contrast-enhanced T1-weighted MR imaging. In general,
a margin of 1-2 cm was used to generate the clinical target
volume (CTV), taking into account anatomical borders and
the FLAIR signal intensity. The planning target volume (PTV)
was obtained by adding an additional 3-5 mm margin to
the CTV. A median dose of 60 Gy in 30 fractions of 2 Gy was
prescribed to the PTV. The SVZ was not contoured at the
time of treatment and thus not intentionally irradiated.
Ipsilateral and contralateral SVZs (cSVZs) were manually con-
toured on planning CT imaging at the time of this study. The
SVZ was defined as a 5 mm zone surrounding the full extent
of the lateral wall of the lateral ventricles and of the tem-
poral horns (Figure 2), as anatomically and histologically
described [2]. If the contrast-enhancing part of the tumor
invaded the SVZ, then this region of the SVZ was not
included in the contouring. The ipsilateral SVZ (iSVZ) was
defined as the SVZ on the same side as the tumor. In case of
multifocal or midline tumors, the iSVZ was defined as the
side where the bulk of the tumor was located. Dose-volume
histograms were calculated. Mean and quartile doses were
obtained for the iSVZ and cSVZ.
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Figure 2. Representative illustration of two-dimension segmentation of the ipsilateral (yellow) and contralateral (orange) subventricular zone on radiotherapy plan-

ning CT imaging.

Statistical analysis

Progression-free survival (PFS) was defined as the time
between the date of first surgery and the date of radiologic
evidence of disease recurrence or progression or the date of
change in treatment plan due to clinical disease progression,
or patient death if this occurred before there was radiologic
evidence of disease progression. Overall survival (OS) was
calculated as the time between the date of the first surgery
and date of death. Patients who were alive at the time of
the analysis were censored for OS. Patients without disease
progression were censored for PFS at the time of the last
registered follow-up visit. The median survival times were
calculated using the Kaplan-Meier estimates. Prognostic fac-
tors for PFS and OS were studied using univariate Cox pro-
portional hazards analysis, including the mean doses of iSVZ
and cSVZ. If SVZ dose showed a significant correlation with
survival in univariate analysis, multivariate Cox proportional
hazard models were subsequentially fitted adjusted for the
following prognostic factors: age, Karnofsky Performance
Score (KPS), extent of resection (biopsy vs. resection), and
MGMTp-methylation (Figure 3). Although SVZ contact at
diagnosis is described as a negative and independent prog-
nosticator for glioblastoma patient survival [27,28], it was not
included in multivariate survival analysis because of collinear-
ity. Numerical variables were not dichotomized in Cox regres-
sion models [29]. For categorical variables, graphical

methods were applied to check the proportional hazards
assumption while for numerical variables the assumption
was verified by means of introduction of a time-dependent
co-variable in the model. All analyses were performed with
SPSS (v26, IBM, Armonk, NY, USA). P values less than .05
were considered significant for two-sided testing.

Results

The study included 137 IDHwt glioblastoma patients of
whom 62.8% were males (Table 1). The average patient age
was 62.2 years. In 69.3% of cases, the tumor abutted the
ventricle at diagnosis. Patients underwent surgical resection
in 74.4% of cases but in 25.6% only a biopsy was performed.
MGMTp-methylation was present in 54 patients (39.4%).
Mean incidental radiation doses to the SVZ were 44.4 Gy and
27.2 Gy for the iSVZ and cSVZ, respectively (Table 1).

Eight patients were alive at the time of the database clos-
ure and were censored for OS. Median survival rates were
13.3 months for OS and 6.4 months for PFS. The following
parameters proved statistically significant prognostic factors
for both OS and PFS in univariate survival analysis: KPS;
extent of resection; MGMTp-methylation (Figure 3); and SVZ
contact at diagnosis (Table 2). Higher mean cSVZ dose was
correlated with worse OS (HR 1.029; 95% Cl 1.003-1.057;
p = .032) in univariate survival analysis. Using a multivariate
Cox regression survival model, adjusting survival for age,
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Figure 3. The Kaplan—Meier overall survival curves for IDH-wildtype glioblastoma patients according to methylation status of the MGMT gene promoter.

Table 1. Demographical, radiological, molecular and treatment characteristics
of 137 IDH-wildtype glioblastoma patients.

Characteristic

Sex, n (%)

Female/male 51 (37.2)/86 (62.8)
Mean age, years (minimum-maximum) 62.2 (31-80)
Preoperative KPS > 70, n (%) 95 (69.3)
Surgery, n (%)

Gross total resection 44 (32.1)

Subtotal resection 58 (42.3)

Biopsy 35 (25.6)
Tumor laterality, n (%)

Left 70 (51.1)

Right 59 (43.1)

Bilateral 8 (5.8)
SVZ contact at diagnosis, n (%) 95 (69.3)
MGMT-promoter, n (%)

Methylated 54 (39.4)

Unmethylated 82 (59.9)

Unknown 1(0.7)

Survival (months)
Median overall survival (95% Cl)
Median progression-free survival (95% Cl)
Planning target volume
Mean volume, mL (SD) 284.7 (108.1)
Median dose, Gy 60.1

13.3 (12.0-14.7)
6.4 (5.4-7.4)

Median dose quartiles, Gy (25th,75th) 60.0; 60.5
Ipsilateral SVZ

Mean volume, mL (SD) 19.7 (7.4)

Mean dose, Gy 444

Mean dose quartiles, Gy (25th, 50th, 75th) 36.0; 46.9; 53.5
Contralateral SVZ

Mean volume, mL (SD) 25.1 (8.5)

Mean dose, Gy 27.2

Mean dose quartiles, Gy (25th, 50th, 75th) 16.6; 25.6; 36.0

KPS: Karnofsky Performance Score; SVZ: subventricular zone; MGMT: Oé-methyl-
guanine-DNA-methyltransferase; Cl: confidence interval; SD: standard deviation.

KPS, extent of resection and MGMTp-methylation, cSVZ mean
dose did not show a statistically significant correlation
with OS (Table 3). iSVZ mean dose was not correlated
with survival (Table 2). Age, extent of resection, and

MGMTp-methylation proved independent prognosticators for
OS in multivariate survival analysis (Table 3).

Discussion

The results from univariate survival analysis in this study of
IDHwt glioblastoma patients show that incidental radiation
dose to the cSVZ has negative impact on OS although the
hazard ratio is very small (1.029). However, after adjustment
of survival for age, KPS, extent of resection and MGMTp-
methylation, cSVZ mean dose lost its significance. iSVZ mean
dose did not correlate with survival.

Molecular biological factors play a key role in glioblast-
oma patient survival. MGMTp-methylation is a well-known
epigenetic phenomenon in glioblastoma, silencing the
MGMT gene and consequentially rendering the tumor cells
more vulnerable to the alkylating effects of chemotherapeu-
tics [26]. The presence or absence of the IDH-mutation is an
essential molecular marker for all gliomas and since the pub-
lication of the 2016 WHO Classification of Central Nervous
Tumors, IDHwt and IDH-mutated glioblastoma are to be dis-
tinguished [30]. In most studies on SVZ radiation in glioblast-
oma, however, molecular markers are missing. IDH-mutation
was only considered in two previous reports [17,18]. The
IDH-mutation status was missing in more than 90% of cases
in the publication by Achari et al., but MGMT-methylation
could be determined in 97% of cases [17]. The second report,
by Muracciole et al, presented complete data for MGMT-
methylation in an IDHwt glioblastoma patient population,
similar to the cohort presented in this study [18]. Although
the patient cohorts in the publications by Achari et al. and
Muracciole et al. were relatively small (61 and 50 patients,
respectively), both reports concluded that higher SVZ radi-
ation dose had a negative impact on glioblastoma patient
survival. Together with the 2014 publication by Elicin et al.,
ours is the fourth article that shows that increasing SVZ dose
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Overall survival

Progression-free survival

Parameter

HR (95% Cl) p Value HR (95% Cl) p Value
Age® 1.005 (0.972-1.039) 784 0.982 (0.952-1.013) 241
KPsP 0.979 (0.964-0.994) .007 0.980 (0.965-0.994) .007
STR (vs. biopsy) 0.627 (0.406-0.968) .035 0.503 (0.320-0.791) .003
GTR (vs. biopsy) 0.417 (0.261-0.668) <.001 0.395 (0.240-0.650) <.001
With SVZ-contact 1.476 (1.011-2.156) .044 1.773 (1.203-2.611) .004
MGMTp-methylated 0.362 (0.245-0.534) <.001 0.432 (0.292-0.640) <.001
Mean ipsilateral SVZ dose® 1.014 (0.987-1.043) 313 1.006 (0.981- 1.031) 657
Mean contralateral SVZ dose® 1.029 (1.003-1.057) .032 1.009 (0.986-1.032) 448

HR: hazard ratio; Cl: confidence interval; KPS: Karnofsky Performance Score; STR: subtotal resection; GTR: gross total resection;
SVZ: subventricular zone; MGMTp: 0°-methylguanine-DNA-methyltransferase gene promoter.

Statistically significant p values in bold.
Per increment of one year.

bPer increment of 10.

Per increment of 1 Gy.

Table 3. Multivariate overall survival analysis model for contralateral subven-
tricular zone mean dose.

Overall survival

Parameter

HR (95% Cl) p Value
Age® 1.034 (1.014-1.054) .001
KPs® 0.986 (0.971-1.001) .074
Resection (vs. biopsy) 0.432 (0.278-0.669) <.001
MGMTp-methylated 0.294 (0.196-0.443) <.001
Contralateral SVZ dose® 1.016 (0.988-1.046) 268

HR: hazard ratio; Cl: confidence interval; KPS: Karnofsky Performance Score;
MGMTp: 0%-methylguanine-DNA-methyltransferase gene promoter; SVZ: subven-
tricular zone.

Statistically significant p values in bold.

Per increment of one year.

bPer increment of 10.

Per increment of 1 Gy.

may have a negative impact on glioblastoma patient survival
[12]. The deleterious effect may be explained by the known
side-effects of brain radiation, most importantly neurocogni-
tive toxicity and lymphopenia [31]. Of course, also TMZ may
cause moderate to severe lymphopenia. Furthermore, evi-
dence shows the high vulnerability of NSCs to even low
doses of radiation although a better long-term recovery for
NSCs in the SVZ is assumed [32]. Hence, higher radiation
doses to the SVZ may result in definitive destruction of the
majority of NSCs and subsequentially in severely diminished
restorative capacities of the brain. Contrary, the results from
many previous publications, that a beneficial effect on sur-
vival of higher SVZ dose is present, are possibly biased by
the lack of inclusion of the aforementioned molecular
markers in survival analysis [7-11,13-16,22].

Another important consideration is the fact that there is
at present no consensus in the literature on a cutoff value
for SVZ radiation nor on contouring the SVZ [21-23]. Most
publications use a high-dose cutoff because of the evidence
that BTPCs are very likely to be radioresistant, possibly aided
by the hypoxic microenvironment that is also present in the
normal SVZ [33-35]. But even this ‘high-dose’ cutoff varies in
the reports from 43 Gy to 59 Gy [22]. We chose not to cat-
egorize the SVZ mean doses but to include the doses as con-
tinuous variables in regression analyses, contrary to most
other reports, in order to maximize statistical power and to
avoid the bias of small subgroup analyses [29]. The lack of

consensus on the methodology of contouring the SVZ is
illustrated by the significant variability of published shapes
and volumes of the SVZ [22]. Interestingly, a recent report
showed the occurrence of significant SVZ volume shifts also
during treatment, impacting dosimetric results [36]. Indeed,
the published mean SVZ dose also varies widely across the
literature [22]. We chose to perform the contouring of the
SVZ according to the published cytoarchitectonic findings,
comprising the full extent of the lateral ventricular system
and including the temporal horns [1,2,22]. This approach
explains why the SVZ volumes in this study are higher than
in most previous publications and the SVZ mean doses
are lower.

Contact of the contrast-enhancing part of the tumor with
the SVZ is likely an independent negative prognostic factor
for glioblastoma patient survival [27,28]. In this patient
cohort, SVZ contact was present in almost 70% of cases and
proved a significant prognostic factor for both PFS and OS
(Table 2). Given the fact that traditional radiotherapy treat-
ment protocols for glioblastoma have a 2-3 cm CTV margin,
it logically follows that the iSVZ but also the cSVZ will
receive by default higher radiation doses in the presence of
SVZ contacting glioblastoma. Hence, SVZ contact could not
be included in multivariate survival analysis because of col-
linearity as was the case in previous studies [10]. Moreover,
we agree with Nourallah et al. that it is nearly impossible to
distinguish between the prognostic effect of SVZ contact
and a possible survival impact of SVZ radiation in a retro-
spective study [22]. This effect is present in every published
study, including the current one.

Furthermore, the SVZ may be not the only niche of BTPCs
in case of glioblastoma. Evidence suggests the existence of
several niches for BTPCs and Aderetti et al. recently proposed
the concept of the 'hypoxic peri-arteriolar glioma stem cell
niche’ [37]. Moreover, the concepts of the SVZ niche and the
peri-arteriolar niche are complementary, rather than mutually
exclusive. It is likely that BTPCs migrate from one niche to
another, given the complex interplay of signaling pathways
and microtubes that is progressively unraveled. But the exist-
ence of other BTPCs niches outside the SVZ, may explain
why SVZ irradiation yields no therapeutic benefit in case of
glioblastoma.
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This study is prone to several similar shortcomings as
were previous reports. Most importantly, the retrospective
study design is subject to selection bias. Corticosteroid use
was not studied and treatment for tumor recurrence was not
standardized nor included in the study. The contouring of
the SVZ could only be performed on planning CT and not
on CT-MR fusion images. We could not overcome the prob-
lem of collinearity between SVZ contact and SVZ radiation
dose. But we think the weaknesses of the study are propor-
tionate to its strengths. Molecular biological factors were
analyzed using sensitive and reliable methods [25,26] and
MGMTp-methylation was included in multivariate survival
analysis. The cohort of IDHwt glioblastoma patients is rela-
tively large, especially when compared with the only other
report studying the impact of SVZ radiation in IDHwt glio-
blastoma patients [18]. Finally, all patients received uniform
first-tier treatment after surgery.

Conclusion

In this retrospective analysis of a cohort of uniformly treated
IDHwt glioblastoma patients, higher ¢SVZ mean dose nega-
tively impacted OS in univariate survival analysis, albeit with
a very small hazard ratio, but lost its significance after adjust-
ment of survival for age, KPS, extent of resection, and
MGMTp-methylation. iSVZ mean dose did not correlate
with survival.

Taken together, the results from SVZ radiation studies in
glioblastoma are controversial at best. Adapting radiothera-
peutic plans of IDHwt glioblastoma patients at this point in
time to intentionally include or exclude the SVZ in the irradi-
ated volume cannot be recommended. Unfortunately, one
prospective trial (NCT02039778) studying the impact of delib-
erately radiating the SVZ in glioblastoma patients was termi-
nated early because of poor patient accrual. Hopefully, the
only ongoing prospective study (NCT02177578) of intention-
ally radiating the SVZ to 60 Gy in glioblastoma patients, will
provide unequivocal results.
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Ever since the beginning of modern neurosurgery, resection of glioblastoma has sparked
intense debate. Already in 1928, it was shown by Dandy that glioblastoma, despite
hemispherectomy, still recurs (1). The diffuse infiltrative nature of glioblastoma, growing
along white matter fibers and following perivascular spaces, and its proximity to eloquent
brain zones in a high number of patients, precludes this disease from being surgically curable.
Since the year 2000 onwards, there has been a steady flow of reports showing a correlation
between extent of resection and survival. Although methodological issues remain, there is
accumulating evidence that gross total resection (GTR) results in better survival for
glioblastoma patients (2,3). Most neurosurgical departments nowadays have adapted the
principle of "maximum safe resection". But, unfortunately, in most glioblastoma patients
obtaining GTR is a priori impossible. Consequently, the answer to the question if partial
resection of glioblastoma, as compared to biopsy, yields a true survival benefit, is of high
importance and even more in the molecular age of glioblastoma.
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Background

Isocitrate dehydrogenase (IDH)-wildtype glioblastoma patients with OS-methylguanine-DNA-methyltransferase
(MGMT)-unmethylated tumors have the worst outcome of all glioblastoma patients. The overall survival (OS)
benefit of partial resection of glioblastoma compared to biopsy only remains controversial specifically in relation
to molecular factors. In this report, we analyzed the effect of incomplete resection on OS compared to biopsy only
in a cohort of IDH-wildtype glioblastoma patients who were uniformly treated with temozolomide-based che-
moradiotherapy (TMZ-CR) after surgery.

Material & Methods

A retrospective study was conducted including only glioblastoma patients who were treated with TMZ-CR
after surgery from two centers. Surgical groups were defined as biopsy only, partial resection (PR) or gross
total resection depending on the presence of contrast-enhancing tumor on postoperative imaging. IDH-mutation
was determined using next generation sequencing technique and MGMT-methylation was analyzed with semi-
quantitative methylation-specific polymerase chain reaction. Next to descriptive statistics, univariate and
multivariate survival analyses were performed using Kaplan-Meier estimates and Cox regression models.

Results

In total, 159 patients were included. 37 patients underwent biopsy only and 73 partial resections. 99 patients
(62.3%) harbored unmethylated tumors. Median OS for the whole patient group was 13.4 months. In the sub-
group of patients with unmethylated tumors, PR yielded a median OS of 12.2 months vs 7.6 months for biopsy
patients (P = 0.003). PR proved an independent beneficial prognostic factor in multivariate Cox regression
model, together with age, Karnofsky Performance Score and MGMT-methylation.

Conclusion

In IDH-wildtype glioblastoma patients with MGMT-unmethylated tumors, treated with chemoradiotherapy
after surgery, PR yields a significant OS benefit compared to biopsy.

of glioblastoma. Methylation of the O°-methylguanine-DNA-methyl-
transferase (MGMT) promoter is one of the most important prognostic
factors in glioblastoma patient survival, in part by rendering the tumor
tissue more susceptible to the cytotoxic effects of alkylating agents [2,3].
As from the 2016 WHO classification of tumors of the central nervous

1. Introduction

The contemporary treatment of patients suffering from glioblastoma
is based on the so-called “Stupp protocol”: temozolomide-based che-
moradiotherapy (TMZ-CR) after surgery [1]. Temozolomide is admin-

istered both during and after radiotherapy (60 Gy delivered in 30
fractions), if tolerated.
Molecular factors play a key role in the development and prognosis

system, mutation of the isocitrate dehydrogenase 1 gene (IDH1) — and,
rarely, of the IDH2 gene — is generally accepted as the molecular
signature of “secondary glioblastoma” or IDH mutated glioblastoma [4,
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5]. IDH-wildtype and mutated glioblastoma do not only differ in mo-
lecular factors, but also in radiological features, patient demographics,
clinical course and in prognosis: IDH-wildtype glioblastoma has a
significantly worse prognosis than its IDH-mutated counterpart, with a
median overall survival (OS) of 15 months compared to 31 months
respectively [4,6]. Importantly, 90% of newly diagnosed glioblastoma
are IDH-wildtype tumors and in more than half of these cases (about
60%) the MGMT gene promoter will be unmethylated [4,7]. In other
words, the majority of newly diagnosed glioblastoma patients will have
MGMT-unmethylated IDH-wildtype tumors.

Surgery constitutes a keystone element in glioblastoma treatment
[8]. In the past years, several studies sought to demonstrate a resection
threshold that would correlate with glioblastoma patient survival
[9-13]. A meta-analysis of the relevant literature concluded in 2016 that
gross total resection (GTR) offers a significant survival benefit over
partial resection (PR) but the quality of the evidence according to the
GRADE criteria was moderate to low [14]. In most neuro-oncological
centers, the current consensus and practice is that of “maximum safe
resection” for glioblastoma patients. However, the literature remains
conflicting when it comes to the role of PR. Some reports show a survival
advantage associated with PR while others see no benefit in PR over
biopsy only [11,15,16]. So, the question remains if incomplete resection
offers a survival benefit over biopsy for glioblastoma patients with un-
favorable molecular markers who will be treated according to the Stupp
protocol. Since surgical resection via craniotomy has higher complica-
tion rates than needle biopsy, the answer may play a pivotal role in
glioblastoma patient counseling [17].

In this retrospective study, we evaluate the effect of partial resection
on OS as compared to biopsy only in a cohort of IDH-wildtype glio-
blastoma patients who were uniformly treated with radiotherapy and
temozolomide after surgery.

2. Material & methods

All glioblastoma patients treated in two Flemish hospitals between
2003 and 2014 were evaluated. In this retrospective study, only adult
patients with IDH-wildtype supratentorial glioblastoma and who
completed temozolomide-based chemoradiotherapy after surgery were
enrolled. 3D-conformal beam or intensity modulated radiotherapy was
applied, consisting of 30 fractions of 2 Gy. If tolerated, temozolomide
was continued in the adjuvant setting for six cycles. Patients with a
known malignant progression from low-grade glioma or with a previous
history of any other brain tumor were excluded. Demographic param-
eters were retrieved from the patient files. OS was measured from the
date of surgery to the date of decease. The Belgian Cancer Registry
confirmed the date of death. Patients who were alive at the date of
database closure (December 31, 2014) were censored for OS. The last
date of follow-up collection was September 2017.

At the time of surgery, tumor tissue was stored in the tumor tissue
archive. The neuropathologist selected and reviewed a representative
formalin-fixed paraffin-embedded tissue block for each case. The path-
ological diagnosis of glioblastoma was reconfirmed according to the
2016 World Health Organization Classification. Semi-quantitative
methylation-specific polymerase chain reaction (QMSP) was used to
determine if the MGMT-promoter was methylated, as previously
described [18]. Presence of the IDH1/2-mutation was tested using
next-generation sequencing (NGS) techniques.

Preoperative as well as postoperative imaging was performed using
1,5 or 3T magnetic resonance imaging systems (Siemens, Erlangen,
Germany). Postoperative imaging was performed within 72 h after
surgery. Pre- and postcontrast T1 images were compared in order to be
able to distinguish in the postoperative setting between blood products
and residual contrast-enhancing tumor (RTV). Surgery was categorized
into biopsy, PR or GTR. If postoperative imaging showed contrast-
enhancement of the size of one voxel or more then surgery was classi-
fied as PR, as described by Stummer et al. [19]. Contrary, GTR was
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accepted when no residual contrast-enhancement was visible. If the
3D-T1 magnetization-prepared rapid acquisition gradient echo
(MPRAGE) images (slice thickness of 0.9 mm) could be recovered, tumor
volumes were measured using standard neuronavigation software (S7,
Medtronic, Louisville, CO, USA) with the semi-automated segmentation
technique [20].

Descriptive statistics are reported. Categorical variables were
compared using the Pearson Chi square test. If the difference between
surgical groups proved significant, pairwise comparisons were made
using the Bonferroni correction. The Kruskal-Wallis test was applied for
comparing numerical variables between surgical groups. Median OS
estimates were calculated using the Kaplan-Meier method and compared
with the log-rank test. Univariate Cox regression survival analysis was
performed using the following prognostic factors: sex; age; Karnofsky
Performance Score (KPS); MGMT-methylation status; surgical resection.
Interaction variables were created for extent of resection and methyl-
ated MGMT and tested in univariate Cox regression. Next, a multivariate
Cox regression model was fitted using prognosticators that proved sta-
tistically significant in univariate analysis. Graphical methods were used
to assess that the proportional hazards assumption was respected. In Cox
regression models, numerical variables were not categorized. P-values <
0.05 using two-tailed test was defined as a statistically significant result.
Data processing and statistical analyses were performed using SPSS (IBM
SPSS, v26.0, Armonk, NY, USA).

The study was approved by the Ethics Committee of both hospitals
(Belgian Registration number B670201730765; UZG 2016/1594; AZD
17004). Due to the retrospective study design and the fact that most
patients had passed away at the time of database closure, the need for
written informed consent was waived by both committees.

3. Results

In total, 159 patients were included in the study, and divided in three
subgroups according to the type of surgery: biopsy only (37 patients), PR
(73 patients) and GTR (49 patients). There were no missing data, except
for preoperative tumor volume (Table 1). This was missing in 17% of
patients because MPRAGE images could not be retrieved, mostly in
patients from the 2003-2008 period. Only complete cases were used in
analyses of preoperative tumor volume. Although the PR group had the
highest median preoperative tumor volume, the differences in preop-
erative tumor volume between surgical groups were not statistically
significant (P = 0.131). There were significantly more patients with
favorable KPS in the GTR group as compared to the biopsy group
(Table 1).

Median OS was 13.4 months for the entire patient cohort. Eight pa-
tients were censored for OS. Biopsy patients had a median OS of 8.3
months; PR patients of 13.7 months and GTR patients of 15.6 months
(Table 2; Fig. 1). Patients with MGMT-methylated glioblastoma had a
median OS of 19.7 months as compared to 11.8 months for patients with
unmethylated glioblastoma (log-rank P < 0.001). In univariate Cox
regression survival analysis, age, KPS, GTR, MGMT-methylation and the
interaction variable for GTR and methylated MGMT were significantly
associated with OS while sex, preoperative tumor volume, PR and the
remaining interaction variables were not (Table 3). Within the group of
unmethylated glioblastoma patients, partial resection yielded a signifi-
cant OS advantage of 4.6 months but there was no significant OS dif-
ference between the PR and GTR patients (Table 2). Within the subgroup
of methylated tumor patients, a significant OS difference was found
between PR and GTR patients but not between biopsy and PR patients
(Table 2; Fig. 1). A multivariate Cox regression model was fitted using
type of resection, age, KPS and MGMT-methylation status as covariates.
PR proved an independent beneficial prognostic factor compared to
biopsy (HR = 0.53, P = 0.003). Methylation of the MGMT promoter was
independently associated with a prominent reduction in hazard ratio
(HR = 0.31, P < 0.001; Table 4).
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Table 1

Synoptic overview of the characteristics, MGMT promoter methylation status
and radiological findings of the entire cohort of IDH-wildtype glioblastoma
patients and of the subgroups according to surgical classification.

Parameter All Biopsy (n Partial Gross P-
patients =37) Resection Total value
(n =159) (n=73) Resection
(n = 49)
Sex, n (%) 0.627°
Female 59 (37.1) 13 (35.1) 25 (34.2) 21 (42.9)
Male 100 (62.9) 24 (64.9) 48 (65.8) 28 (57.1)
Age at 0.430°
diagnosis
(years)
Mean 61.5 60.7 61.1 62.5
Minimum - 31-80 38-77 40-79 31-80
Maximum
Karnofsky 0.010°
Performance
Score, n (%)
>70 111 (69.8) 19 (51.4) 52 (71.2) 40 (81.6)
<70 48 (30.2) 18 (48.6) 21 (28.8) 9(18.4)
MGMT gene 0.912%
promoter, n
(%)
Unmethylated 99 (62.3) 24 (64.9) 44 (60.3) 31 (63.3)
Methylated 60 (37.7) 13 (35.1) 29 (39.7) 18 (36.7)
Preoperative 0.131°
tumor
volume
n (%) 132 (83) 31 (79.5) 61 (83.6) 40 (81.6)
Median (mL) 26.4 21.5 32.4 22.9
Minimum — 1.6-115.0 1.6-115.0 2.6-106.4 4.6-88.2
Maximum
(mL)
Side, n (%) 0.034¢
Left 84 (52.8) 13(35.1) 45 (61.6) 26 (53.1)
Right 69 (43.4) 21 (56.8) 25 (34.2) 23 (46.9)
Bilateral 6 (3.6) 3.1 34.1) 0 (0)

2 Chi square test.

b Kruskal-Wallis test.

¢ Chi square test between groups: biopsy - PR, P = 0.057; PR - GTR, P = 0.207;
biopsy - GTR, P = 0.004; Bonferroni corrected P < 0.017.

4 Chi square test between groups: biopsy - PR, P = 0.036; PR - GTR, P = 0.166;
biopsy - GTR, P = 0.048; Bonferroni corrected P < 0.017.

Table 2

Comparison of Kaplan-Meier estimates of median overall survival of surgical
groups in the whole patient cohort (n 159) and according to MGMT-
methylation status. 95% confidence intervals between brackets.

A. Comparison of the biopsy group with the partial resection group

Median overall survival (months)

Biopsy Partial resection Log-rank P
All patients 8.3 (5.72-10.88) 13.6 (11.71-15.62) 0.095
Methylated subgroup 13.8 (5.04-22.50) 18.8 (16.75-20.85) 0.804
Unmethylated subgroup 7.6 (5.59-9.67) 12.2 (9.49-14.91) 0.002

B. Comparison of the partial resection group with the gross total resection group

Median overall survival (months)

Partial resection Gross total resection ~ Log-rank P
All patients 13.6 (11.71-15.62)  15.6 (14.20-16.94) 0.071
Methylated subgroup 18.8(16.75-20.85) 31.0 (15.89-46.12) 0.017
Unmethylated 12.2 (9.49-14.91) 13.8 (10.9-16.78) 0.704
subgroup

4. Discussion

Neurosurgical intervention is almost always necessary in glioblas-
toma management. After acquirement of tumor tissue, histopathological
diagnosis can be established together with the study of molecular
markers. Neurological symptoms due to mass effect can be relieved by
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Fig. 1. Kaplan-Meier curves, with numbers at risk, for overall survival of IDH-
wildtype glioblastoma patients according to extent of resection.

A Unmethylated MGMT gene promoter

B.Methylated MGMT gene promoter.

Table 3
Univariate Cox regression analysis of overall survival of IDH-wildtype glio-
blastoma patients. 95% confidence intervals between brackets.

Parameter Hazard ratio Wald test P
Age” 1.03 (1.01-1.04) 0.002
KPS” 0.98 (0.97-0.99) 0.005
MGMT-methylated 0.37 (0.26-0.53) < 0.001
PR (vs biopsy) 0.70 (0.46-1.05) 0.081
GTR (vs biopsy) 0.50 (0.32-0.79) 0.003
Sex (male) 0.88 (0.63-1.23) 0.880
Preoperative Tumor volume 1.0 (0.99-1.01) 0.724

1 M*B¢ 0.72 (0.39-1.32) 0.286
I_M*PR® 0.70 (0.46-1.06) 0.091
IM*GTR' 0.35 (0.20-0.61) < 0.001

KPS = Karnofsky Performance Score; MGMT = 0°-methylguanine-DNA-meth-
yltransferase; PR = partial resection; GTR = gross total resection.

@ Per increment of one year.

b Per increment of 10.

¢ Per increment of 1 mL; data available in 83% of patients.

4 Interaction variable for biopsy and methylated MGMT.

¢ Interaction variable for partial resection and methylated MGMT.

f Interaction variable for gross total resection and methylated MGMT.
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Table 4
Multivariate Cox regression overall survival model of IDH-wildtype glioblas-
toma patients (n = 159). 95% confidence intervals between brackets.

Parameter Hazard ratio Wald test P
Age® 1.04 (1.02-1.06) < 0.001
KPS® 0.98 (0.97-0.99) 0.025
MGMT-methylated 0.31 (0.22-0.46) < 0.001
PR (vs biopsy) 0.53 (0.35-0.80) 0.003

GTR (vs biopsy) 0.39 (0.25-0.61) < 0.001

KPS = Karnofsky Performance Score; MGMT = 06-methylguanine-DNA-meth-
yltransferase; PR = partial resection; GTR = gross total resection.

@ Per increment of one year.

b Per increment of 10.

tumor resection and steroid dependence may also be reduced. Although
the highly infiltrative nature of glioblastoma excludes this tumor as a
surgically curable disease, surgery has an important role in oncological
control [14]. Recent studies confirmed GTR as an independent prog-
nostic factor for glioblastoma patient survival, and still when molecular
factors are considered [21-23]. Concerning PR and survival, however,
the evidence is conflicting [11,15,16]. The results from this study show
that PR in case of IDH-wildtype glioblastoma results in a significant OS
benefit compared to biopsy only patients, specifically in the group of
patients with MGMT-unmethylated tumors. Multivariate survival anal-
ysis showed that PR is an independent prognosticator, together with age,
KPS and methylation of the MGMT gene promoter (Table 4).

Most of the patients with newly diagnosed glioblastoma will have
IDH-wildtype tumors with unmethylated MGMT [2,5,7,8]. Obtaining
GTR remains a major challenge for neurosurgeons and prospective
studies show that GTR may be attainable in only 40% of glioblastoma
patients [11,24]. A few years ago, a prospective study found no survival
benefit for glioblastoma patients who underwent incomplete resection
when compared to biopsy only [11]. Importantly, this study did not take
the IDH mutation status into account. Based on the demographic char-
acteristics of the study population, including young patients, it is likely
that several patients with IDH mutated glioblastoma were included in
the analysis. The possible random imbalance of patients with
IDH-mutated glioblastoma between surgical groups, constitutes an
important confounding factor in the survival analysis conducted in the
report by Kreth and colleagues [11]. Our results acknowledge the
conclusion of two recent retrospective studies [15,16]. The patient co-
horts and study methodology of those reports are similar to the current
study. An important difference is that chemoradiotherapy after surgery
was not always uniformly applied in the study by Bette et al. [15]. But
the beneficial prognostic effect of surgery was shown in subgroup
analysis of the patients treated with chemoradiotherapy and was inde-
pendent from MGMT promoter methylation status. The report by Sales
et al. constitutes a survival analysis of 126 patients with unmethylated
MGMT glioblastoma [16]. This is a subgroup analysis from the same
initial patient cohort studied by Bette et al. Sales and colleagues found a
significant correlation between RTV and survival in this group of pa-
tients with unfavorable tumor markers [16]. Our results confirm the
conclusion from both reports: in the absence of favorable molecular
markers, surgical resection constitutes a statistically significant survival
benefit compared to biopsy even if GTR is not obtained. Taken together,
the current results and those from the aforementioned reports, consid-
ering both MGMT-methylation status and IDH-mutation in survival
analysis, weaken the conclusion by Kreth et al.

The current OS results and the analyses of the interaction variables
for PR and GTR seem to indicate that resection might have a differential
effect according to methylation status (Tables 2 and 3; Fig. 1). However,
in the whole patient group as well as in the MGMT-methylation status-
based subgroups increasing extent of resection was systematically
associated with an OS benefit, but statistical significance was not always
reached. This may be explained by the overlap of some confidence in-
tervals which, in turn, could be attributed to the relatively small patient
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groups and subsequentially lower statistical power. So, definitive results
on the presence of a differential effect of surgery related to MGMT-
methylation status cannot be drawn from this study. Also, other
studies did not show such an effect [11,21,22]. The fact that a 4.6
months OS benefit by PR in the subgroup of MGMT-unmethylated
glioblastoma patients is statistically significant (Table 2), underlines
the importance of resection, even partial, in this patient subgroup.

Extent of resection was dichotomized in this study into PR and GTR
according to the methodology by Stummer et al. and as applied in other
reports [11,19,22]. This method has the advantage of simplicity and
reproducibility but does not allow to identify a threshold of RTV. In
some cases, PR will have been a deliberate choice made by the neuro-
surgeon and the patient, but in others, the finding of a remnant of
contrast-enhancing tumor will have been unexpected. Because of the
retrospective design of this study, the reasons for PR could not be
ascertained with certitude. It is well known that the perception of
glioblastoma resectability varies widely between neurosurgeons, even
amongst experts [10,25]. The perception of resectability is influenced by
several factors: anatomical tumor localization, including proximity to
eloquent zones; patient-related clinical issues; but also, surgeon-related
factors including the perceived risks and benefits of neurosurgical
resection [25]. This is illustrated by a recent study that compared two
large Dutch neuro-oncological centers [26]. Despite the fact that both
centers treated comparable glioblastoma patient populations and the
fact that in both centers state-of-the-art techniques were available,
including awake brain mapping, one center performed significantly
more often only biopsy. This may likely be attributed to the aforemen-
tioned perceived risks and benefits of (partial) neurosurgical resection.
In our opinion, the current study and many previous reports show the
benefit of (partial) surgical resection of glioblastoma, even in the era of
molecular factors [12-16,19,21-23].

Preoperative tumor volume could be measured on MPRAGE images
in most patients (Table 1). Using semi-automated segmentation tech-
nique, we tried to diminish observer variability [12,20]. In statistical
analysis, preoperative tumor volume was kept as a continuous variable
rather than dichotomized, in order to avoid loss of statistical power and
confounding [27]. Preoperative tumor volume did not correlate with
OS, contrary to the results from previous studies [12,15]. Some differ-
ences between these studies and the present one should be noted. In the
report by Bette et al. not all patients were treated with chemo-
radiotherapy and preoperative tumor volume was dichotomized [15].
After inclusion of postoperative chemoradiotherapy in multivariate
analysis, preoperative tumor volume lost its statistical significance. The
study by Grabowski et al. excluded biopsy patients, resulting in a patient
cohort with surgical resection patients only, in contrast to the patient
cohort studied here which includes also biopsy patients [12]. Moreover,
the relationship between patient survival and glioblastoma tumor vol-
umes is more complex and may depend on volume ratios of different
segments rather than on the total tumor volume [28].

This study has several shortcomings. First, the retrospective study
design may have introduced selection bias. Next, corticosteroid use at
diagnosis was not included in the analysis. Also, therapy for tumor
progression or recurrence was neither standardized nor included in the
analysis. A threshold for RTV could not be established. This study also
has important strengths. First, we present a glioblastoma patient cohort
uniformly treated with TMZ-CR after surgery. Second, categorization of
patients after surgical resection was straightforward which improves the
external validity of the study. Third, we were able to determine mo-
lecular factors using sensitive and reliable techniques, notably gMSP and
NGS [3,18,29].

5. Conclusion
The debate about the impact of neurosurgical tumor resection on

glioblastoma patient survival started already in the beginning of the
20th century. While in 1923 Harvey Cushing reported on glioblastoma
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that “the general idea prevails that these tumors represent hopeless
surgical lesions” [30], nowadays the practice of maximum safe resection
is supported by evidence. Our study adds to the evidence by showing
that also in the group of glioblastoma patients with unfavorable mo-
lecular markers, partial resection does offer a significant overall survival
advantage compared to biopsy only.
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DISCUSSION & FUTURE PERSPECTIVES

The publications in the previous chapters lead to the following conclusions. Glioblastoma
patients suffering from tumors with weakly methylated 06-methylguanine-DNA-
methyltransferase gene promoter ( MGMTp), have a better overall survival than patients
with fully unmethylated tumors. Contact of the contrast-enhancing part of the tumor with
the subventricular zone (SVZ) is a negative prognostic factor, but irradiation of the SVZ does
not have a straightforward influence on glioblastoma patient survival. Partial resection of
isochitrate dehydrogenase wild type (/IDHwt) tumors results in better overall survival for
glioblastoma patients treated with chemoradiotherapy, compared to patients with biopsy as
the only surgical procedure. In the following paragraphs, the role of weak MGMTp
methylation, the SVZ and of partial resection in glioblastoma patient survival will be
further discussed. A brief reflection on retrospective study design and the consequences
for the quality of evidence is also desirable because the research presented in this thesis is
largely retrospective. Finally, this chapter closes with some short reflections on future
glioblastoma therapies.

1. The Role of the Subventricular Zone

Although the subventricular zone (SVZ) has been known since the mid 1950s as the origin of
neuroblasts during the embryological development of the human brain, it was as late as
2004 before the presence of neural stem cells (NSCs) in the SVZ was shown in the adult
human brain (1). Nowadays, the SVZ is accepted as the largest reservoir of NSCs in adults.
Quifiones and colleagues described the cytoarchitecture of the SVZ in detail (2). The stem
cells are present in the lateral walls of the lateral ventricles but seem to be unequally
distributed. The similarities between NSCs and brain tumor propagating cells (BTPCs) are
striking (3). So, the obvious hypothesis arose (or was “rediscovered” — as was described in
the introduction of this thesis) that the glioblastoma cell(s) of origin, may be located in the
SVZ. Two possibly related clinical aspects were soon studied: is there a prognostic value of
the spatial relationship between the SVZ and the contrast-enhancing part of glioblastoma
and does incidental SVZ irradiation influences glioblastoma patient survival (4,5)?

Lim and colleagues published their findings on glioblastoma and SVZ contact in a study of 53
patients. They showed that SVZ-contacting glioblastoma was significantly more frequently
multifocal at diagnosis and that relapses occurred at greater distance from the original lesion
(4). A relationship with the NSC containing SVZ was deemed likely. Next, Chachaina et al.
showed one year later in a case-control study, that the survival of patients with SZV-
contacting glioblastoma was significantly worse compared to patients harboring tumors
without SVZ contact (6). Several reports followed and a 2017 meta-analysis acknowledged
that SVZ contact of glioblastoma at diagnosis is a negative prognostic factor (7). However,
only few studies were able to include /IDH mutation status or MGMTp methylation in the
survival analysis. These molecular biological factors have been established as strong
prognosticators of glioblastoma patient survival. Our study showed that SVZ contact at
diagnosis is an independent negative prognostic parameter, even when /IDH mutation and
MGMTp methylation are included in multivariate survival analysis (8).
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The exact reason why SVZ contact results in a worse prognosis for glioblastoma patients
remains unknown. Quite obviously, the fact that the tumor volume of SVZ contacting
glioblastoma is larger than its non-contacting counterpart, led to the hypothesis that gross
total resection (GTR) was less frequently obtained in this group, thus explaining the worse
prognosis (9). But our study and others show that SVZ contact is a negative prognosticator
independently from extent of resection. Another hypothesis was that decreased survival is
indirectly associated with SVZ contact in glioblastoma: higher frequency of ventricular
opening during neurosurgical resection, could result in higher incidences of hydrocephalus,
leptomeningeal tumor dissemination and distant parenchymal recurrences, resulting in
death. However, Mistry et al. recently rebutted this hypothesis in their 2019 publication
(10). Next, the presence of a SVZ-contacting glioblastoma specific biological profile may
explain worse survival. There seems to be no difference in presence of IDH mutation and/or
MGMTp methylation between SVZ contacting and non-contacting glioblastoma, but data
are still sparse (9). Interestingly, in our study MGMTp methylation was significantly less
frequently found in SVZ contacting glioblastoma. Also, the very likely presence of BTPCs in
the SVZ glioblastoma does not offer a straightforward explanation for the worse prognosis
associated with SVZ contacting glioblastoma. Again, a separate biological profile would be
expected. However, to date, a distinct biological profile of SVZ contacting glioblastoma has
not been shown (11). More data are needed to decisively show if the molecular features of
SVZ contacting glioblastoma differ from non-contacting tumors.

Although the explanation for the worse prognosis of SVZ-contacting glioblastoma remains
elusive, some centres soon identified the SVZ as a possible therapeutic target in
glioblastoma. Evers and colleagues were the first to report their findings on the influence of
SVZ irradiation on glioblastoma patient survival (5). Initial reports were promising but later
on conflicting results were published. Two recent reviews concluded that no clear
conclusions could be currently drawn (12,13). Our study in I/DHwt glioblastoma
patients showed that higher incidental SVZ dose did not correlate with survival in
multivariate survival analysis, including molecular biological factors. There are
several important methodological issues between SVZ irradiation reports that
render their comparison cumbersome. First, while apparently straightforward, consensus
on contouring the SVZ is lacking, resulting in notable differences in SVZ volumes and
doses between studies. None of the previous publications mentions if the part of the SVZ
that was invaded by the glioblastoma, was contoured or not. Second, most reports did
not include MGMTp methylation and IDH mutation in survival analysis. Importantly, SVZ
contacting glioblastoma results in collinearity: the fact that the tumor abuts the SVZ will
inevitably result in higher SVZ doses, regardless of the radiotherapy technique
applied. This bias could be counteracted by studying the effect of SVZ irradiation in
non-contacting glioblastoma only. Or, even more strict, in glioblastoma where the clinical
target volume (CTV) does not include any part of the SVZ. Since most glioblastomas are
large at diagnosis, this will be difficult to achieve. Nourallah et al. studied one hundred
randomly selected glioblastoma patients from their institution and found that only in 3%
of cases the CTV did not include the svz at all
(13).

Furthermore, some reports, including our own, indicate that higher SVZ dose might be
harmful to the patient and results in shortened patient survival (14-16). Perhaps
this possible deleterious effect is due to known side-effects of radiotherapy and
temozolomide,
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such as lymphopenia. Alternatively, higher radiotherapy doses on the SVZ may also
obliterate the NSCs, thus weakening the restorative capacities of the brain already injured
by glioblastoma. Combining the observation of possible negative effects of SVZ irradiation
with the observation of SVZ contact as a negative prognostic factor, may lead to the
hypothesis of a causal correlation between both. Indeed, the prognostic effect of SVZ
contact has only been studied and described in patient groups who were all treated with
radiotherapy. By default, as already mentioned, patients with SVZ contacting glioblastoma
will have received higher radiotherapy doses to both the ipsilateral as well as the
contralateral SVZ. Although not impossible, the hypothesis that the worse survival of
patients with SVZ contacting glioblastoma could be due to higher SVZ radiotherapy doses is
unlikely. If this effect would be so apparent, then it would have been also present in most,
if not all, SVZ irradiation studies to date. But the opposite holds true. Also, this hypothesis is
contradicted by dose-response studies in glioblastoma, of which the report by Walker et al.
was one of the earliest (17,18). Patients receiving 60 Gy radiotherapy after surgery, had
significantly better survival than those receiving 50 Gy and than those patients receiving no
radiotherapy. Another argument against this hypothesis is the fact that recent dose-
escalation studies in glioblastoma did not found worse survival (19). Although Kim et al. did
not specifically study SVZ contact and irradiation, the CTV (and a fortiori the PTV) of
radiotherapy treatment plans of most of the glioblastoma patients will have included some
part of the SVZ.

Future perspectives

0 Glioblastoma patient nomograms should include SVZ contact as an independent
negative prognostic factor.

0 More research is needed on possible molecular biological differences between SVZ-
contacting and non-contacting glioblastoma, e.g., prospective registry of
glioblastoma patients and analysis of bulk tumor data (gene mutations, copy number
alterations, methylation patterns, gene and protein expression).

0 Aninternational consensus statement on contouring the SVZ is necessary.

0 Well-designed prospective studies on SVZ irradiation are needed, adjusting survival
for molecular biological factors.
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2. The Role of Partial Resection

Neurosurgeons traditionally apply several terms to describe the extent of tumor resection in
glioma surgery: ‘supratotal resection’ (SuTR); ‘gross total resection’ (GTR); ‘near total
resection’ (NTR); ‘debulking'; ‘partial resection’ (PR) and ‘biopsy’. However, these terms lack
a clear definition and are sometimes used interchangeably.

The concept of ‘brain biopsy’ is well-known: the surgical act of removing a small amount of
tumor tissue, usually via a stereotactic procedure using a dedicated cannula (often called
“needle”), with the purpose of establishing histopathological diagnosis and enabling genetic
analysis of the tissue but without the intent of cytoreduction. So, a biopsy induces only
insignificant changes to the tumor volume, even if an "open biopsy" is performed. All other
procedures have the intent of cytoreduction. Figure 13 shows the terms arranged according
to extent of resection (EOR) achieved. Most commonly, the term GTR is used to denote the
complete removal of contrast-enhancing glioblastoma tumor tissue. The term recognizes that
discussion between observers may exists concerning a small volume of tissue that may
represent either true tumor or blood products (vide infra). Unfortunately, a definition of “a
small volume” is lacking. NTR means that a small rim of tumor remains. SUTR means that the
resection extends beyond the contrast-enhancing borders on MR imaging to include also
(parts of) the T2 or FLAIR hyperintense zones surrounding the tumor (20,21). In a way, the
pinnacle of supratotal resection is the lobectomy: not only the tumor is removed but the
entire brain lobe in which it resides e.g., the non-dominant right frontal lobe. Finally, PR
means that only part of the tumor has been removed, whether intentionally or not. The term
‘debulking’ means that the bulk of the tumor was removed; the word ‘bulk’ is a synonym for
‘the larger part’. The free use of these terms, lacking a clear definition, in scientific papers
complicates interpretation and increases the risk of bias.

Importantly, the neurosurgeon's judgement and estimation of EOR during surgery is not
sufficiently reliable, not even among experts (22-24). The only exception may be the
lobectomy, if the tumor is significantly smaller than the lobe itself. Only postoperative MR
imaging can objectively show the extent of tumor removal. In order to avoid early
inflammatory changes, which may result in gadolinium uptake mimicking residual contrast-
enhancing tumor tissue, MR imaging should be obtained within 72 hours after surgery,
preferably within 48 hours (25,26). While postoperative MR imaging itself is an objective
parameter, the interpretation of the imaging is not. It may be notoriously difficult to
distinguish between early inflammation or blood products and true residual glioblastoma
tumor tissue. Observer variability remains an important but underreported issue concerning
postoperative glioblastoma MR imaging (27,28). Therefore, the term ‘GTR’ is most commonly
used in neurosurgical literature which acknowledges that a small (although not consistently
defined) amount of contrast-enhancing tissue may be present, whether or not true tumor
tissue.
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Figure 13. Schematic overview of the most commonly used terms
in neurosurgical literature concerning glioblastoma resection.

The central hypothesis of cytoreduction is the positive correlation between tumor tissue
removal (completely or partially) and patient survival. In 1999, Hess reported truthfully that
“little scientifically credible evidence is available to support the assertion that aggressive
surgical resection prolongs survival” in glioblastoma (29). Two years later, the first of several
important studies on the correlation between EOR and glioblastoma patient survival was
published by Lacroix et al. (30). Many others followed (31-36). Glioblastoma resection focuses
on the contrast-enhancing part of the tumor. The zone of intense contrast-enhancement of
glioblastoma is due to the disruption of the blood-brain barrier by the tumor, so the contrast
agent leaks out of the lumen of the vessels and accumulates in the extravascular extracellular
space. This represents the region of most 'dense' tumor and highest concentration of
malignant cells. All aforementioned studies come to the conclusion that complete resection
of contrast-enhancing tumor prolongs glioblastoma patient survival. Stummer and colleagues
deliver the strongest statistical evidence in favor of glioblastoma resection in their report (33).
They present an analysis of EOR based on the highly controlled 5-aminolevulinic acid study
for which the patient data were prospectively collected. Complete resection of contrast-
enhancing tumor resulted in a 5.3-month prolonged patient survival compared to incomplete
resection. Or, in other words, the presence of gadolinium-enhancing tissue on postoperative
MR imaging, before the start of chemoradiotherapy, is a negative prognostic factor for
glioblastoma patients. However, all these studies lacked inclusion of molecular biological
markers because these were not yet unravelled, let alone included, at the time of data
collection. In 2018 and 2020, two retrospective studies showed the beneficial impact of
maximum resection of contrast-enhancing tumor on glioblastoma patient survival,
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independently from molecular biological factors (37,38). The study by Molinaro et al. also
suggests a beneficial influence of supramarginal resection, including the FLAIR hyperintense
zone surrounding the tumor (so-called ‘FLAIRectomy’). This zone comprises not only oedema,
but also viable malignant cells although in lower numbers than in the contrast-enhancing part
of the tumor. However, glioblastoma is not a surgically curable disease.

At present day, the survival benefit associated with - safely accomplished - GTR in case of
glioblastoma is generally accepted. Importantly however, prospective studies show that in
glioblastoma, GTR will be obtained only in about 40% of patients despite advances in
neurosurgical technigues such as neuronavigation, fluorescence techniques (Fig. 14), and
awake brain mapping. (39,40). So, in more than half of the newly diagnosed glioblastoma
patients, PR will be the maximum achievable neurosurgical intervention.

Neurosurgical literature remains conflicting concerning the effect of partial tumor resection
on glioblastoma patient survival, although most neurosurgeons agree that PR may be offered
to patients as a palliative measure, especially to relieve symptoms induced by the mass-effect
of the tumor and/or related to raised intracranial pressure (41). The focus of the discussion
was sharpened after the publication of the prospective study by the German Glioma Network
in 2013. Kreth et al. found a moderate survival benefit associated with GTR but no survival
benefit for PR as compared to biopsy-only (39). They suggested that, in the age of
chemoradiotherapy and molecular markers, a biopsy-only management may be a better
alternative than PR for glioblastoma patients if GTR is deemed unattainable. This conclusion
follows logically from their study results: on the one hand, PR (in their paper called
‘incomplete resection’) did not offer a survival benefit compared to biopsy-only and, on the
other hand, craniotomy had a tenfold higher complication rate than needle biopsy (12.1% vs
1.4% respectively). After all, glioblastoma tumor resection will by advised by the
neurosurgeon only if the survival benefit outweighs the risks and possible complications —
primum non nocere. And, of course, if there is substantial scientific evidence supporting the
correlation between PR and prolonged survival.

It seems common sense that complication rates associated with craniotomy for high-grade
glioma are much higher as compared to those associated with (stereotactic) biopsy. Although
a uniform reporting method for biopsy-related complications is lacking, a recent meta-
analysis concluded that the mortality rate associated with stereotactic biopsy varies from
0.7% to 4% and the overall complication rate from 3% to 13% (42). As expected, cerebral
haemorrhage was the most frequent complication. Concerning craniotomy for primary
malignant brain tumors, a 2018 study of 7376 patients, operated on in the period 2005-2009,
showed a mortality rate of 2.6%; a major complication rate of 12.9%; and an overall
complication rate of 16.4% within 30 days after surgery (43). These figures put the tenfold
higher risk associated with craniotomy in the series by Kreth et al. into perspective (39). So, a
cautious interpretation on surgery-related risks is warranted, but it is correct to state that, on
average, a craniotomy for high-grade glioma nowadays carries a moderate higher morbidity
and mortality rate than biopsy.

The controversy surrounding the effect of PR on survival of glioblastoma patients arises from
several issues. There is no consensus on which parameter is best to express residual tumor
burden: EOR or direct RTV measurement (36,44). Nor is there a consensus on glioblastoma
volume measurement methodology (45). Percentage EOR is calculated as follows:
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(preoperative tumor volume — RTV)
% EOR = , x 100
preoperative tumor volume

So, EOR is dependent of the preoperative tumor volume. Therefore, a 99% EOR may denote
a totally different volume in a small versus a large glioblastoma. As already mentioned,
observer variability is an important issue (27,46,47). Next to these methodological concerns,
most of the publications on PR predate the currently deemed essential molecular biological
factors in glioblastoma (48). Finally, many reports include glioblastoma patient cohorts that
were not uniformly treated after surgery.

In their prospective
study on the use of 5-
aminolevulinic  acid
(ALA)-derived

fluorescence in
glioblastoma surgery,
Stummer and

colleagues used a
straightforward

method to

distinguish between Figure 14. A representative neurosurgical microscopic image using blue light

GTR and PR (right side), demonstrating the typical pink appearance of glioblastoma when
7

operated using 5-ALA (aminolevulinic acid). The picture on the left side shows

bypassing most of the the same image using white light.

aforementioned

problems (33). If postoperative MR imaging showed residual contrast-enhancement of 1 voxel
or more, surgical resection was categorized as ‘incomplete’. The study by Kreth and
colleagues used the same method and our retrospective study was designed accordingly
(39,49). There are several advantages to this approach: it is easy applicable, it minimizes
observer variability, and it avoids the necessity of specific volumetric software and
interpretation of the imaging data. It enhances the external validity of the study. However,
the major disadvantage of this method is that the PR group will be very heterogenous in terms
of RTV and EOR. On the one hand, there will be cases with 80% EOR or more; on the other
hand, whether intentionally or not, some cases will have an EOR of only 50% or even lower.
Obviously, this method does not allow to identify an EOR or RTV threshold. Interestingly,
Stummer et al. also performed volumetric assessment of RTV (33). The median RTV was 1.5
mL whereas maximum RTV was 33 mL. Best survival, as compared to survival of patients with
complete resection, was associated with smallest RTV while worst survival was found in the
patient group with highest RTV. However, survival differences between different RTV groups
were not statistically significant, possibly because of small sample sizes. Our unpublished
results (comprising only a small cohort of 93 patients in whom immediate post-operative
imaging with 0.9 mm thickness MPRAGE images were available) show a statistically significant
inverse correlation between contrast-enhancing tumor volume at the start of
chemoradiotherapy and glioblastoma patient survival. For every increase of tumor volume
with 1 mL, the mortality hazard is expected to increase multiplicatively with 1.7% (unadjusted
hazard ratio = 1.017; 95% confidence interval = 1.005 — 1.029; P = 0.006). If a cut-off for RTV
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of 2 mL is applied, as suggested by Grabowski et al., the survival curves of both groups show
a statistically significant difference in favour of the lower tumor volume group (Fig. 15).
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Figure 15. Overall survival curve of glioblastoma patients
dichotomized according to tumor volume at the start of
chemoradiotherapy with a cut-off of 2 mL. (Cox regression survival
model, adjusted for age, KPS and MGMTp methylation. Six patients
were censored for survival.)

Taken together, despite many shortcomings and statistical difficulties, extent of resection
studies in glioblastoma from the past fifteen years strongly suggest a proportionate and
inverse correlation between RTV and patient survival (50). Very recently, the Berger group
from San Francisco published a large retrospective study showing a survival benefit
associated with extent of resection in glioblastoma across all molecular subgroups (38).
Hence, neurosurgical cytoreduction to prolong glioblastoma patient survival is supported by
evidence. But this survival benefit must be weighed against the risks of acquiring a new
neurological deficit. This remains a difficult topic for the shared-decision process for both
the neurosurgeon and the patient alike. Ultimately, the obtained extent of glioblastoma
resection depends on many factors (Fig. 16). However, maximum safe resection is at
present a sound and scientifically based leitmotiv.
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Figure 16. Schematic overview of influencing factors of extent of glioblastoma resection.

Future perspectives

0

0

Since randomized controlled trials to test the effect of extent of glioblastoma
resection on survival should be rejected on ethical grounds, prospective glioblastoma
registries provide a valid alternative to study this important topic in a prospective
manner.

The international neuro-oncological community should develop

o Internationally accepted definitions of the commonly used terms in
glioblastoma resection.

o Internationally accepted guidelines on the methodology of glioblastoma
volumetry before and after neurosurgical resection, including observer
variability.

Glioblastoma patient counseling should include a thorough discussion of the risks and
benefits involved in neurosurgical resection; the leitmotiv of maximum safe resection
is supported by evidence.
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3. The Role of 06-methylguanine-DNA-methyItransferase Gene Promoter Methylation

The presence of  0O%-methylguanine-DNA-methyltransferase gene promoter
(MGMTp) methylation in glioblastoma tissue, is a strong predictor of the beneficial effect of
alkylating drugs (notable temozolomide) in the corresponding patients. As such, it is
also a strong molecular biological prognostic factor, next to /IDH mutation (51). In this
glioblastoma patient cohort too, MGMTp methylation resulted in the highest hazard ratio
reduction.

Several techniques are
CpG Island
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MGMTp  methylation o 97 CpGisites

(Table 2 & Fig. 17), each TSS

with its specific (dis-) J— MGMT promoter ~250 101 ] «Bon
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MSP technique has been L

explained briefly in the

introduction. Compared

to pyrosequencing, Figure 17. MGMT promoter region and commonly used
MSP is cheaper, has a methylation assays (53).

shorter turn-around

time, and is more

widely available. It was used also in this thesis to determine MGMTp methylation status. But
an important concern in using MSP is the lack of consensus on the optimal cut-off value to
dichotomize between methylated and unmethylated MGMTp.

Vlassenbroeck and colleagues identified already in 2008, the existence of a “grey zone” of
diagnostic uncertainty correlating with the upper and lower limit of the 95% confidence
interval surrounding the cut-off point of methylation using MSP (55). It has been shown that
glioblastoma patients with methylation test results within this grey zone, may have a better
survival than fully unmethylated glioblastoma patients (56). This thesis confirms the
aforementioned finding for patients suffering from glioblastoma with ‘weak’ MGMTp-
methylation.

73



Table 2. Overview of the three most used techniques to
determine MGMT promoter methylation (52,53).

Technique Turnaround Advantages Disadvantage Estimated
Time cost per
sample
(USD)
Quantative MSP | 2 days Quantitative; Unreliable results with | $10-20
High throughput; | mosaic methylation
Cut-off point patterns;
validated in (Poor reliability in
clinical studies FFPE tissues)
Pyrosequencing | 5 days Quantitative Expensive; $10-30

Unclear cut-off point;
not validated in
clinical trials;

High throughput core
facility required;
Longer time to results

EPIC 5 days (or more) | Also testing of Expensive; $500-700
other biomarkers | Unclear cut-off point;
(1p/19g; G-CIMP); | not validated in
Compatible with clinical trials;
different sample High throughput core
preparations facility required;
Longer time to results

MSP = methylation-specific polymerase chain reaction; FFPE = formalin-fixed paraffine-embedded;
*refers to the methylation array platform by Illumina, Inc. (lllumina HumanMethylation EPIC Beadchip)

The observation of a possible survival advantage for patients with test results in the grey zone,
is important from both an academic and a clinical point of view. When applied to clinical
studies enrolling patients with unmethylated glioblastoma, the presence of a grey zone may
permit unwilling and unknowing inclusion of patients with weakly methylated glioblastoma.
Hence, a significant bias may occur. From the clinical point of view, it is important to realize
that some patients with test results in the grey zone, may still experience significant benefit
from treatment with temozolomide. Since some authors advocate to withhold temozolomide
from patients with unmethylated glioblastoma, especially in the elderly, patients may be at
risk to be denied access to a potentially life-prolonging treatment (57).

The solution to these concerns is the development of international consensus guidelines on
MGMTp methylation testing in glioblastoma both concerning the assays to be used and cut-
off values. These guidelines should cover which test is to be used as first-tier; which cut-off
value is used to signify “truly methylated” and “truly unmethylated” tumors and the grey zone
in between; which test subsequentially should be used to further examine the grey zone test
results. We agree with the proposed algorithm by Mansouri et al., to use MSP as the first test
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and to use pyrosequencing next (not EPIC because of the higher costs involved, at least at this
moment) if the test results belong to the grey zone surrounding the MSP cut-off value (53).
We would suggest using 0.2 and 2.0 as lower and upper limit (Fig. 18). The swift technical
evolution in medical genetics will probably allow for faster, more sensitive and more specific
but also cheaper techniques. Specifically, next generation sequencing may allow this progress
in the near future also for methylation profiling and perhaps obliterating the grey zone of
uncertainty.
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Figure 18. Schematic representation of the "grey zone" of diagnostic uncertainty using gMSP
for determination of MGMTp methylation. The red vertical line shows the proposed lower cut-
off limit of 0.2. The green vertical line depicts the upper limit of 2.0. The purple circle highlights

the "grey zone".
TU = truly unmethylated; TM = truly methylated.

Of equal importance is the question if all glioblastoma patients should be tested nowadays
for MGMTp methylation in routine clinical practice. Since MGMTp methylation is both a
predictive as well as a prognostic factor, it is an important and useful parameter to include
during patient counselling. If the patient is confronted with a MGMTp-unmethylated
glioblastoma, she/he should be informed that the effect of chemoradiotherapy will very likely
be modest at best and that his/her prognosis is worse than that of patients with MGMTp-
methylated tumors, as was shown in the seminal study by Hegi et al. in 2005 (58). In the
important subgroup of elderly patients (70 years or older), two studies showed that for
patients with unmethylated glioblastoma, treatment with temozolomide is futile or even
harmful (59,60). In case of unmethylated glioblastoma in an elderly patient, withholding
temozolomide may be the better treatment option: side-effects are avoided, maintaining a
better quality of life, without sacrificing survival. In younger patients with unmethylated
glioblastoma, withholding temozolomide is more controversial. In their 2015 report, Hegi and
Stupp contemplate the reasons why almost every glioblastoma patient is treated ‘upfront’
with temozolomide, despite absence of MGMTp methylation (57). The validation of the
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technique used to determine the MGMTp-methylation status is an important issue as is the
presence of the grey zone. Oncologists are worried that they may incorrectly deny patients
access to a potential life-prolonging treatment based on unreliable test results. As stated
above, this valid concern may be solved by an international consensus on MGMTp
methylation testing, including cut-off values. Another important argument is the fact that an
alternative treatment for unmethylated glioblastoma patients is currently lacking. But Hegi
and Stupp turn this argument upside down by arguing that development of new treatments
is delayed because all glioblastoma patients still receive temozolomide.

Future perspectives

0 Development of international guidelines on MGMTp testing: techniques, cut-off value
and grey zone; development of a testing algorithm (cf. Mansouri et al.).

0 Next generation sequencing may revolutionize methylation testing and eliminate the
diagnostic uncertainty.

0 Glioblastoma patient counseling should include discussion of MGMTp-methylation
results and possible prognostic and therapeutic consequences.
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4. The Role of the Onco-Functional Balance

Historically speaking, patient performance status was introduced in the late 1940s by
Karnofsky and Burchenal to describe the ability of a patient to carry on his or her normal daily
tasks or the need for care (61). They developed the ‘Karnofsky Performance Scale’ (KPS) which
is now an accepted standard in medical literature, especially in the field of oncology.
Importantly, 70% demarcates a critical point on this scale: above 70% the patient is not only
able to care for himself, but also to perform normal daily activities, including work. But at 70%
or below, the patient is unable to work or to carry out day-to-day tasks. The oncological
patient with a KPS score of 70 or lower will have worse survival than a similar patient with a
higher KPS score. This holds true for glioblastoma patients (vide supra, introduction) and was
also clear from our own patient cohort (please see Fig. 10 B). But, in a way, the KPS is a rather
rough assessments and misses more subtle, but important, features that also have a major
impact on quality of life (61). Specifically for glioblastoma patients, KPS was not developed to
detect neurological deficit. Nevertheless, glioblastoma patients may experience symptoms
that severely impact their quality of life but without corresponding low KPS.

These symptoms may be self-evident, e.g., motor deficit or aphasia, but may also pose a
diagnostic challenge, especially in case of cognitive dysfunction. Cognition is a critical hallmark
of the human brain. Classically, five cognitive domains are described: executive functions;
learning & memory; perceptual-motor function; language; and attention (62). Glioma
patients, and certainly glioblastoma patients, are particularly prone to cognitive dysfunction.
Several reports have shown the presence of severe impairments in at least one cognitive
domain at tumor diagnosis, before surgery or antimitotic treatment started (63,64).
Medication (antiepileptic drugs or steroids) may influence cognition, but glioblastoma itself
also causes cognitive dysfunction. Of course, glioblastoma location may have a severe impact
on cognition. Interestingly however, different locations may result in analogous symptoms.
This observation is hard to explain using the dominating “localizationist” view of brain that
prevailed during the 19 and 20™ century, starting with the works and observations of Paul
Broca and Carl Wernicke. Since the 1990 landmark publication by Mesulam, the paradigm has
shifted towards viewing the brain as a dynamic system of functional neural networks (65).
Nowadays, the paradigm of the human brain ‘connectome’ dominates neurosciences (66).
This paradigm also explains the influence of growth rate on neurocognitive functioning of
glioma patients. Wefel and colleagues showed in 2016 that more severe cognitive dysfunction
was present in patients suffering from IDHwt malignant gliomas than in patients with IDH
mutated tumors, and that tumor volume inversely correlated with cognition only in patients
with IDHwt tumors (67). These observations strongly suggest that brain plasticity, based on
neural networks, is hindered by fast-growing tumors but allows for compensation in slower
evolving lesions. Unfortunately, glioblastoma treatment, especially resection, may also harm
cognitive function. Already in 2012, Johnson et al. published an important report that shows
that neurocognitive impairment after glioblastoma resection is an independent negative
prognostic factor (68). Recently, Rijnen and colleagues showed that it may be possible to
preoperatively identify glioblastoma patients at risk for neurocognitive decline after surgery
(64). Also, in some cases neurocognition may improve after surgery but this is rather
exceptional.
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These considerations should be incorporated in the conversation between the patient and
the neurosurgeon. While tumor resection may significantly prolong the patient’s life, it may
present a trade-off with quality of life. Therefore, the shared-decision making process is
indeed the pinnacle of patient-centered care (69). Each patient has the right to be fully
informed and to decide which deficits and/or risks are acceptable to him. For instance, a
hemianopia may be very acceptable to one patient but can constitute an insurmountable
problem for another. The same holds true for cognitive deficits. Most neurosurgeons focus
attention on the risk of ‘major’ neurologic deficit and pay less attention to neurocognition.
Although many practical obstacles exist, routine preoperative neurocognitive testing of
glioblastoma patients may be useful to elaborate on cognitive risks of surgery, next to
providing a baseline of neurocognition at diagnosis. This way, the neurosurgeon and the
patient can explore the optimal balance between oncology (quantity of life) and functionality
(quality of life). Of course, cognitive impairment may already impede an in-depth and
nuanced discussion in some patients which renders the decision-making process only more
difficult (62).
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5. The Role of Retrospective Study Design

The studies presented in this thesis are best classified as historical (or retrospective) cohort
studies. The clinical data were not prospectively collected at the time of the patients’
diagnosis and treatment. However, several important parameters were determined de novo,
notably the molecular biological factors (/IDH mutation status and MGMTp methylation), the
contouring of the SVZ and measurement of glioblastoma tumor volumes. Retrospective
studies suffer from inherent flaws and shortcomings, as does science itself. However
interesting a topic, a theoretical in-depth analysis of retrospective study design is beyond the
scope of this thesis. But the most important setbacks of retrospective studies relevant to this
thesis will be discussed in the following paragraphs as will be the measures taken to attempt
to control them. Also, it is important to acknowledge that rightful ethical considerations
render randomized controlled trials in glioblastoma patients difficult, especially concerning
extent of resection: this is mirrored by the fact that most studies on this topic are indeed
retrospective studies.

Bias and confounding are two major concerns. In short, bias creates a false association
between parameters (type | error, or false positive) while confounding describes a true
association between factors that is, however, potentially misleading. The most relevant types
of bias relevant to this thesis are selection and information bias. These types of bias are closely
related to the interesting topic of dealing with missing data.

Retrospective studies are prone to selection bias. Specifically for this thesis, it means that the
selection of patients was one way or the other potentially dependent on the outcome of
patients. Selection bias may be differentiated further into several subtypes, of which
misclassification bias and attrition bias are important in this thesis.

Glioblastoma patients in this thesis were not randomly selected: only patients who were
treated after surgery with chemoradiotherapy were selected (cf. inclusion criteria, chapter 2).
In other words, all weaker patients, who only received supportive care, or a shortened
radiotherapy schedule, were a priori excluded.

A risk of misclassification bias exists: this systematic error occurs when a patient is included
in a wrong category of patients or should not have been included in the study at all. For this
thesis, the risk of including patients with a diagnosis other than glioblastoma was minimized
using several methods. First, glioblastoma patients were selected from the histopathological
databases of the hospitals, not from imaging databases or patient charts. Next, all pathology
reports were thoroughly reviewed. If there was any doubt about diagnosis, these cases were
excluded. Third, stored tumor tissue of all included cases was reexamined by the
neuropathologist before sending them out for molecular analysis. So, the possibility that a
patient suffering from another type of tumor than glioblastoma was included, is very low.
Importantly, misclassification of glioblastoma subtype may also occur concerning IDH
mutation status. This issue was addressed by determining the presence of an IDH mutation
using sequencing, which has higher accuracy than IHC. Unfortunately, IDH mutation status
was impossible to determine in several cases, due to low DNA quality. The longer the FFPE
samples were stored, the more likely that technical failure for sequencing arose. This was not
the case for MGMTp methylation, since gqMSP allows reliable results also on tissue samples of
inferior quality (Fig. 19). So, the data on IDH mutation were missing in a predictable way,
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Figure 19. Bar charts representing the correlation between technical analysis failure of
molecular biological factors and the date of diagnosis (dichotomized between 2007 or earlier
and 2008 or later). A chi square test was performed to verify if the difference between the
number of failed analyses in the earlier vs the later years is statistically significant.
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although not depending on IDH mutation itself, which is -confusingly- known in statistical
literature as ‘missing at random’ (70). ‘Complete case analysis’ for IDH mutation was chosen
for publications 3 & 4, inevitably leading to a smaller patient cohort and loss of statistical
power. However, compared to analogous studies concerning IDHwt glioblastoma patients,
the publications in this thesis have similar or larger patient cohorts. It should be noticed that,
from a statistical point of view, the publication on weak MGMTp methylation (publication 1)
could be considered as a study on avoiding misclassification of glioblastoma patients
according to MGMTp methylation status.
Also, inclusion of patients who did not receive 60 Gy radiotherapy or who were not treated
with temozolomide was minimized by detailed chart review, and of course review of the
radiotherapeutical plans. If dosimetry plans could not be retrieved, or restored, these patients
were excluded for analysis in the study concerning SVZ irradiation (publication 3). These data
were missing due to random technical issues and can be considered as data ‘missing
completely at random’ (70).
Finally, information bias and more specifically measurement bias and observer bias, may play
an important role in this thesis, especially concerning glioblastoma tumor volume
measurement and contouring of the SVZ. Several measures were taken to reduce
measurement errors:
1. Measurements were performed by experienced observers blinded for each other’s
results.
2. Random double checks were performed by each observer for the results of the other
observer
3. Dedicated clinical software was used for both glioblastoma volume measurements as
well as for contouring the SVZ. Unfortunately, the contouring of the SVZ had to be
performed on CT imaging only because imaging fusion of radiotherapeutic planning
CT imaging with MR imaging could not be restored due to technical reasons.
4. In case of volumetric analysis of glioblastoma, only MPRAGE imaging with 0.9 mm slice
thickness was used.
Both intra and inter observer variability are well-known sources of bias but are notoriously
difficult to correct or prevent. There is some evidence that semi-automated segmentation
techniques may reduce observer variability in volumetric analysis of glioblastoma (36,45). This
technique was applied in this thesis.

Confounding is a specific concern in cohort studies when risk factors are not distributed
randomly in the population. Therefore, it is important to apply statistical methods to adjust
for known confounders, e.g., using proportional hazard regression for survival analysis. Of
course, this methodology can only be used for known confounders or confounders for which
data have been collected. Previous glioblastoma studies concerning SVZ contact, SVZ
irradiation and partial resection, often lacked molecular biological factors in multivariate
survival analysis. Since IDH mutation and MGMTp methylation are strong prognosticators for
glioblastoma patient survival, exclusion of these parameters from survival analysis may lead
to erroneous conclusions. In this thesis, confounding was reduced by applying Cox
proportional hazards model next to Kaplan-Meier survival analysis, because it is important to
compare adjusted and unadjusted survival rates. Importantly, survival analysis was adjusted
for known prognosticators, including molecular biological factors. However, some variables
were not included because they could not be reliably collected from the patient charts, e.g.,
steroid use at diagnosis.
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Although the retrospective study design of this research inherently suffers from
shortcomings, this thesis also has important strengths which are proportionate to the
weaknesses. Bias and confounding are well-known problems in medical literature and several
methods have been developed to critically assess publications concerning the quality of the
evidence they deliver. The GRADE guidelines (Grading of Recommendations Assessment,
Development, and Evaluation) provide an excellent and internationally accepted framework
of rating quality of evidence (71). The GRADE guidelines rate the final level of confidence in
four categories: “high”, “moderate”, “low” or “very low” (Figure 20). Applying these
guidelines, publications 1 & 2 of this thesis should be considered as evidence of “moderate”
quality, while the risk of bias is higher in publications 3 & 4, so these studies present “low”
quality evidence (72).

GRADE’s approach to rating confidence in effect estimates (quality of evidence)

2. Consider lowering or raising 3. Final level of
1. Establish initial level of confidence level of confidence confidence rating

Reasons for considering

Initial confidence ¢ L. 3
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GRADE = Grading of Recommendations Assessment, Development and Evaluation

Figure 20. GRADE’s approach to quality of evidence and to rating confidence in effect
estimates (72).
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6. Some Reflections and Speculations on Future Glioblastoma
Treatment

Compared to advances in treatment of other oncologic diseases, progress in glioblastoma
treatment is unfortunately slow. In fact, since 2005, the American Food and Drug
Administration (FDA) approved only three new treatments for glioblastoma: temozolomide,
bevacizumab and tumor-treating fields. This paragraph focuses on some promising future
therapies, from the neurosurgeon’s, the radiotherapist’s, and the oncologist’s perspective.
But ultimately, the most important perspective remains that of the patient.

Safely maximizing extent of glioblastoma resection, remains a major neurosurgical challenge,
despite the availability of several ancillary techniques. 5-Aminolevulinic acid (5-ALA) — based
fluorescence is an effective and safe technique in helping to achieve GTR in glioblastoma
resection and is nowadays generally accepted (73,74). Interestingly, 5-ALA may not only be
applied as an optical imaging agent but may also serve as a potential therapeutical adjunct.
Intracellular porphyrins, induced by 5-ALA, are photosensitizers, and may be used for
photodynamic therapies. One small study, using laser diffusors to apply per operative
photodynamic therapy for patients with resection of recurrent glioblastoma, showed
promising results (75). Since 5-ALA is widely used in surgical neuro-oncology, its application
as a therapeutic method, if proven safely and effective, is only a small step further. As already
mentioned, the proximity of the tumor to eloquent regions of the brain may limit extent of
resection or even render it impossible. Evidence is lacking in neurosurgical literature whether
awake craniotomy with brain mapping would not only maximize EOR but also patient survival
while preserving neurological function. To answer this important question, the colleagues
from Erasmus Medical Center Rotterdam designed a multicenter prospective randomized
controlled trial, in which the department of Neurosurgery of Ghent University Hospital
participates (76). Of course, glioblastoma patients with new or recurrent tumors may be
deemed unsuitable for surgery due to various reasons. In these patients, laser interstitial
thermal therapy may prove to be an alternative method for achieving cytoreduction (77,78).
In summary, a laser-tip probe is introduced into the centroid of a glioblastoma and by heating
the tissue, a thermal lesion is induced. Importantly, real-time MR thermometry is applied to
continuously monitor the ablation zone. But the diffuse infiltrative nature of glioblastoma,
impedes this tumor from being surgically curable.

This thesis casts serious doubts if irradiation of the SVZ would improve glioblastoma patient
survival. However, the SVZ may become a target for other treatment modalities since its role
in glioma and glioblastoma is progressively unraveled. Recently, the research group from
Liege, Belgium, showed that CXCL12 (CXC motive chemokine 12) has an important role in
attracting glioblastoma stem cells towards the SVZ. It may also protect against the effects of
radiotherapy (79). Research shows that CXCL12 is an important regulator of the post-
radiotherapy glioblastoma microenvironment (80). Since the proximity of the SVZ to the
lateral ventricular system, these pathways may become future targets of pharmacotherapies,
attempting to block CXCL12 (81). Furthermore, the recent discovery of the nasal/olfactory
lymphatic route, an important part of the lymphatic drainage system of the brain, provides
an excellent opportunity for intranasal drug administration, reaching the SVZ and the brain
via the cerebrospinal fluid, and obliterating the need for invasive ventricular access (82).
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Radiotherapeutical innovation in glioblastoma focuses on dose distribution rather than on
dose escalation. The well-known concept of ‘dose sculpting’ or ‘dose painting’, to customize
the delivered radiation dose distribution, is revisited in glioblastoma (83). Based on laboratory
animal experiments, a prospective study® is currently conducted by the departments of
Radiotherapy-Oncology and Nuclear Imaging of Ghent University Hospital, using metabolic
imaging (PET) to guide dose painting in glioblastoma patients (84). This way, more metabolic
active tumor zones, will receive higher doses without exceeding a total of 60 Gy. There are
high expectations that this technique will significantly improve patient survival, without
inflicting higher toxicity.

Currently, a lot of attention is raised about the possibility of immunotherapy in glioblastoma
(85). A few topics will be highlighted.

The crucial role of IDH mutations has been emphasized repeatedly. A few months ago, the
results of a first-in-humans phase | trial concerning an IDH1R3?"-specific peptide vaccine were
published by Platten et al. (86). In 33 patients suffering from IDH mutated high grade gliomas,
the vaccine proved safe and immunogenic. Although the patient cohort was too small to draw
definitive conclusions, the efficacy of the vaccine was promising with an overall response rate
of 84.4%. Of course, this type of vaccine will only be effective in IDH mutated glioblastoma.
Dendritic cell vaccines, however, are applied in IDHwt and mutated glioblastoma and have
been developed since 2001 (87-89). But vaccination as a single-modality immunotherapy is
probably not sufficiently effective, based on the negative results from several phase Il and Il
trials (85). Since the report of a case of drastic glioblastoma regression after treatment with
chimeric antigen receptor (CAR)-engineered T cells, this research has drawn a lot of attention
— and high hopes (90). Contrary to the success of CAR-T cell therapy for hematological
malignancies, the clinical effect in solid tumors and glioblastoma was reserved for selected
patients but still encouraging (91). As stated by Lim et al., the future success or failure of CAR-
T cell therapy in glioblastoma depends on the identification of sufficiently expressed tumor-
specific antigens which are also stable (85).

Finally, precision oncology and targeted therapies gain interest in glioblastoma, although
demonstration of efficacy is lacking (92). Although still incompletely understood, advances in
next-generation sequencing technology have transformed the knowledge of the genomic
landscape of glioblastoma. An exponential acceleration of this knowledge revolution is to be
expected, bringing forth new treatment modalities. An innovating treatment option may be
found in targeting microRNAs (miRNA), although clinical trials are yet to be undertaken (93).
Very briefly, miRNAs are small (19-22 nucleotides) non-coding RNA molecules. They have an
important role in posttranscriptional regulation of messenger RNAs by sequence-specific
repression (94). Nowadays, more than 2000 miRNAs have been discovered in the human
genome, playing a role in gene regulation and the development of diseases, including cancer,
comprising glioblastoma (93). It has been shown experimentally that several miRNAs are
involved in the regulation of MGMT expression, amongst which miRNA-181d shows the most
potential. Zhang and colleagues showed that the expression level of miRNA-181d was
inversely correlated with MGMT expression level (95). Furthermore, high expression of
miRNA-181d was associated with significantly improved overall patient survival in three

5> Positron-emission tomography (PET)-based dose painting radiation therapy in glioblastoma
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independent cohorts of glioblastoma patients. Upregulation of this specific miRNA in the
tumors of patients suffering from unmethylated glioblastoma may result in better response
to chemoradiotherapy and increased survival. This would constitute a major breakthrough
especially for IDHwt glioblastoma patients with unmethylated tumors. Target specificity and
tissue toxicity, however, pose major obstacles for clinical implementation of miRNA, as well
as the difficulty of delivering the miRNA to their messenger RNA target since they will have to
cross the blood-brain barrier. Perhaps direct ventricular access or the already mentioned
nasal/olfactory lymphatic route could provide solutions, but this remains mere speculation
for now. The role of miRNAs as a biomarker in glioblastoma is also very promising (95). The
departments of Radiotherapy-Oncology and Neurosurgery are currently engaged in a clinical
pilot study to determine the presence of circulating miRNAs in the serum of glioblastoma
patients. The assumptions that these miRNAs will not only be present at diagnosis of
glioblastoma but will also fluctuate according to tumor control or relapse, remain to be
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Conclusion

In conclusion, this thesis allows for identification of weak MGMTp methylation as a positive
prognostic factor for glioblastoma patient survival while SVZ contact of glioblastoma at the
time of diagnosis is to be accepted as a negative prognostic factor, although the underlying
mechanisms remain unclear at present. Publication 1 & 2 of this thesis present evidence of
“moderate” strength according to the GRADE guidelines. Further, the results from
publications 2 & 3 in this thesis suggest that in IDHwt glioblastoma patients, treated with
chemoradiotherapy after surgery, SVZ irradiation does not yield a beneficial survival effect,
but partial glioblastoma resection will result in better overall survival, as compared to biopsy
only. The quality of evidence delivered by these two studies (publication 3 & 4) is lower and
should be considered as “low” according to the GRADE guidelines. Glioblastoma treatment,
specifically resection, often imposes an important choice on the patient and the
neurosurgeon, comprising a trade-off between oncology and function. Glioblastoma patients
are in urgent need of new and innovating treatment modalities, but the laboratory
experiments do not transform clinical practice yet.
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SUMMARY

Despite aggressive treatment with temozolomide-based chemoradiotherapy after surgery,
the prognosis of glioblastoma patients remains dismal with a median overall survival of only
15 months. In this thesis, several prognostic factors of glioblastoma patient survival are
discussed, next to age at diagnosis and patient condition.

Two molecular biological factors have an important prognostic effect in glioblastoma
patients. First, the isocitrate dehydrogenase (/DH) mutation plays a pivotal role in current
glioma and glioblastoma classification. Patients suffering from IDH-mutated glioblastoma
have a significantly better prognosis than IDH-wildtype glioblastoma patients.
Unfortunately, only 10% or less of newly diagnosed glioblastoma patients will belong to the
IDH-mutated group. Second, the epigenetic phenomenon of methylation of the 0°-
methylguanine-DNA-methyltransferase gene promoter (MGMTp), renders the tumor tissue
more sensitive to the alkylating effects of temozolomide because MGMTp methylation
silences the gene and DNA-repair by MGMT is lowered or even stopped. So, glioblastoma
patients with MGMTp methylation will have a significantly better survival. The widely used
test to establish the MGMTp methylation status, quantitative methylation-specific PCR
(gMSP), does not allow for a simple dichotomization between “methylated” and
“unmethylated” tumors but leaves a “grey zone” of diagnostic uncertainty. Patients with
test results within this grey zone, but showing ‘weak’ methylation of glioblastoma tissue,
will still have a significantly better survival than patients with fully unmethylated tumors, as
is described in this thesis. An international consensus should be established concerning both
the cut-off values for gMSP testing in glioblastoma as well as an internationally accepted
testing algorithm. This way, future glioblastoma survival studies will be standardized
concerning MGMTp testing, and bias will be avoided. Moreover, from the clinical point of
view, this consensus and standardization will prevent that patients with test results within
the grey zone could be at risk of missing out on therapeutic opportunities.

Although considered impossible for decades, it was proven in the beginning of the 21t
century that the adult human brain contains neural stem cells (NSCs) both in the dentate
gyrus of the hippocampus and in the subventricular zone (SVZ), which is the largest reservoir
of NSCs. The role of the SVZ in glioblastoma is poorly understood. As this thesis also shows,
patients suffering from SVZ-contacting glioblastoma have a significant worse survival
although the explanation for this observation remains elusive for now. The correlation with
the presence of NSCs seems obvious and there is mounting evidence for the presence of
brain tumor propagating cells (BTPCs) in the SVZ in case of glioblastoma. Failure to eradicate
these cells will inevitably result in tumor recurrence, which indeed is the fate of the
overwhelming majority of glioblastoma patients. Therefore, it seems logical to irradiate the
largest reservoir of these BTPCs, namely the SVZ, since radiation therapy is of course already
an essential part of glioblastoma patient treatment. However, reports on the survival impact
of SVZ irradiation in glioblastoma deliver conflicting results. Some publications, as is the case
with the report discussed in this thesis, show no effect or even detrimental effects of higher
SVZ radiation doses on glioblastoma patient survival. Carefully designed prospective studies
are needed to overcome the limitations of the retrospective studies concerning SVZ
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irradiation. The presence of normal NSCs in the SVZ, and their vulnerability to radiation,
remains a worrisome point of attention.

Gross total resection (GTR) has been shown to result in a significant longer glioblastoma
patient survival, although these studies are prone to methodological issues especially
concerning tumor measurement. However, neurosurgical intervention that creates new
neurological deficit, will unfortunately cancel out the beneficial effects of GTR. Partial
resection of glioblastoma, not only as a palliative measure to relieve symptoms due to mass-
effect, but also to prolong survival, remains highly controversial especially in the ‘molecular
age’ of glioblastoma. A report included in this thesis, shows that in case of patients with
IDH-wildtype unmethylated glioblastoma, partial resection results in a significant, but
modest, better overall survival, as compared to patients who were treated with biopsy only.
This may offer some hope to those patients with unfavorable molecular markers at the
onset of their disease.

Next to age at diagnosis, the condition of the patient and /IDH-mutation, also weak MGMTp-
methylation and partial tumor resection are favorable prognostic factors for glioblastoma
patient survival. While the impact of SVZ radiation on glioblastoma patient survival remains
highly controversial, SVZ-contacting glioblastoma at diagnosis applies as an unfavorable
prognostic factor.
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SAMENVATTING

De behandeling van patiénten lijdend aan glioblastoma bestaat in 2021 nog steeds uit
resectie gevolgd door bestraling en chemotherapie, met name temozolomide. Ondanks
deze agressieve aanpak, blijft de prognose van deze patiénten bijzonder somber: de
mediane overleving bedraagt slechts ongeveer 15 maanden. Behalve de leeftijd en de
algemene conditie van de patiént bij diagnose, bestaan er nog verschillende prognostische
factoren waarvan enkele in dit proefschrift nader onderzocht werden.

Er worden op heden twee moleculairbiologische factoren beschreven die de prognose van
patiénten met een glioblastoma sterk beinvioeden. De eerste is de mutatie van het
isocitraat-dehydrogenase (IDH). Deze IDH-mutatie is dermate belangrijk, dat de gehele
glioma-classificatie sinds 2016 deels werd gefundeerd op deze afwijking. Ook voor het
glioblastoma geldt dat een IDH-gemuteerde tumor een duidelijk langere overleving
betekent voor de patiént. Helaas behoren slechts 10% of minder van de patiénten die met
de nieuwe diagnose van glioblastoma geconfronteerd worden tot deze groep. De tweede
factor is een epigenetische factor, met name de methylatie van de promotor van het O°-
methylguanine-DNA-methyltransferase-gen (MGMT-gen). Wanneer deze methylatie in het
glioblastoma aanwezig is, dan werkt het DNA-hersteleiwit MGMT minder efficiént of zelfs
helemaal niet meer, waardoor het tumorweefsel veel gevoeliger wordt aan de alkylerende
invloed van temozolomide. Op zijn beurt, zorgt dit voor een significant langere overleving
van de patiént. Echter, bij de techniek die vaak wordt toegepast om de aanwezigheid van
deze methylatie te bepalen, kwantitatieve methylatie-specifieke PCR (gMSP), komt een zgn.
"grijze zone" voor, waarbinnen er diagnostische onzekerheid heerst. Daarbij is het
belangrijk, zoals in dit proefschrift bestudeerd werd, dat zelfs patiénten met een ‘zwak’
gemethyleerd glioblastoma een significant langere overleving vertonen dan patiénten
waarbij deze methylatie volledig afwezig is. Patiénten met testresultaten binnen deze grijze
zone, zouden therapeutische kansen kunnen verliezen. Ook wetenschappelijk onderzoek
naar de overleving van patiénten met glioblastoma en MGMT-promoter-methylatie kan
door het bestaan van deze diagnostische onzekerheid vertroebeld worden. De oplossing
voor deze problematiek bestaat erin om een internationale consensus te bereiken met
betrekking tot referentiewaarden voor gMSP en een algoritme op te stellen m.b.t. de
verschillende technische analyses voor MGMT-promoter-methylatie-bepaling.

Ondanks decennialange wetenschappelijke overtuiging van het tegendeel, werd begin deze
eeuw onweerlegbaar aangetoond dat er ook in volwassen menselijke hersenen neurale
stamcellen aanwezig zijn en wel in de gyrus dentatus van de hippocampus en in de
subventriculaire zone (SVZ). Deze zone speelt een belangrijke, maar onvoldoende begrepen
rol bij het glioblastoma. Patiénten bij wie de tumor bij diagnose contact maakt met de SVZ,
hebben een duidelijk slechtere prognose dan de groep patiénten bij wie dit niet het geval is,
hetgeen ook in dit proefschrift opnieuw werd aangetoond. De exacte reden(en) hiervoor zijn
nog onvoldoende gekend, hoewel vele auteurs menen dat er een verband moet bestaan
met de aanwezigheid van neurale stamcellen in de SVZ. Meer nog, recente publicaties tonen
aan dat, hoogstwaarschijnlijk, de oorsprong van het glioblastoma moet gezocht worden in
stamcellen die maligne ontaarden. Zolang deze 'glioblastoma-stamcellen' niet uitgeroeid
zijn, zal de tumor onvermijdelijk recidiveren, hetgeen inderdaad het lot is van bijna alle
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patiénten die lijden aan glioblastoma. Aangezien radiotherapie reeds een vast en
gevalideerd onderdeel is van de standaard glioblastoma-behandeling, lijkt het logisch om
het grootste potentiéle reservoir van glioblastoma stamcellen, de SVZ, ook te bestralen.
Echter, de studies betreffende de invloed van bestraling op de SVZ spreken elkaar tegen.
Sommige publicaties, waaronder de studie die in dit proefschrift gepresenteerd wordt,
tonen aan dat bestraling van de SVZ geen of zelfs een negatief effect op de overleving van
glioblastoma patiénten kan hebben. Enkel zorgvuldig ontworpen prospectieve studies
kunnen de belangrijke tekortkomingen van de verrichte retrospectieve studies overstijgen
en meer duidelijkheid omtrent dit belangrijke onderwerp te scheppen. Maar voorzichtigheid
blijft geboden, gezien bestraling ook de neurale stamcellen zal aantasten.

Neurochirurgische resectie van glioblastoma blijft één van de pijlers van de behandeling.
Hoewel er m.b.t. de metingen van tumorvolumes methodologische discussies blijven
bestaan, tonen vele studies aan dat een totale resectie van het aankleurende
tumorgedeelte van glioblastoma aanleiding geeft tot een belangrijke verlenging van de
overleving van de patiént. Kanttekening hierbij is dat het veroorzaken van nieuwe
neurologische schade dit voordeel tenietdoet, zelfs als een volledige resectie bekomen
wordt. De effecten van een partiéle resectie van het glioblastoma op de overleving van de
patiént, meer dan louter het reduceren van het tumormassa-effect, zijn controversieel zeker
in het licht van de reeds besproken moleculairbiologische factoren. In dit proefschrift wordt
een studie gepresenteerd die aantoont dat partiéle tumorresectie bij glioblastoma
patiénten met MGMT-ongemethyleerde IDH-wildtype-tumoren, resulteert in een
significante, hoewel bescheiden, verlenging van de overleving in vergelijking met patiénten
die louter een biopsie ondergingen. Dit biedt enige hoop aan patiénten die hun ziekte
starten met een ongunstig tumoraal genetisch profiel.

Behalve leeftijd en conditie van de patiént, en de aanwezigheid van een IDH-mutatie,
worden ook de aanwezigheid van een ‘zwakke’ MGMT-promoter-methylatie en een partiéle
resectie van de tumor als prognostisch gunstige factoren bij patiénten met glioblastoma
weerhouden. Contact van het glioblastoma met de SVZ bij diagnose is daarentegen een
ongunstige prognostische factor terwijl de rol van bestraling van de SVZ bij deze patiénten
onduidelijk blijft.
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ZUSAMMENFASSUNG

Im Jahre 2021 besteht die Behandlung von Patienten mit einem Glioblastom weiterhin aus
einer Resektion mit anschlieBender Bestrahlung und Chemotherapie, letztere vorwiegend
mit Temozolomid. Trotz dieses aggressiven Ansatzes bleibt die Prognose von Glioblastom-
Patienten sehr diister. Die mediane Uberlebenszeit betrigt nur etwa 15 Monate. Neben
dem Alter und dem Allgemeinzustand des Patienten zum Zeitpunkt der Diagnose, gibt es
mehrere prognostische Faktoren, von denen einige in dieser Dissertation weiter untersucht
wurden.

Derzeit werden zwei molekularbiologische Faktoren beschrieben, die die Prognose von
Patienten mit Glioblastom stark beeinflussen. Die erste ist die Mutation der
Isozitratdehydrogenase (IDH). Diese IDH-Mutation ist derart wichtig, dass seit 2016 die
gesamte Gliomklassifizierung teilweise auf dieser Variablen basiert. Im Falle des
Glioblastoms bedeutet ein IDH-mutierter Tumor ein deutlich besseres Uberleben fiir den
Patienten. Leider gehéren nur etwa 10% der mit Glioblastom diagnostizierten Patienten
dieser Gruppe an. Der zweite Faktor ist ein epigenetischer, namlich die Methylierung des
Promotors des 0°-Methylguanin-DNA-Methyltransferase (MGMT)-Gens. Wenn diese
Methylierung im Glioblastom vorhanden ist, arbeitet das DNA-Reparaturprotein MGMT
weniger effizient oder es hort sogar auf, zu arbeiten, wodurch das Tumorgewebe viel
empfindlicher fiir die alkylierende Wirkung von Temozolomid wird. Dies wiederum
verbessert das Uberleben der Patienten erheblich. Bei der hiufig verwendeten Technik zur
Bestimmung des Vorhandenseins dieser Methylierung, der quantitativen methylierung-
spezifischen PCR (qMSP), tut sich jedoch eine sogenannte Grauzone auf, innerhalb derer es
eine diagnostische Unsicherheit gibt. In diesem Zusammenhang ist es wichtig, wie in dieser
Arbeit untersucht wurde, dass auch Patienten, deren Glioblastom nur "schwach methyliert”
zu sein scheint, ein signifikant besseres Uberleben vorweisen als Patienten, bei denen diese
Methylierung ganzlich fehlt. Somit bleiben den Patienten mit Testergebnissen innerhalb
obiger Grauzone womaoglich wertvolle therapeutische Optionen vorenthalten. Die
diagnostische Unsicherheit kann auferdem die wissenschaftlichen
Untersuchungsergebnisse zum Uberleben von Patienten mit Glioblastom und MGMT
verzerren. Die Losung fiir dieses Problem besteht darin, einen internationalen Konsens
beziglich der Referenzwerte fiir gMSP zu erzielen und einen Algorithmus zu erarbeiten, der
hinsichtlich der verschiedenen technischen Analysen fiir die Bestimmung der Methylierung
des MGMT-Promotors zu befolgen ware.

Trotz jahrzehntelanger gegenteiliger wissenschaftlicher Uberzeugung, wurde zu Beginn
dieses Jahrhunderts unwiderlegbar nachgewiesen, dass neuronale Stammzellen auch im
erwachsenen menschlichen Gehirn vorhanden sind, ndmlich im Gyrus dentatus des
Hippocampus und in der subventrikuldren Zone (SVZ). Diese Zone spielt beim Glioblastom
eine wichtige, aber nicht ausreichend verstandene Rolle. Patienten, deren Tumor zum
Zeitpunkt der Diagnose Kontakt mit der SVZ hat, haben eine deutlich schlechtere Prognose
als Patienten ohne einen solchen Kontakt, was auch in dieser Dissertation gezeigt wird. Die
genauen Griinde hierfir sind noch unzureichend bekannt, obwohl viele Autoren der Ansicht
sind, dass ein Zusammenhang mit den neuronalen Stammzellen in der SVZ bestehen dirfte.
Tatsachlich zeigen neuere Veroffentlichungen, dass entartete Stammzellen
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hochstwahrscheinlich den Ursprung des Glioblastoms bilden. Solange diese Stammzellen
nicht ausgerottet werden, ist ein Tumorrickfall unausweichlich, was in der Tat das Schicksal
fast aller Patienten ist, die an einem Glioblastom erkrankt sind. Da die Strahlentherapie
bereits ein fester und validierter Bestandteil der Standardbehandlung fiir Glioblastome ist,
erscheint es logisch, auch das gréBte potenzielle Reservoir an Glioblastomstammazellen,
namlich die SVZ, zu bestrahlen. Die Studien zum Einfluss der Bestrahlung auf die SVZ sind
jedoch widersprichlich. Einige Veroffentlichungen, einschlieflich der in dieser Dissertation
vorgelegten Studie, zeigen, dass die Bestrahlung der SVZ keine oder sogar negative
Auswirkungen auf das Uberleben von Glioblastom-Patienten haben kann. Nur sorgfaltig
konzipierte, prospektive Studien kénnen die erheblichen Mangel der retrospektiv
durchgeflihrten Studien tGberwinden, um mehr Klarheit zu diesem wichtigen Thema zu
verschaffen. Vorsicht ist jedoch geboten, da die Bestrahlung auch die neuronalen
Stammazellen angreift.

Die neurochirurgische Resektion des Glioblastoms bleibt eine der Sdulen der Behandlung.
Trotz methodischer Debatten bezliglich der Messung des Tumorvolumens, zeigen viele
Studien, dass eine vollstdandige Resektion des anfarbenden Anteils des Glioblastoms das
Uberleben des Patienten signifikant verlangert. Es sollte beachtet werden, dass das
Verursachen neuer neurologischer Schaden diesen Vorteil zunichtemacht, selbst wenn eine
vollstandige Resektion erreicht wird. Die Auswirkungen einer teilweisen Resektion des
Glioblastoms auf das Uberleben des Patienten, noch abgesehen von einer Verringerung der
Raumforderung, sind, insbesondere angesichts der bereits diskutierten
molekularbiologischen Faktoren, umstritten. In dieser Arbeit wird eine Studie vorgelegt, die
zeigt, dass eine partielle Tumorresektion bei Patienten mit MGMT-unmethylierten IDH-
Wildtyp-Glioblastomen, im Vergleich zu Patienten, bei denen lediglich eine Biopsie
durchgefiihrt wurde, zu einer signifikanten, wenn auch bescheidenen Verlangerung des
Uberlebens fiihrt. Dies gibt den Patienten mit einem von Anfang an ungiinstigen
tumorgenetischen Profil, eine gewisse Hoffnung.

Neben einem jingeren Alter und einem guten Allgemeinzustand, erweisen sich beim
Patienten mit Glioblastom das Vorhandensein einer IDH-Mutation sowie einer "schwachen
Methylierung” des MGMT-Promotors, auBerdem eine zumindest teilweise Resektion des
Tumors als glinstige prognostische Faktoren. Im Gegensatz dazu ist der Kontakt des
Glioblastoms mit der SVZ bei der Diagnose ein unglinstiger prognostischer Faktor, wahrend
die Rolle der SVZ-Bestrahlung bei diesen Patienten unklar bleibt.
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RESUME

Malgré un traitement agressif par chimioradiothérapie a base de témozolomide apres la
chirurgie, le pronostic des patients atteints de glioblastome reste sombre avec une survie
globale médiane de seulement 15 mois. Dans cette these, plusieurs facteurs pronostiques
sont discutés, a coté de I'age au moment du diagnostic et de I'état du patient.

Deux facteurs biologiques moléculaires ont un effet pronostique important chez les patients
atteints de glioblastome. Premiérement, la mutation de /'isocitrate déshydrogénase (IDH)
joue un rdle central dans la classification actuelle des gliomes et des glioblastomes. Les
patients souffrant de glioblastome a mutation IDH ont un pronostic significativement
meilleur que les patients atteints de glioblastome de type sauvage IDH. Malheureusement,
seulement 10% ou moins des patients atteints de glioblastome nouvellement diagnostiqué
appartiendront au groupe ayant subi une mutation IDH. Deuxiémement, le phénomeéne
épigénétique de la méthylation du promoteur du géne 0°-méthylguanine-ADN-
méthyltransférase (MGMTp), rend le tissu tumoral plus vulnérable aux effets alkylants du
témozolomide parce que la méthylation MGMTp fait taire le géne et la réparation de I'ADN
par MGMT est abaissée ou méme arrété. Ainsi, les patients atteints de glioblastome avec
MGMTp-méthylation auront une survie significativement meilleure. Le test largement utilisé
pour établir le statut de la méthylation MGMTp, PCR quantitative spécifique a la
méthylation (QMSP), ne permet pas une simple dichotomisation entre les tumeurs
«méthylées» et «<non méthylées», mais montre une «zone grise» d'incertitude
diagnostique. Les patients dont les résultats des tests se situent dans cette zone grise, mais
présentant une méthylation «faible» du tissu du glioblastome, auront toujours une
meilleure survie que les patients avec des tumeurs totalement non méthylées, comme
décrit dans cette these. Un consensus international doit étre établi concernant a la fois les
valeurs seuils pour les tests de gMSP dans le glioblastome ainsi qu'un algorithme de test
internationalement accepté. De cette facon, les futures études de survie du glioblastome
seront standardisées concernant les tests MGMTp et les biais seront évités. De plus, du
point de vue clinique, ce consensus et cette standardisation éviteront que les patients dont
les résultats des tests se situent dans la zone grise risquent de rater des opportunités
thérapeutiques.

Bien que considéré comme impossible pendant des décennies, il a été prouvé au début du
21eme siecle que le cerveau humain adulte contient des cellules souches neurales (NSC) a la
fois dans le gyrus denté de I'hippocampe et dans la zone sous-ventriculaire (SVZ), qui est le
plus grand réservoir des NSC. Le réle de la SVZ dans le glioblastome est mal compris.
Comme cette these le montre également, les patients souffrant de glioblastome en contact
avec SVZ ont une survie significativement pire bien que I'explication de cette observation
reste pour l'instant insaisissable. La corrélation avec la présence de NSC semble évidente et
il existe de plus en plus de preuves de la présence de cellules de propagation de tumeurs
cérébrales

(BTPC) dans la SVZ en cas de glioblastome. L'absence d'éradication de ces cellules
entrainera inévitablement une récidive tumorale, ce qui est en effet le sort de I'écrasante
majorité des patients atteints de glioblastome. Par conséquent, il semble logique d'irradier
le plus grand réservoir de ces BTPC, a savoir le SVZ, car la radiothérapie est bien entendu
déja un élément essentiel du traitement des patients atteints de glioblastome. Cependant,
les rapports sur I'impact sur la survie de l'irradiation SVZ dans le glioblastome offrent des

résultats
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contradictoires. Certaines publications, comme c'est le cas avec le rapport discuté dans
cette thése, ne montrent aucun effet ou méme des effets néfastes de doses de
rayonnement SVZ plus élevées sur la survie des patients atteints de glioblastome. Des
études prospectives soigneusement congues sont nécessaires pour surmonter les limites
des études rétrospectives concernant l'irradiation SVZ. La présence de NSC normaux dans la
SVZ et leur vulnérabilité aux radiations restent un point d'attention inquiétant.

Il a été démontré que la résection totale brute (GTR) entraine une survie significative des
patients atteints de glioblastome, bien que ces études soient sujettes a des problémes
méthodologiques, en particulier concernant la mesure de la tumeur. Cependant, une
intervention neurochirurgicale qui crée un nouveau déficit neurologique, annulera
malheureusement les effets bénéfiques de la GTR. La résection partielle du glioblastome,
non seulement comme mesure palliative pour soulager les symptémes dus a I'effet de
masse, mais aussi pour prolonger la survie, reste trés controversée, en particulier a «l’age
moléculaire» du glioblastome. Un rapport inclus dans cette thése montre que dans le cas de
patients atteints de glioblastome non méthylé de type sauvage IDH, la résection partielle se
traduit par une survie globale significative, mais modeste, meilleure, par rapport aux
patients traités par biopsie uniqguement. Cela peut offrir un certain espoir aux patients
présentant des marqueurs moléculaires défavorables au début de leur maladie.

Outre I'dge au moment du diagnostic, I'état du patient et la mutation IDH, ainsi qu'une
faible méthylation MGMTp et une résection partielle de la tumeur sont des facteurs
pronostiques favorables pour la survie des patients atteints de glioblastome. Cependant, le
contact SVZ du glioblastome au moment du diagnostic s'applique comme un facteur
pronostique défavorable; tandis que l'impact du rayonnement SVZ sur la survie des patients
atteints de glioblastome reste trés controversé.
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SOMMARIO

Nonostante il trattamento aggressivo con chemioradioterapia a base di temozolomide dopo
I'intervento chirurgico, la prognosi dei pazienti con glioblastoma rimane infausta con una
sopravvivenza globale mediana di soli 15 mesi. In questa tesi vengono discussi diversi fattori
prognostici, oltre all'eta alla diagnosi e alle condizioni generali del paziente.

Due fattori biologici molecolari hanno un importante effetto prognostico nei pazienti con
glioblastoma. In primo luogo, la mutazione dell'isocitrato deidrogenasi (IDH) gioca un ruolo
fondamentale nell'attuale classificazione di glioma e glioblastoma. | pazienti affetti da
glioblastoma con IDH mutata hanno una prognosi significativamente migliore rispetto ai
pazienti con glioblastoma con IDH wild type (non mutata). Sfortunatamente, solo il 10% o
meno dei pazienti con glioblastoma di nuova diagnosi appartiene al gruppo IDH mutata. In
secondo luogo, il fenomeno epigenetico della metilazione del promotore del gene 06-
metilguanina-DNA-metiltransferasi (MGMTp), rende il tessuto tumorale piu vulnerabile agli
effetti alchilanti della temozolomide perché la metilazione MGMTp silenzia il gene e la
riparazione del DNA da parte di MGMT e ridotta o del tutto inattivata. Di conseguenza i
pazienti con glioblastoma con metilazione MGMTp avranno una sopravvivenza
significativamente migliore. Il test ampiamente utilizzato per stabilire lo stato di metilazione
MGMTp, PCR quantitativa specifica per la metilazione (qMSP), non consente una semplice
dicotomizzazione tra tumori "metilati" e "non metilati", ma mostra una "zona grigia" di
incertezza diagnostica. | pazienti con risultati dei test all'interno di questa zona grigia, ma
che mostrano una metilazione "debole" del glioblastoma, avranno comunque una
sopravvivenza significativamente migliore rispetto ai pazienti con tumori completamente
non metilati, come descritto in questa tesi. Dovrebbe essere stabilito un consenso
internazionale riguardo sia i valori di cut-off per il test gMSP nel glioblastoma sia un
algoritmo per le analisi della metilazione accettato a livello internazionale. In questo modo, i
futuri studi sulla sopravvivenza del glioblastoma saranno standardizzati per quanto riguarda
il test MGMTp e saranno evitati i bias. Inoltre, dal punto di vista clinico, questo consenso e
standardizzazione impediranno che i pazienti con risultati dei test all'interno della zona
grigia possano correre il rischio di perdere opportunita terapeutiche.

Sebbene considerato impossibile per decenni, all'inizio del XXI secolo e stato dimostrato che
il cervello umano adulto contiene cellule staminali neurali (NSC) sia nel giro dentato
dell'ippocampo sia nella zona subventricolare (SVZ); quest’ultima inoltre & risultata essere la
piu grande riserva di NSC. Il ruolo della SVZ nel glioblastoma e scarsamente compreso. Come
mostra anche questa tesi, i pazienti affetti da glioblastoma a contatto con la SVZ hanno una
sopravvivenza significativamente peggiore sebbene la spiegazione per questa osservazione
rimanga al momento sfuggente. La correlazione con la presenza di NSC sembra ovvia e vi
sono prove crescenti della presenza di cellule di propagazione del tumore cerebrale (BTPC)
nella SVZ in caso di glioblastoma. La mancata eliminazione di queste cellule portera
inevitabilmente alla recidiva del tumore, che in effetti € il destino della stragrande
maggioranza dei pazienti con glioblastoma. Pertanto, sembra logico dover irradiare la piu
grande riserva di questi BTPC, vale a dire la SVZ, poiché la radioterapia & ovviamente gia una
parte essenziale del trattamento dei pazienti con glioblastoma. Tuttavia, i rapporti
sull'impatto dell'irradiazione della SVZ nel glioblastoma sulla sopravvivenza offrono risultati
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contrastanti. Alcune pubblicazioni, come nel caso dello studio discusso in questa tesi, non
mostrano alcun effetto o addirittura effetti dannosi della radioterapia mirata della SVZ sulla
sopravvivenza dei pazienti con glioblastoma. Sono necessari studi prospettici progettati con
cura per superare i limiti degli studi retrospettivi riguardanti l'irradiazione della SVZ. La
presenza di NSC normali nella SVZ e la loro vulnerabilita alle radiazioni rimane un tema che
merita particolare attenzione.

E stato dimostrato che la resezione totale (GTR) si traduce in una sopravvivenza del paziente
con glioblastoma significativamente piu lunga, sebbene questi studi siano soggetti a
problemi metodologici, in particolare riguardo alla misurazione del tumore. Tuttavia,
I'intervento neurochirurgico che crea un nuovo deficit neurologico, purtroppo annullera gli
effetti benefici della GTR. La resezione parziale del glioblastoma, non solo come misura
palliativa per alleviare i sintomi dovuti all'effetto massa, ma anche per prolungare la
sopravvivenza, rimane molto controversa soprattutto alla luce delle caratteristiche
molecolari del glioblastoma appena discusse. Un rapporto incluso in questa tesi mostra che
in caso di pazienti con glioblastoma non metilato con IDH wild type, la resezione parziale si
traduce in una sopravvivenza globale significativamente migliore, seppur modesta, rispetto
ai pazienti che sono stati trattati solo con biopsia. Questo puo quindi offrire qualche
speranza a quei pazienti con marcatori molecolari sfavorevoli all'inizio della loro malattia.

Oltre all'eta alla diagnosi, le condizioni generali del paziente e la mutazione dell’ IDH, anche
la debole metilazione MGMTp e la resezione parziale del tumore sono fattori prognostici
favorevoli per la sopravvivenza del paziente affetto da glioblastoma. L'impatto della
radiazione della SVZ sulla sopravvivenza dei pazienti con glioblastoma, invece, rimane molto
controverso. Infine il contatto del glioblastoma con la SVZ al momento della diagnosi viene
considerato come fattore prognostico sfavorevole.
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IlepiAnyn

Mapd TNV xprion eNBETIKNAC XNUELOBeparmeiag Tautoxpova e akTivoBepameia HeTA amod
Xelpoupyeio, oL aoBeveig pe yholoBAdoTwpa €xouv SUGHEVH TTPOYVWON TOUG LE CUVOALKNA
emBiwon povo 15 pnvwv.

21N MEAETN HAG, EKTOC Ao TNV NALKLA KATd T SLAyvwon Kol TNV YEVIKH KATAoTAoN TOU
000evoug, e€etdoape Kal AGAAOUG TPOYVWOTIKOUC TIapAyovTeS. AUO poplaKkol SeIKTEG
g€etdoTnKav yla va eKTIUNBEL dv pmopouv va cUUBAAOUV CNUAVTIKA OTNV TPOYVWaon TwV
000evwv pe yAoloBAacTwWAL.

MNpwtov, n petdAAaén tou yovidiou IDH1 mou nailel KEVTpLKO pOAO oTnV TPEXOUCA
Taflvopnon twv yAowwpatwyv. Ot aoBeveic pe yAolopAaotwpa e HeTAAAEN oto

IDH yovidlo €xouv KaAUTEPN MPOYVWON CUYKPLTLKA LE TOUG aoBeveig e kakonBela xwpig
TNV CUYKEKPLUEVN peTaAAaén (wild type IDH). AuoTtuxwg, povo 10% twv acBevwv pe
npoodata Sltayvwopévo yAoloBAdotwia, mapouaotdalouy tnv petdAAaén oto IDH yovidio.
AeUTtepov, n unteppeBUALWON Tou uTtokLvntr) Tou MGMT yovibiou. H mapouacia tou
QVTAVOKAG TNV avVIKaVOTNTA TOu OyKou va eTitdlopbwon tig BAAPEG mou mpokaAouv oL
OAKUALOUVTEC TTOPAYOVTEG, KL TILO CUYKEKPLUEVA N TEpOloAOUIdN. Ot a.oBeveig pe
uneppueBUALWON Tou uTtoKLVNTH Tou MGMT deixvouv kaAutepn emBiwon.

H néBodoc mou XpNOLUOTIOLELTAL YEVIKA VL0 TNV avAAuohn TG ultepuebBullwaon tou
UTtOKLVNTH Tou MGMT yovidiou eivatl moootik PCR eldikn yia peBudiwon (QMSP), dev
ETUTPEMEL ATTAO SLAXWPLOUO HETAEL TWV OYKWV TTOU Tapouactalouv n OxL ulepebuALwon.
Aapopowvetal pia "ykpila Lwvn" dtayvwotikig afefatdtntag, 6mou ot acbeveig e
yAoloPBAdotwpa pe eAadpot pebuliwon Ba €xouv mavta kaAutepn eniBiwon and acbeveig
aveu pebuliwon.

Mpénel va kaboplotel pia Stebvr) opodwvia OXETIKA e T OpLla TwV TeoT gMSP yla to
yAoloBAdotwpa KabBwg Kal Eva dLeBVEG amoSeKTO alyopLlOO TwV TEOT.

Me auTOV ToV TPOTO, oL LEANOVTLKEG LEAETEC TTou Ba e€eTalouv TNV eMPBLWON TwWV AoOEVWV
ue yAoloBAdaotwpa Ba yivovtal pe 1o tunonotnpéva teot MGMTP kat Ba anodeuxBouv
TUXOV TTPOKATEANUUEVEG LETPAOELG.

Kat amo kAwikn arodn, xapn auvtng tTng opodwviag Kat Tng Tumonoinong, oL acBeveic pe
teoT qMSP mou Bpiokovtal otnv «ykpila Lwvn » dev Ba xavouv ma mbavn Suvatotnta
Bepaneiac.

Av kot eixe BewpnBel aduvato yla dekaetieg, £xel amodelyOel otig apxEg tou 21ou atwva
TIWG 0 eVNALKOC avBpwTtivog eykEParog TtepLléxel veupika BAaotokuttapa (NSC), otnv
060vVTWTNA £ALKA TOU LIIIMOKOUTIOU Kal oTnV UTtoKotALakr {wvn (SVZ), n onola amoteAet kat
Vv peyalvtepn Se€apevr) Twv NSCs.

O pOAog tou SVZ oto yAoloBAdotwia dev elval wpo¢ KAAd Katavontoc.

Onwg to amodelkvUEeL emiong Kal n apovuoa PeAETN, ol aoBevelg ou mapouotalouvv
yAoloBAdotwpa ou €pxetal og emadn Ue To SVZ €X0UV ONUAVTIKA KATwTePN enBiwon, av
Kol aAUTO TO GALVOLEVO TTAPAUEVEL aveEnynTo. H cuoxETion e TV mapouaia

¢ NSC daivetal mpodavr) Kot uTtapxouv aufavopeveg evOeifeLg yLla TNV mapoucia
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KUTTAPpWV TToAAamAaoLlacpou 6ykou tou eykeddalou (BTPCs) oto SVZ o€ mepintwon
yAoloBAdotwpa.

H un exkpllwon auTtwy TwV KUTTAPWV 08NnYel avamodpeUKTO O UTTOTPOTTH) TOU OYKOU, OTWG
pAaypatL mapatnpeitatl otnv mAsloPnoia twv acbevwv pe yAolofAdoTwia.

Q¢ ek TouToU, daivetal Aoyiko va §oBel aktivoBepamneia otnv peyaltepn de€apevn

Twv BTPC, &nAadn to SVZ, onwg 16N anoteAel Baolkd otolyeio Tng Beparmneiag Tou
yAoloBAdoTwpaToC.

Qotb600, oL SNUOCLEVCELG OXETIKA E TNV ETLPPON TNG akTvoBepamneiag tou SVZ ota mAaiola
Tou yAoloPBAaotwudrtog deixyvouv avtipatikd anoteAéopaTa.

Oplopéveg SnUOCLeVOELG, OTWG Kal N tapoloa LeAETN, dev Seiyvouv Kapla BeTk enibpaon
otnv enBiwon Twv aobevwv pe YAOLOBAACTWHO TTAPA HOVO OPVNTLKEG EMLIOPACELC OTA
mAaiola Twv uPnAdtepwy S6cewv aktvoBeparmeiag tou SVZ .

210 HEANANOV XpeldleTal va yivouv KataAAnAa StapopdwUEVEG LEAETEG yLa val EETTEPATTOUVY OL
TIEPLOPLOUOL TWV AVASPOULKWY UEAETWV OXETLKA HE TNV aktivoBepameia tou SVZ.

H mapouaoia kavovikwv NSCS oto SVZ kat n euBpauctotnTd Toug Pog TNG aktivobepamneia
TIAPOUEVOUV EVal ONUOVTLKO B€pa avnouyiag.

Elvat amodebelyuévo OTL n eupela XELPOU pYLKI eKTOLA (GTR) £XEL WG QMOTEAEC QL
HeyoAUTepn eniBiwon oe aoBeveig pe yAoloBAACTWHA, OV Kal Ol LEAETEG TTapouaLlalouV
neBodoloyikd eAAeipata wg tpog adopd tn AYPn LETPHCEWVY TOU OYKOU.

Eav n xewpoupyikn adaipeon tou dykou Snuioupyet véa veupoloyika eAAelppaTa, emtnpealel
Suopevwe TNV veupoAoyLkn Aeltoupyia Tou acBevouc. Mia 6co to duvatdv achaléotepn
oykohoyika e€aipeon e€aodpaiilel TNV avakoUPLon TWV CUUMTWHATWY Tou odeilovtal otn
Tiieon Tou Gykou kot apateivel tnv emBiwon., mapapével TOAU apdAeyOuevn, EL6IKA oTNV
"Hoplakn emoxn" Tou yAloBAaotwuaTtog.

‘Eva apBpo avadopdc mou mephapBavetal otn PEAETN HAC, Seixvel mwC yla acBOeveic Pe pn
neBuALwPEvo yAoloBAdotwua IDH wild type, n meploplopévn EKTOUN €XEL OAV ATMOTEAECHQ
pueyoAUTepn enBlwong o€ olykplon pe amAn Boyia.

AUTO pmopel va tpoodEpet kamola eAtida o acBeveig pe Suopeveic popLakoUG SEIKTEG
oTnV apxn tng acBévelag Touc.

EKTOC amd tnv nAkia Ko TNV YEVIKI KOTAOTAON Tou acBevoug katd tn dtayvwon, n
HeTaAAagn tou yovidiou IDH, kaBwg kat umeppeBuAlwon tou umokvnt) MgMT Kkal n
00PAAEC EKTOWN TOU OYKOU Elval EUVOIKOL TPOYVWOTLKOL TTAPAYOVTEG yla TNV eniBiwon Twy
oaoBevwy pe yAoloBAdotwua.

Eav to yAoloBAdotwua €pxetal o€ enadn He To SVZ katd tn Sltdyvwon anodelkvueTal
SUOUEVAG MPOYVWOTIKOC mapayovtag. H mibavn emppon tng aktwvoBepaneiag tou SVZ otnv
emBiwon Twv acBevwv pe yYAOLoPAACTWHA TTAPAUEVEL OUWC oulNTAOLUN.
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RESUMO

Apesar do tratamento agressivo com quimiorradioterapia a base de temozolomida apds a
cirurgia, o progndstico dos pacientes com glioblastoma permanece sombrio, com uma
sobrevida global mediana de apenas 15 meses. Nesta tese, varios fatores progndsticos sao
discutidos, préximos a idade no diagndstico e condicdo do paciente.

Dois fatores bioldgicos moleculares tém um importante efeito progndstico em pacientes
com glioblastoma. Em primeiro lugar, a mutacdo da isocitrato desidrogenase (IDH)
desempenha um papel fundamental na classificacdo atual de glioma e glioblastoma. Os
pacientes que sofrem de glioblastoma mutado com IDH tém um progndstico
significativamente melhor do que os pacientes com glioblastoma de tipo selvagem com IDH.
Infelizmente, apenas 10% ou menos dos pacientes com glioblastoma recém-diagnosticados
pertencerdo ao grupo com mutacdo IDH. Em segundo lugar, o fendOmeno epigenético de
metilacdo do promotor do gene O6-metilguanina-DNA-metiltransferase (MGMTp) torna o
tecido tumoral mais vulneravel aos efeitos alquilantes da temozolomida porque MGMTp-
metilacdo silencia o gene e o reparo do DNA por MGMT é reduzido ou até parou. Assim,
pacientes com glioblastoma com metilagio MGMTp terdo uma sobrevida significativamente
melhor. O teste amplamente utilizado para estabelecer o status de metilaggo MGMTp, PCR
especifico de metilagdo quantitativa (qMSP), ndo permite uma dicotomizagao simples entre
tumores "metilados" e "ndo metilados", mas mostra uma "zona cinza" de incerteza
diagnostica. Pacientes com resultados de teste dentro desta zona cinza, mas mostrando
metilacao "fraca" do tecido de glioblastoma, ainda terdao uma sobrevida significativamente
melhor do que pacientes com tumores totalmente ndo metilados, como é descrito nesta
tese. Um consenso internacional deve ser estabelecido em relagdao aos valores de corte para
o teste de gMSP em glioblastoma, bem como um algoritmo de teste aceito
internacionalmente. Dessa forma, futuros estudos de sobrevida do glioblastoma serao
padronizados em relacdo ao teste MGMTp e o viés sera evitado. Além disso, do ponto de
vista clinico, este consenso e padronizagao evitardao que pacientes com resultados de testes
dentro da zona cinza corram o risco de perder oportunidades terapéuticas.

Embora considerado impossivel por décadas, foi comprovado no inicio do século 21 que o
cérebro humano adulto contém células-tronco neurais (NSCs) tanto no giro denteado do
hipocampo quanto na zona subventricular (SVZ), que é o maior reservatério dos NSCs. O
papel do SVZ no glioblastoma é mal compreendido. Como esta tese também mostra, os
pacientes que sofrem de glioblastoma em contato com SVZ tém uma sobrevida
significativamente pior, embora a explicacdo para essa observacdao permaneca indefinida
por enquanto. A correlagao com a presenca de NSCs parece ébvia e ha evidéncias
crescentes para a presenca de células de propagacao de tumor cerebral (BTPCs) na SVZ no
caso de glioblastoma. A falha em erradicar essas células resultara inevitavelmente na
recorréncia do tumor, que de fato é o destino da esmagadora maioria dos pacientes com
glioblastoma. Portanto, parece logico irradiar o maior reservatério desses BTPCs, ou seja, o
SVZ, uma vez que a radioterapia ja € uma parte essencial do tratamento de pacientes com
glioblastoma. No entanto, os relatdrios sobre o impacto da irradiagdo de SVZ na sobrevida
no glioblastoma oferecem resultados conflitantes. Algumas publicacdes, como é o caso do
relatdrio discutido nesta tese, ndo mostram nenhum efeito ou mesmo efeitos prejudiciais
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de altas doses de radiacdo de SVZ na sobrevida de pacientes com glioblastoma. Estudos
prospectivos cuidadosamente desenhados sdo necessarios para superar as limitacdes dos
estudos retrospectivos sobre irradiacdo de SVZ. A presenga de NSCs normais no SVZ e sua
vulnerabilidade a radiacdo continuam a ser um ponto de atencdo preocupante.

Foi demonstrado que a resseccdo total macroscdpica (GTR) resulta em uma sobrevida
significativamente maior do paciente com glioblastoma, embora esses estudos sejam
propensos a questdes metodoldgicas, especialmente em relacdo a medicdo do tumor. No
entanto, a intervengdo neurocirurgica que cria um novo déficit neurolégico, infelizmente
cancelara os efeitos benéficos da GTR. A resseccdo parcial do glioblastoma, ndo apenas
como uma medida paliativa para aliviar os sintomas devido ao efeito de massa, mas
também para prolongar a sobrevida, permanece altamente controversa, especialmente na
"idade molecular" do glioblastoma. Um relatério incluido nesta tese mostra que, no caso de
pacientes com glioblastoma ndao metilado de tipo selvagem de IDH, a resseccdo parcial
resulta em uma sobrevida global significativa, mas modesta, em comparacdo com os
pacientes que foram tratados apenas com bidpsia. Isso pode oferecer alguma esperanca aos
pacientes com marcadores moleculares desfavoraveis no inicio de sua doenca.

Préoximo a idade no diagndstico, a condicdo do paciente e a mutacdo IDH, também a
metilacdo do MGMTp fraca e a ressecc¢do parcial do tumor sdo fatores progndsticos
favordveis para a sobrevida do paciente com glioblastoma. embora o impacto da radiacao
SVZ na sobrevida do paciente com glioblastoma permaneca altamente controverso, o
contato SVZ do glioblastoma no diagndstico se aplica como um fator prognéstico
desfavoravel.
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RESUMEN

El tratamiento de los pacientes con gliobastoma sigue siendo la cirugia seguida de
radioterapia y quimioterapia, sobre todo temozolomida. A pesar de la agresividad de este
tratamiento, el prondstico de los pacientes con gliobastoma es bastante sombrio. La
mediana de supervivencia es de tan solo unos 15 meses. En esta tesis se discuten varios
factores prondsticos, ademas de la edad al momento del diagndstico y la condicion general
del paciente.

En la actualidad se describen dos factores bioldgicos moleculares que influyen
considerablemente en el prondstico de los pacientes con gliobastoma. El primero es la
mutacion de la isocitrato deshidrogenasa (IDH). Esta mutacidn es tan importante que desde
2016 la clasificacion del glioma estd basada parcialmente en ella. Los pacientes con un
gliobastoma IDH-mutado tendrian significativamente un pronéstico mas favorable.
Desafortunadamente, tan solo un 10% de los pacientes diagnosticados con gliobastoma
pertenecen a este grupo con IDH-mutado.

El segundo es un factor epigenético, la metilacidn del promotor del gen O6-metilguanina-
ADN-metiltransferasa (MGMT). Cuando esta metilacion esta presente en el gliobastoma, el
tejido tumoral se vuelve mas vulnerable a los efectos alquilantes de la temozolomida

porque la metilacion de MGMT silencia el gen y la reparacion de ADN por MGMT disminuye
o incluso se detiene. De ahi que los pacientes con glioblastoma con metilacion de MGMTp

tengan una supervivencia significativamente mejor. Sin embargo, la prueba ampliamente
utilizada para establecer el estado de metilacion de MGMTp, la PCR cuantitativa especifica
de metilacion (qMSP), no permite una dicotomizacion simple entre tumores "metilados" y
"no metilados", muestra una "zona gris" de incertidumbre diagndstica. En este sentido cabe
destacar, como se estudia en esta tesis, que incluso los pacientes, en los cuales el
glioblastoma parece mostrar una metilacion “débil”, tendrian una supervivencia
significativamente mejor que los pacientes con tumores en los que no hay metilaciéon
génica.

Debe establecerse un consenso internacional tanto en los valores de corte para las pruebas
de gMSP en el glioblastoma como en un algoritmo de prueba a seguir con respecto a los
diferentes analisis técnicos para determinar la metilacion del promotor MGMT. De esta
manera, los futuros estudios de supervivencia del glioblastoma se estandarizaran con
respecto a las pruebas de MGMTp y se evitaran sesgos. Ademas, desde el punto de vista
clinico, este consenso y estandarizacion evitaran que los pacientes cuyos resultados se
encuentren de la zona gris puedan correr el riesgo de perder oportunidades terapéuticas.

Aungque se considerd imposible durante décadas, a principios del siglo XXI se demostré que
el cerebro humano adulto contiene células madre neurales (NSC) tanto en el giro dentado
del hipocampo como en la zona subventricular (SVZ), que es el reservorio mas grande de
NSC. El papel de SVZ en el glioblastoma es importante pero poco conocido. Como también
muestra esta tesis, los pacientes que padecen glioblastoma en contacto con SVZ tienen una
supervivencia significativamente peor. Por ahora, es dificil encontrar una explicacién a esto.
La correlacion con la presencia de NSC parece obvia y existe una creciente evidencia de la
presencia de células de propagacion de tumores cerebrales (BTPC) en SVZ en caso de
glioblastoma. Si no se erradican estas células, inevitablemente el tumor volvera a aparecer;
de hecho, es lo que ocurre en la inmensa mayoria de los pacientes con glioblastoma. Por lo

109



tanto, parece logico irradiar el mayor depdsito de estas BTPC, a saber, SVZ, ya que la
radioterapia es, por supuesto, una parte esencial del tratamiento del paciente con
glioblastoma. Sin embargo, los informes sobre el impacto de la irradiacion en SVZ ofrecen
resultados contradictorios. Algunas publicaciones, como es el caso del informe discutido en
esta tesis, no muestran ningln efecto en lo que a la supervivencia de los pacientes con
glioblastoma se refiere o incluso efectos perjudiciales de dosis mas altas de radiacién en
SVZ. Se necesitan estudios prospectivos cuidadosamente disefados para superar las
limitaciones de los estudios retrospectivos sobre la irradiacion en SVZ. La presencia de NSC
normales en SVZ y su vulnerabilidad a la radiacién siguen siendo un punto de atencién
preocupante.

Se ha demostrado que la reseccién total macroscoépica (RTG) da como resultado una
supervivencia del paciente con glioblastoma significativamente mas prolongada, aunque
estos estudios son propensos a problemas metodolégicos, especialmente en relacién con la
medicion del tumor. Sin embargo, la intervencidn neuroquirudrgica crea un nuevo déficit
neuroldgico y desafortunadamente anulard los efectos beneficiosos de la RTG. La reseccion
parcial del glioblastoma, no solo como medida paliativa para aliviar los sintomas debidos al
efecto de masa, sino también para prolongar la supervivencia, sigue siendo muy
controvertida, especialmente en la "edad molecular" del glioblastoma. Un informe incluido
en esta tesis muestra que en el caso de pacientes con glioblastoma no metilado de tipo
salvaje IDH, la reseccién parcial da como resultado una supervivencia general significativa,
modesta, pero mejor en comparacion con los pacientes que fueron tratados solo con
biopsia. Esto puede ofrecer algo de esperanza a los pacientes con un perfil gendmico
tumoral de pronéstico desfavorable al inicio de su enfermedad.

Ademas de la edad en el momento del diagndstico, el estado del paciente y la mutacién IDH,
también la metilacion débil de MGMTp y la reseccidn parcial del tumor son factores
prondsticos favorables para la supervivencia del paciente con glioblastoma. Sin embargo, el
contacto de SVZ con el glioblastoma en el momento del diagndstico se considera un factor
prondstico desfavorable, mientras que el impacto de la radiaciéon en SVZ en estos pacientes
sigue siendo muy controvertido.
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ATERUPPTA

Ar 2021 kommer behandlingen av patienter med gliobastom fortfarande best3
av resektion foljt av stralning och kemoterapi, sarskilt temozolomid. Trots detta
aggressiva behandling forblir prognosen for patienter med glioblastom mycket
dyster. Mediandverlevnaden ar bara 15 manader. Forutom alder och
allmantillstand hos patienten finns det flera prognostiska faktorer. Nagra av de
har undersdkts vidare i denna avhandling.

Tva molekylarbiologiska faktorer paverkar starkt prognosen for patienter med
glioblastom. Forst, den mutationen av isocitrate dehydrogenase (IDH). Denna
IDH-mutation ar sa viktig att hela gliomklassificeringen sedan 2016 har baserats
pa denna abnormitet. For gliobastom betyder en IDH-muterad tumor en
betydligt battre dverlevnadschansen for patienten. Tyvarr tillhér endast 10%
eller mindre av patienten som star infor den nya diagnosen glioblastom till
denna grupp. Den andra faktorn ar en epigenetisk faktor, namligen metylering
av promotorn for 06-methylguanine-DNA-methyltransferase (MGMT) genen.
Nar denna metylering ar narvarande i glioblastom fungerar DNA-
reparationsproteinet MGMT mindre effektiv eller slutar till och med att
fungera, vilket gor tumorvavnaden mycket kansligare for den alkylerande
effekten av temozolomid. | sin tur forbattrar detta patientens 6verlevnad
avsevart. | den teknik som ofta anvands for att bestamma narvaron av denna
metylering, kvantitativ metyleringsspecifik PCR (qMSP), intraffar dock en sa
kallad ”“gra zon”, inom vilken finns diagnostisk osdkerhet. Det ar viktigt att, som
studerat i denna avhandling, aven patienter vars glioblastom bara verkar vara
”svagt” metylerat, har en signifikant battre dverlevnad an patienter i vilka
denna metylering ar helt franvarande. For patienter med resultatet inom denna
gra zon ar det mojligt att de forlorar terapeutiska chanser. Pa grund av
diagnostiska osdakerhet kan vetenskaplig forskning om 6verlevnad hos patienter
med glioblastom och MGMT grumlas. Losningen pa detta problem bestar i att
na en internationell consensus om referensvarden for gMSP och en algoritm
som ska foljas med avseende pa de olika tekniska analyserna for MGMT-
promotor-metyleringsspecificering.

Trots artionden av vetenskaplig tro pa det motsatta, visades det i borjan av
detta arhundrade obestridligt att neurala stamceller ocksa finns i vuxna
manniskors hjarnor, namligen i den tandade gyrus i hippocampus och
subventrikular zon (SVZ). Denna zon spelar en viktig men otillracklig forstatt roll
for glioblastom. Patienter vars tumor kommer i kontakt med SVZ vid diagnosen
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har en avsevard samre prognos an gruppen patienter som inte gor det, vilket
visades igen i denna avhandling. Den exakta orsaken till detta ar fortfarande
otillrackligt kind, aven om manga skribenter tror att det maste finnas en
koppling till forekomsten av neutrala stamceller i SVZ. Faktum ar att de senaste
publikationerna visar att, troligen, stamceller som degenererar maligna ar
ursprunget till glioblastom. Sa lange dessa stamceller inte utrotas kommer
tumoren oundvikligen tillbaka, vilket ar 6det for nastan alla patienter som lider
av glioblastom. Eftersom stralbehandling redan ar en fast och validerad del av
standardbehandling verkar det logiskt att ocksa bestrala den storsta potentiella
reservoaren av glioblastomstamceller, SVZ. Studierna om stralningens inverkan
pa SVZ ar dock motstridiga. Vissa publikationer, inklusive studien som
presenteras i denna avhandling, visar att bestralning av SVZ inte kan ha nagon
eller till och med en negativ effekt pa dverlevnaden av glioblastompatienter.
For att ge storre tydlighet i detta viktiga amne kan endast noggrant utarbetade
prospektiva studier dvervinna de betydande bristerna i retrospektiva studier
som utférdes. Men forsiktighet rekommenderas, eftersom stralning ocksa
paverkar neurala stamceller.

Neurokirurgisk resektion av glioblastom ar fortfarande en av pelarna i
behandlingen. Aven om det finns metodiska debatter om mitning av
tumorvolymer, visar manga studier att total resektion av farglagt tumordelen
av glioblastom forlanger patientens 6verlevnad signifikant. Dock fororsaka ny
neurologisk skada pa grund av fullstandig resektion av glioblastom kan upphéava
denna fordel. Effekterna av partiell resektion av glioblastom pa
patientoverlevnad, utéver enbart minskning av tumormasseffekten, ar
kontroversiella, sarskild i ljuset av de molekylarbiologiska faktorer som redan
diskuteras. | denna avhandling presenteras en studie som visar att partiell
tumorresektion hos glioblastompatienter med MGMT-ometylerade IDH-
vildtumorer resulterar i en signifikant, men blygsam, forlangning av
overlevnaden jamfort med patienter som genomgick enbart biopsi. Detta ger
lite hopp for patienter som startar sin sjukdom med en ogynnsam
tumorgenetisk profil.

Forutom alder och allmantillstand anses narvaron av IDH-mutationen, narvaron
av en “svag” MGMT-promotormetylering och en partiell resektion av tumoren
ocksa som gynnsamma prognostiska faktorer hos patienter med glioblastom.
Daremot ar glioblastomens kontakt med SVZ vid diagnos en ogynnsam
prognostisk faktor medan rollen for SVZ-bestralning hos dessa patienter forblir
oklar.
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OZET

2021'de, glioblastomdan muzdarip hastalarin tedavisi hala rezeksiyondan sonra radyasyon ve
kemoterapi, 6zellikle temozolomidden olusacak. Bu agresif yaklasima ragmen, glioblastom
hastalarinin prognozu ¢ok zayiftir. Ortalama hayatta kalma siresi sadece 15 aydir. Hastanin tani
anindaki yasi ve genel durumunun yani sira, bazilari bu tezde daha ayrintili incelenen birkag
prognostik faktor vardir.

Su anda glioblastomlu hastalarin prognozunu glicli bir sekilde etkileyen iki molekdler biyolojik
faktor tanimlanmaktadir. Birincisi, izositrat dehidrojenazin (IDH) mutasyonudur. Bu IDH
mutasyonu o kadar énemlidir ki, 2016'dan beri tim glioma siniflandirmasi kismen bu
anormallige dayanmaktadir. Glioblastom icin IDH-mutasyona ugramis bir tiimor ayni zamanda
hasta icin 6nemli 6lclide daha iyi bir hayatta kalma anlamina gelir. Ne yazik ki, yeni glioblastom
tanisi ile karsilasan hastalarin sadece %10'u veya daha azi bu gruba ait olacaktir. ikinci faktér
epigenetik bir faktordir, yani O6-metilguanin DNA metil transferaz (MGMT) geninin
promoterinin metilasyonu. Bu metilasyon glioblastomda mevcut oldugunda, DNA onarim
proteini MGMT daha az verimli ¢calisir veya hatta calismayi durdurarak timor dokusunu
temozolomidin alkilleyici etkisine cok daha duyarli hale getirir. Bu da hastanin hayatta kalmasini
onemli Olglde artirir. Bununla birlikte, bu metilasyonun varligini belirlemek igin siklkla
kullanilan teknikte, kantitatif metilasyona 6zgii PCR (qMSP), icinde tanisal belirsizligin oldugu
sozde "gri bolge" olusur. Ek olarak, bu tezde ¢alisildigi gibi, glioblastomlari sadece 'zayif'
metillenmis gibi gdriinen hastalarin bile, bu metilasyonun tamamen bulunmadigi hastalara gére
onemli 6lciide daha iyi bir sagkalima sahip olmasi dnemlidir. Bu gri alan iginde test sonuglari
olan hastalar, tedavi firsatlarini kaybedebilir. Glioblastom ve MGMT'li hastalarin sagkalimina
iliskin bilimsel arastirmalar da bu tanisal belirsizligin varlgiyla golgelenebilir. Bu problemin
¢6zUimu, gMSP icin referans degerleri ve MGMT promoter metilasyon tespiti igin farkh teknik
analizler ile ilgili izlenecek bir algoritma ile ilgili uluslararasi bir fikir birligine ulasmaktir.

Aksine onlarca yillik bilimsel inanca ragmen, bu ylzyilin basinda néral kék hiicrelerin yetiskin
insan beyninde, yani hipokampusun dentat girusunda ve subventrikiler bolgede (SVZ)
bulundugu reddedilemez bir sekilde kanitlandi. Bu bolge, glioblastomd 6nemli ancak yeterince
anlasilmamis bir rol oynar. Tani aninda tiimori SVZ ile temas eden hastalar, temas etmeyen
hasta grubuna gore acik¢a daha kotli prognoza sahiptir ve bu da bu tezde yine gdsterilmistir.
Pek cok yazar SVZ'deki noral kok hiicrelerin varhigi ile bir baglanti olmasi gerektigine inanmasina
ragmen, bunun kesin nedenleri hala yeterince bilinmemektedir.Dahasi, son yayinlar, biyik
olasilikla, malign dejenere olan kok hiicrelerin glioblastomun kékeninde oldugunu
gostermektedir. Bu kok hiicreler ortadan kaldirilmadig siirece, timor kaginilmaz olarak
niksetecektir ki bu aslinda neredeyse tiim hastalarin kaderidir glioblastom muzdarip.
Radyoterapi standart glioblastoma tedavisinin zaten sabit ve onaylanmis bir pargasi
oldugundan, glioblastom kdk hiicrelerinin en bliylik potansiyel rezervuari olan SVZ'yi de
1Isinlamak mantikli gériinmektedir. Bununla birlikte, radyasyonun SVZ (izerindeki etkisine iliskin
calismalar celiskilidir. Bu tezde sunulan ¢alisma da dahil olmak tizere bazi yayinlar, SVZ'nin
iIsinlanmasinin glioblastom hastalarinin sagkalimi tizerinde higbir etkisi olmadigini veya hatta
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olumsuz bir etkisi olabilecegini gbstermektedir. Bu 6nemli konuya daha fazla aciklk saglamak
icin yapilan retrospektif calismalarin dnemli eksikliklerini ancak dikkatle tasarlanmis ileriye
donik calismalar giderebilir. Ancak, radyasyon noral kok hiicreleri de etkileyeceginden dikkatli
olunmasi onerilir.

Glioblastomun norosirirji rezeksiyonu tedavinin temellerinden biri olmaya devam etmektedir.
TUmor hacimlerinin olcimi ile ilgili metodolojik tartismalar olmasina ragmen, birgok ¢alisma
glioblastomun boyanan timoér kisminin toplam rezeksiyonunun hastanin sagkalimini 6nemli
Olglide uzattigini géstermektedir. Tam bir rezeksiyon elde edilse bile yeni nérolojik hasara
neden olmanin bu faydayi olumsuz etkiledigi unutulmamahdir. Glioblastomun kismi
rezeksiyonunun hasta sagkalimi tGizerindeki etkileri, timor kitle etkisini azaltmanin 6tesinde,
Ozellikle daha 6nce tartisilan molekdler biyolojik faktorler 1siginda tartismalidir. Bu tezde,
MGMT metillenmemis IDH vahsi tip timorla glioblastom hastalarinda kismi timor
rezeksiyonunun, sadece biyopsi yapilan hastalara kiyasla, mitevazi olsa da dnemli bir sagkalim
suresine neden oldugunu gosteren bir ¢alisma sunulmustur. Bu, hastaliklarina olumsuz bir
timor genetik profiliyle baslayan hastalara biraz umut vermektedir.

Hastanin yasi ve durumuna ek olarak, IDH mutasyonunun varhgi, "zayif" bir MGMT promoter
metilasyonunun varligi ve tiimoérin kismi rezeksiyonu da glioblastom hastalarinda olumlu
prognostik faktorler olarak kabul edilir. Bunun tersine, glioblastomun tani aninda SVZ ile temasi,
olumsuz bir prognostik faktor iken, bu hastalarda SVZ isinlamasinin roli belirsizligini
korumaktadir.
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KpaT Koe coaepk aHue

Kak npexde, 8 2021 200y neyeHue nayueHmos, cmpadarouux 2auobaacmomod,
30KA0YAemcs 8 pe3eKyuu onyxosu ¢ nocaedyrouweli nyyesoli u xumuomepanuel, 8
YacmHocmu memo3010Mudom. Hecmomps Ha makoli aepeccugHbili To0x00, MpPoeHo3 y
aMmux nayueHmMos ocmaémcs o4eHb Heb1a20NMPUAMHbLIM: CPEOHSAA 8bIHUBAEMOCMb
cocmasadaem npubausumensHo 15 mecayes. lomumo 8o3pacma u 0buje2o cocmosHuUs
nayueHmMa Ha MOMeHm NocCmMaHoeKU 0uaz2Ho3a, cywecmasyom opyaue rnpo2Hocmu4yecKue
¢hakmopsl U HeKomopesie U3 Hux bosee 0emasbHO UCCAe008aHbI 8 3mMoli duccepmayuu.

B HacmosAuwee spemaA onucaHsl 08a MOAEKYAAPHO-bUOM02U4ECKUX (haKMOPA, Komopeble 8
8axcHOU cmerneHu 81UAKOM HA NMPo2HO3 nayueHmos ¢ 2auobaacmomod.

Mepebili —amo mymauyus uzoyumpamoeaudpozeHa3sel (IDH). 3ma mymayua HacmosnbKo
8a}(HQA, YMO 8CA Knaccugukayusa eauom ¢ 2016 200a omyacmu 0CHO8AHA HA 3Moli
aHomasnuu. Ceepx moao, Haau4ue 8 2nuobaacmome mymayuu IDH 3Ha4umensHo yayyuwiaem
gbixcusaemocms nayueHmos. K coxcaneHutro, monasvko 10% u Oaxce meHbwe nayueHmos ¢
HOB8bIM OUaG2HO30M enuobaacmomel NpuHadaexcam K amoli epynne.

Bmopolii pakmop - amo anueeHemu4ecKuli pakmop, a UMEHHO, MemusuposaHue
npomomopa 2eHa 0°-memunzyaHuH-AHK-memunmpaxcgpepassl (MGMT). Ko2da amo
MemuauposaHue npucymcmeayem s enuobaacmome, benok penapayuu AHK MGMT
pabomaem meHee 3hcheKmuBsHO Uau daxce nepecmaem pabomame, 0esnas MKAHb Onyxonu
bonee yyscmeumesbHoOU K anxkuaupyowemy agpghekmy memo3sosnomuodd. 3mo, 8 c8oto
o4yepeds, CywecmseHHO rnpoodsaesaem HU3Hb NayueHmos.

O0Hako 8 MemoOuKe KonudyecmeeHHol memun-cneyuguyHol MNP (gMSP), yacmo
ucnonb3yemoli 0014 onpedesneHus Haau4us MemunuposaHus, cywecmsyem makx
Ha3bl8AEMAsA «cepas 30Ha», 8 npedeanax Komopol ecmb OUA2HOCMUYECKASA
HeonpedeneHHOCMb. BaxHO, KaK MOKA3aHo 8 amoli duccepmayuu, Ymo nayueHmei,
21u0671acMoMa Komopbix 0KA3a1aCb MO/LKO «CaAabo» Memuaupos8aHHoUl, umenu 20pa3oo
AYYWYIO BbIXHUBAEMOCMb, YeM MAYUEeHMbl, Y KOMOpPbIX 3MO Memusaupo8aHUe nosaHOCMoHo
omcymcmayem. [Tpu 3mom nayueHmeol € pe3yabmamamu 8 «cepoli 30e» Mo2ym AUWUMbCA
mepanesmu4cKkux 8o3moxcHocmedl. B donosnHeHue, Hay4YHoe uccnedosaHue
gbIxcusaemocmu nayueHmMos ¢ enuobaacmomoti u MGMT makxce moxem 6bime
3ampyOHeHO U3-3a cyuw,ecmeaosaHuuUa smol duazHocmu4veckol HeacHocmu. PeweHue smoli
npobsemsl cocmoum 8 00OCMUIEHUU MEHOYHAPOOHO20 KOHCEHCYCA OMHOCUMENbHO
peKomeHO08aHHbIX 3Ha4YeHUl qMSP u anzopumma ucrnonb308aHUA PA3AUYHBIX
mexHu4ecKux mecmoe 017 ornpedeaneHuU MmemuauposaHus npomomopa MGMT.

Hecmompa Ha decamunemus Hay4Hbix ybexoeHuli 8 06pamHom, 8 Ha4ase 3mozo
cmosnemus 661710 HEONPOBEPHUMO OOKA3AHO, YMO HEPBHbIE CMB0108bIE KAEMKU MAKH(e
npucymcmeyom 8 Mo32e 83p0Cs1020 Yes108eKd, a UMeHHO 8 3ybyamoli uzsusuHe
aunnokamna u cybseHmpukynsapHoli 3oHe (SVZ). 9ma 30Ha uzpaem 8amcHyto, HO
HeAdoCMamoYHO U3y4eHHYo posb npu anuobaacmome. lNayueHmel, y Komopesix npu
MocCMaHo8Ke 0Ua2HO3a 0nyxos6 KOHMakmupyem ¢ SVZ, umerom A8HO xyOwul rnpoz2Ho3, 4em
nayueHmsl, y KOMopbix 3Mo20 He Npoucxooum, Ymo mMakxce NPooeMoHCMpPUPOBAHO 8
amoli duccepmauyuu.
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ToyHaA npu4uHa(sl) smozo ece ewé HeOOCMAMOYHO U3BECMHA, XOMA MHO2Ue a8mopebl
nosaa2arom, Ymo 3mo C8A3AHO C NPUCYMCMaUeM Hep8HbIX CME0s108bIX KNemokK 6 SVZ.
HedasHue nybauKkayuu MoKassl8arom, Ymo, CKopee 8cezo, npoucxoxoeHue 2auobaacmomel
ciedyem UCKame 8 CMe0s108biX KAEMKAX, Komopble nepepox0aromcsa 8 3/10Ka4eCmeeHHble.
[MoKa «cmeos08ble KaemKu 2au0b1acmombl» HEe YHUYMOXEHbI, OyxXosb HeuzbexHo bydem
peyuousuposames U 3mo sasasemca cyosvboli noymu 8cex nayueHmMos, cmpadarouux
2nuobnacmomodl.

lMocKonbKy ny4esas mepanua A6a49emcs yxce nposepeHHol u oelicmeeHHOU Yacmoto
CMAaHOApPMHO20 neYeHus 2nuobaacmomesl, CMAHOBUMCHA 02UYHbIM MAKHe 0bsyyeHue
cybseHmpukynapHol 30He (SVZ), Kak camozao 60s16W020 MOMeHYUaAAbHO20 pe3epsyapad
CmMe07108bix Knemok 2nuobaacmomesl. OOHAKO UCc1e008aHUA O 8AUAHUU U3nyvYeHUA Ha SVZ
npomusopeyussl. Hekomopsie nybaukayuu, 8 mom yucsae uccnedosaHue, npedcmasneHHoe
8 amoli duccepmayuu, nokasvisarom, Ymo obsayyeHue SVZ moxcem 8oobuje He umemso
aphekma unu daxce HecamusHoO 8aUAMb HA NMPOOCOAHUMENbHOCMb HU3HU NAYUEHMOos8 C
2nuobnacmomoli. TonbKO muwyamesibHO CrAAHUPOBAHHbIE MPOCeKmMuBHsle Uccie008aHUA
moz2ym npeodoanems 3Ha4yumesnoHsle He00CMAMKU yxce MpoeeodeHHbIX PempocrneKmusHbIX
uccnedosaHull u BHecmu 601bWYH ACHOCMb 8 MAKOM 8aMHOM gornpoce. Ho Heobxoduma
0CMOPOHHOCMb, MOCKOMbKY 06a1y4deHue makxe bydem okassieams 8o30elicmaue Ha
300posble HepBHbIe CMB0s108bIE KNemkKuU.

Helipoxupypau4eckasa pe3eKkuyus enuobaacmomel ocmaémcs 00HUM U3 CMOoAMNoe Ae4eHUs.
Hecmompsa Ha mo, Ymo cyuecmeyrom memodosio2u4eckue 0ebamsi 0mHOCUMESbHO
ornpedeseHus pazmepos oryxosu, MHoaue uccaedo8aHUA MOKA3bI8AIOM, YMO MOAHAA
pe3seKyua okpaweHHol onyxonesoli yacmu 2au06acmomMsi 3HGYUMEIbHO Podsesaem
HU3Hb nayueHmos. Cnedyem ommemums, Ymo 803HUKHOBEHUE HOB020 HEBPO02UYECKO20
nospexoeHus ceooum Ha Hem 3mo NPeumMyuw,ecmaeo, 0axe ecsu 8binoaHeHd NoaHaAs
pe3eKyus.

Sgpgpekm yacmuyHol pezeKyuu 2nuo0b1acMomMbl Ha MPOOCOAHUMENbHOCMb HU3HU
nayueHmos, U He MosbKo MoCPedCcmeoM YyMeHbWEHUA pa3mMepa oryxonu, A8AAemcsa
CropHbIM, 0c0beHHO 8 caeme yxce 06CyHOeHHbIX MOAEKYAAPHO-bUOM02U4eCKUX (haKMOPOs.
B amolii duccepmayuu npedcmasneHo uccsiedosaHue, NoKassigarouwee, Ymo YacmuyHaA
peseKyus onyxonu y nayueHmos ¢ MGMT-HememunuposaHHol IDH-wildtype
2nuobnacmomoli Npusooum K 3Ha4umesibHoOMy, Xoms U ymepeHHOMY, y8enu4eHuro
8bIX(UBAEMOCMU AYUEHMOB M0 CPABHEHUIO C MAyUEeHMamu, NepeHecwumMu mosbKo
buoricuro. 3mo 0aém Hekomopyo Hadex Oy nayueHmMam, y Komopsix 601e3Hb6 HaYUHaemca
¢ Heb1a20MPUAMHO20 2eHeMuU4eCcKo20 NPogua onyxonu.

Kpome so3pacma, cocmoaHua nayueHma u Haau4ua mymauyuu IDH, Haau4vue «cnaboz2o»
memusnuposaHua npomomopa MGMT u yacmu4Haa pe3eKyusa onyxonu Makxe cyumaromcs
671020MPUAMHbLIMU MPO2HOCMUYECKUMU (haKmopamu y nayueHmos c 2auobaacmomod.

C dpyaoli cmopoHsl, KOHMAKmM 2auobaacmomel ¢ SVZ npu nocmaHosKe OUa2HO3a A8AemcA
Hebs1a20MPUAMHbLIM NMPO2HOCMUYECKUM haKmopoM, 8 Mo 8peMsA KaK posb 0bayyeHua SVZ
ocmaémca HeACHOU.
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SAMANTEKT

pratt fyrir arasargjarna krabbameinslyfjamedferd sem byggir & temédzélomiadi eftir
adgerd, eru horfur glioblastoma sjuklinga dapurlegar og midgildi heildarlifunar er
adeins 15 manudir. | pessari ritgerd er fiallad um nokkra forsparpeetti, fyrir utan aldur
vid greiningu og astand sjuklings.

Tveir sameindaliffreedilegir peettir hafa mikilveeg forspargildi hja glioblastoma
sjuklingum. [ fyrsta lagi gegnir stokkbreytingin isésitrat dehydrégenasa (IDH)
lykilhlutverki i nGverandi glioma og glioblastoma flokkun. Sjuklingar sem eru med
IDH-stokkbreytt glioblastoma hafa marktaekt betri horfur en sjaklingar med
glioblastoma an pessara stokkbreytingar (wild type). Pvi midur munu adeins innan vid
10% nygreindra glioblastoma sjuklinga tilheyra IDH stokkbreyttum hopi. | 68ru lagi
gerir epigenetiskt fyrirbaeri metyleringu O6-metylguanins-DNA-metyltransferasa
erfdaefnisins (MGMTp), eexlisvefinn vidkveemari fyrir alkylerandi &hrifum
temdzolomids vegna pess ad MGMTp-metylering paggar nidur genid og DNA-
vidgerd med MGMT er minni eda jafnvel haett. Semsagt, glioblastoma sjuklingar med
MGMTp-metyleringu hafa markteekt betri lifslikur.

Proéfio sem mikid er notad til ad stadfesta MGMTp-metylerunarstodu, magnbundna
metylerunarsérteeka PCR (qMSP), gerir ekki rad fyrir einfaldri tviskiptingu milli
.,metyleradra“ og ,0metyleradra“ eexla en synir ,gratt sveedi“ greiningardvissu.
Sjuklingar med nidurstodur rannsokna innan pessa graa svaedis, en syna ,veika“
metyleringu glioblastoma vefja, munu samt hafa marktaekt betri lifun en sjuklingar
med fullkomlega 6metylerad aexli, eins og lyst er i pessari ritgerd. Koma skal &
alpjodlegri samstodu vardandi baedi skert gildi fyrir gMSP prof i glioblastoma sem og
alpjodlega vidurkenndan profunaralgoritma. Pannig verda rannsoknir a lifslikur
sjuklinga med glioblastoma st6dlud vardandi MGMTp prof og minni likur &
hlutdraegni (bias). Ennfremur, fr4 klinisku sjénarmidi, mun pessi samstada og stodlun
koma i veg fyrir ad sjuklingar med nidurstédur innan graa svaedisins eigi a heettu ad
missa af moégulegri medferd.

Pott pad veeri talio 6mdgulegt aratugum saman var pad sannad i byrjun 21. aldar ad
heilinn hja fulloronum inniheldur taugastofnfrumur (NSC), baedi i tanngirus i
hippocampus og i sveedunum undir heilaholunum (SVZ) par sem mesta magnio af
pessum stofnfrumum er til stadar. Hlutverk SVZ i glioblastoma er litid pekkt. Eins og
fram kemur i pessari ritgerd hafa sjuklingar sem eru med glioblastoma i nand vio
pessi sveedi markteekt verri lifun pd ad skyringin & pessari athugun sé ennpa
vandfundin i bili. Pad virdast vera augljos tengls vid NSC og vaxandi visbendingar
um tilvist eexlis hvetjandi frumna (BTPCs) i SVZ ef um glioblastoma er ad raeda.
Takist ekki ad uppreeta pessar frumur er endurkoma aexla 6hjakveemileg, sem
sannarlega eru 0rlog yfirgnaefandi meirihluta glioblastoma sjaklinga. Pess vegna
virdist rokrétt ad geisla steersta 16n pessara BTPC i SVZ og pvi er geislamedferd nu
pegar naudsynlegur hluti af medferd hja sjuklingum med glioblastoma. Skyrslur um
lifunarahrif SVZ geislunar i glioblastoma syna p6 misvisandi nidurstodur. Sum rit,
eins og raunin er med skyrsluna sem fjallad er um i pessari ritgerd, syna engin ahrif
eda jafnvel skadleg ahrif heerri SVZ geislunarskammta & lifun glioblastoma. Vandlega
hannadar veentanlegar rannsoknir er naudsynlegar til ad vinna bug a takmorkunum
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sem fylgja afturskyggnum rannséknum vardandi SVZ geislun. Tilvist edlilegra NSC i
SVZ og vidkveemni peirra fyrir geislun er enn ahyggjuefni.

Synt hefur verid fram & ad heildarskurdur (GTR) hefur i for med sér verulega lengri
lifun sjuklinga med glioblastoma, p6 ad pesskonar rannsoknir eru naemar fyrir
adferdafraedilegum villum, sérstaklega vardandi sexlameelingar. En
taugaskurdlaekningaadgerdir sem skapa ny vandamal munu pvi midur eyda
jakvaedum ahrifum GTR. Hluta adgerd (partial) vid glioblastoma, ekki adeins sem
liknandi adgerd til ad draga ur einkennum vegna massaahrifa, heldur einnig til ad
lengja lifun, er enn mjog umdeild sérstaklega a ,sameindadld“ glioblastoma. Skyrsla,
sem fylgir pessari ritgerd, synir ad ef um er ad raeda sjuklinga med IDH-villtypu
Ometylerad glioblastoma, pa leidir hluta adgerd til umtalsverda, en hoflega, betri
heildarlifun, samanborid vid sjuklinga par sem einungis var tekid syni. betta geeti veitt
peim sjuklingum med 6hagsteed sameindamerki nokkra von.

Fyrir utan aldur vid greiningu er astand sjuklings, IDH-stokkbreyting, veik MGMTp-
metylering og hluta eexlisskurdur hagstaedir spapeettir fyrir lifun sjuklinga med
glioblastoma. Ahrif SVZ geislunar & lifun glioblastoma eru afram mjég umdeild og lita
ma a nalaego glioblastoma vid SVZ svaedin sem 6hagstaedan patt.
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