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Fields of knowledge exist and advance because we find beauty and joy within them.
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SUMMARY IN ENGLISH

Diffuse infiltrative gliomas are the most common primary brain tumors in adult population
and represent a range from slow-growing lesions to highly invasive tumors with poor
prognosis. The growth potential and aggressiveness of gliomas depend on World Health
Organization (WHO) grade and molecular features. The standard radiographic
characterization of glioma is based on magnetic resonance imaging (MRI); a widely utilized
examination for both the initial diagnosis and for ongoing post-treatment management of
these patients. Despite the growing success and number of applications in neuro-oncologic
imaging there are still many challenges that need to be solved with regard to diagnosis,
preoperative delineation and posttreatment monitoring of gliomas.

The objectives of this thesis were to evaluate the value of the advanced MR techniques, as
perfusion and diffusion imaging, to characterize diffuse gliomas with respect to WHO
grading systems, morphologic and genetic features and to find new imaging prognostic
biomarkers in order to individualize medical management.

In study | we retrospectively evaluated the ability of Apparent Diffusion Coefficient (ADC)
and relative Cerebral Blood Flow (rCBV) parameters derived from whole-tumor normalized
histograms to stratify progression-free survival (PFS) and overall survival (OS) in patients
with diffuse gliomas grade Il and Ill. In patients with oligodendrogliomas we found that
tumors with heterogeneous perfusion signatures and high average perfusion values were
associated with longer PFS, while in patients with astrocytomas, heterogeneous perfusion
distribution was associated with poorer outcomes. We did not find a significant association
between ADC from diffusion MRI and patient survival. Our results indicate that perfusion
MRI might serve as an independent factor to predict prognosis in patients with diffuse
gliomas.

Study Il was based on the same retrospective material as for study I. The aim was to
determine whether the rCBV and ADC parameters could help differentiate genetically
defined oligodendrogliomas from astrocytomas and to distinguish between WHO grade |l
and grade Il diffuse gliomas. Several large clinical trials have demonstrated that patients
with oligodendrogliomas (/socitrate dehydrogenase (IDH)-mutant and 1p19q codeleted
gliomas) derive more benefit from chemotherapy when compared to their genetic
astrocytoma counterparts. Differentiation between these two entities affects treatment
strategy and prognosis. We found that patients with oligodendrogliomas showed
significantly higher microvascularity and higher vascular heterogenity than patients with
astrocytomas. Among diffuse gliomas, oligodendrogliomas revealed a higher cellular
density. Combined use of ADC and rCBV histogram parameters had superior diagnostic
performance to identify oligodendroglial tumors. Thus, imaging-based biomarkers of
vascularity and cellularity may constitute a non-invasive supplement to histopathologic and
molecular genetic markers and provide important information to guide future treatment.



In study Il we prospectively included forty-two patients with untreated IDH wild-type
glioblastoma to evaluate the ability of MRI-based Restriction Spectrum Imaging (RSI) to
estimate the level of cellularity (cell density in tissue) in the different tumoral zones. We also
investigated the prognostic value of RSI to assess the potentially aggressive behavior of the
tumor and compared it to established diffusion metrics such as mean diffusivity (MD) and
fractional anisotropy (FA). The highest RSI-cellularity index was measured in the contrast-
enhanced zone with a negative gradient from the tumor core to the periphery of the
peritumoral zone. Shorter survival outcomes were significantly associated with higher RSI-
cellularity index in the contrast-enhanced zone, but also in the peri-enhancing zone and
near peri-tumoral zone. In contrast, MD and FA in the near peri-tumoral zone did not show
any predictive value to survival outcome, which may indicate a more severe affection of MD
and FA values by extracellular edema than for RSI-cellularity index. RSI provided a
promising prognostic biomarker to depict tumor infiltration in the peritumoral brain zone,
which can be helpful to optimize surgical procedures and radiation field mapping with
significant benefits for treatment.

In conclusion, our results suggest that both perfusion and diffusion MRI provide reliable
non-invasive biomarkers of glioma status and the information from the two imaging
techniques appear to be complementary. Additionally, to further implementation of these
modalities in a diagnostic work-flow, multicenter studies are warranted that would assist in
standardizing imaging protocols as well as postprocessing procedures.



SAMMENDRAG PA NORSK

Diffust infiltrerende gliomer er den vanligste primaere hjernesvulsten hos voksne. Gliom
spenner fra langsomt voksende lesjoner til aggressive svulster med seerdeles darlig
prognose. Vekstpotensialet og aggressivitet er avhengig av Verdens helseorganisasjon
(WHO)-grad og molekylzere egenskaper. Standard radiologisk utredning er basert pa
forskjellige magnetresonanstomografi (MR) teknikker, bade ved initial diagnostikk og ved
senere kontroller etter behandling. Til tross for stadig utvikling av MR teknikker og gkende
bruk innen nevroonkologisk avbildning, er det fortsatt mange utfordringer knyttet til
diagnostikk, pre-operativ kartlegging og oppfelging i behandlingen av gliomer.

Dette arbeidet har hatt som mal a evaluere bruken av avanserte MR-sekvenser med
perfusjon- og diffusjon-vekting for karakterisering av diffuse gliomer, vurdert opp mot WHO-
grad, morfologi og genetiske egenskaper. | tillegg har vi hatt som mal & finne radiologiske
parameter som kan navigere persontilpasset kreftbehandling. Dersom man kan identifisere
gliomtype og WHO grad preoperativt kan dette legge grunnlag for viktige behandlingsvalg
ved Kirurgi.

Den farste studien er retrospektiv og vurderte om Apparent Diffusion Coefficient (ADC) og
relative Cerebral Blood Flow (rCBV) verdiene avledet fra normalisert histogram av hele
tumor kan brukes til & forutsi progresjons-fri overlevelse (PFO) og total overlevelse (TO)
hos pasienter med diffuse gliomer WHO grad Il og Ill. Vi fant at svulster med en heterogen
perfusjonssignatur og haye gjennomsnittlige rCBV-verdier var assosiert med lengre PFO
hos pasienter med oligodendrogliom. Hos pasienter med astrocytom var det omvendt, der
heterogen perfusjonsfordeling var assosiert med darligere utfall. Vi fant ingen assosiasjon
mellom ADC-verdier og overlevelse. Resultatene vare indikerer at perfusjon parameter kan
brukes som en uavhengig prognostisk faktor for pasienter med diffust gliom.

Den andre studien bygger pa det samme retrospektive materialet som studie en.
Intensjonen var a finne ut om rCBV- og ADC-histogram parameter kan bidra til a skille
genetisk definerte oligodendrogliom fra astrocytomer, og mellom WHO grad Il og grad Ill. Vi
fant ut at oligodendrogliomer har signifikant hayere mikrovaskularitet og hgyere vaskulaer
heterogenitet enn astrocytomer. Diffuse gliomer med hgy celletetthet var mer sannsynlig
oligodendrogliomer enn astrocytomer. Kombinert bruk av ADC- og rCBV-histogram
parametere var den klart beste metoden til a identifisere oligodendrogliale svulster. MR-
baserte ikke-invasive biomarkgrer for vaskularitet og cellularitet kan derfor gi viktig
informasjon ved vurdering av videre behandling.

Den tredje studien inkluderte vi prospektivt 42 pasienter med ubehandlet IDH-villtype
glioblastom og vurderte i hvilken grad Restriction Spectrum Imaging (RSI) kan estimere
forskjellige nivaer av cellularitet (celle tetthet) i ulike deler av svulsten. Vi undersgkte ogsa
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den prognostiske verdien av RSI med tanke pa aggressiv tumor atferd og sammenlignet
RSI med de etablerte diffusjons-parameter som mean diffusivity (MD) og fractional
anisotropy (FA). Den hgyeste RSI-cellularity index ble malt i soner med kontrastoppladning
med en negativ gradient fra kjernen av svulsten og ut til perifere deler av omradet rundt
svulsten (peritumoral zone). Kortere overlevelse var signifikant assosiert med hayere «RSI-
cellularity index» bade i den kontrastladende sonen og i naeromradet omkring svulsten. |
motsetning, hadde MD og FA i naeromradet ikke noen prognostisk verdi for overlevelse.
Dette indikerer at MD og FA i stgrre grad pavirkes av ekstracellulaert gdem enn RSI. Derfor
ser det ut til at RSI kan vaere en god prognostisk marker og nyttig for & karakterisere
tumorinfiltrasjon. Videre kan denne parameteren potensielt ogsa kan bidra til & optimalisere
planlegging av kirurgiske inngrep og kartlegging av stralefelt, som igjen kan gi bedre
behandlingsresultater.

Bade perfusjon- og diffusjon-MR gir potensielle ikke-invasive biomarkgrer som
komplementerer hverandre. Dette kan med fordel implementeres i vanlig diagnostisk
arbeidsflyt for diffuse gliomer. Vi haper ogsa at metodene som vi utarbeidet, kan brukes
med fordel i fremtidige studier for & validere og standardisere nye MR teknikker.
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1. INTRODUCTION

1.1  Diffuse infiltrative glioma

1.1.1 Epidemiology of diffuse infiltrative gliomas

Diffuse infiltrative gliomas represent 31% of all central nervous system (CNS) tumors and
are the most common primary brain tumors in adults, especially the most malignant form,
glioblastoma [1]. The annual incidence of low grade gliomas in Norway is 1 per 100,000
persons with an average age of 45 years, while for high grade gliomas the same rate is 3.8
per 100,000 with a significantly higher average age of 62 years (approximately 200 new
cases each year) [2]. Incidence has almost doubled since 1980 in Norway, most likely due
to an ageing population and the increased availability of accurate and more modern
neuroimaging techniques, aiding in the detection of smaller tumors.

There are several potential risk factors for the development of glioma. lonizing radiation
related to both radiotherapy and high environmental radiation are the most established
agents. Recently, it has been suggested that allergies may be protective against different
cancer types, including glioma. Less than 5% of all gliomas are associated with genetic
inherited cancer syndromes, such as neurofibromatosis, Li-Fraumeni syndrome and Ollier
disease/Maffucci syndrome [3].

Median survival in patients with low-grade gliomas is 11.3 years. [4]. After the introduction
of adjuvant treatment with Temozolomide in 2005, median overall survival in patients with
glioblastoma increased from just 8.3 months to 10.1 months [5]. However, 5 year survival
from time of diagnosis is still not more than 6.1 % [2]. The most favorable prognostic factors
are younger age at time of diagnosis (below 50 years), a Karnofsky performance status of
at least 70 points and non-eloquent tumor location [6].

1.1.2 Histopathological features and diagnostic challenges of diffuse gliomas
Histopathological classification of gliomas are based on presence of nuclear atypia, mitotic
activity, microvascular proliferation and necrosis (figure 1) [7].

Microvascular proliferation is an important histopathological criterion to establish the
diagnosis of high- grade glioma. However, quantitative structural studies have reported, that
while some focal tumoral parts have extreme angiogenesis, there are many tumor regions
that have vascular density at the same level as normal brain tissue. Highly invasive glioma
cells also incorporate preexisting parenchymal vessels to obtain intratumoral blood supply

[8].

Necrosis is another characteristic of high-grade gliomas and is defined as accidental cell
death that occurs within sheets of cells. Although cancer treatment has a goal to induce
tumor cell death, biological natural necrosis in glioblastomas is not a favorable finding for
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patient outcome. Several studies have demonstrated that the extension of necrosis
correlates with poor survival, mostly likely due to hypoxia as a result of procoagulation
which preferentially selects for tumor cells that are more aggressive and more resistant to
therapies [9-11]. Necrotic foci are typically surrounded by “pseudopalisading” - cells, a
configuration that is relatively unique for malignant gliomas and associated with unfavorable
prognosis [12].

= nuclear atypia

= mitoses

* microvascular
proliferation

* necrosis

O | WHO grade |V, glioblastoma

[ . nuclearatypia]
* mitoses

[ * nuclear atypia]

| WHO grade lll, anaplastic glioma

| WHO grade I, diffuse astrocytoma |

Figure 1. Histopathological classification of diffuse gliomas. The histologic features of mitotic activity
and necrosis are used for grading of diffuse gliomas. A diffuse astrocytoma without these features is
defined as low-grade (WHO grade II). With increased mitotic activity, the diagnosis of an anaplastic
tumor is rendered. The presence of necrosis and/or microvascular proliferation leads to a diagnosis
of glioblastoma.

Diffuse Infiltrative growth in the neuropil is a feature almost unique to gliomas and is a
critical factor in therapeutic failure. So called “pseudogliomatous” growth pattern can
sometimes be observed in primary CNS lymphoma and small cell lung carcinoma. In these
cases neoplastic cells change their shape in order to overcome obstacles in the preexisting
tissue structure [13]. In contrast, glioma cells generate “proper structures” (canalicular and
papillary formation) that are not dependent on preexisting brain texture. “Secondary”
formations depend on surrounding tissue architecture, and appear as perineuronal, pial,
intrafascicular and perivascular growth. Typical growth patterns are represented in figure 2
[8]. Even “tertiary formations”, caused by the interaction of glioma cells with proliferative
mesenchymal tissue of the tumor can be created [14]. Multifocal satellites occur by the
dissemination of glioma cells via white matter tracts, cerebrospinal fluid pathways and
meninges. Multiple gliomas may be classified as synchronous, metachronous and
metacentric. The latter is rare and occurs only in patients with glioblastoma. Metastasis
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outside neuropil is extremely seldom but can occur in some cases after craniotomy or
shunting due to damage of the basement membrane allowing for seeding [15]. Studies
using high-resolution time-lapse intravital imaging suggest that there are two distinct cell
invasion patterns: a slow course with directed movement, and a fast course with less
directed movement. These patterns are related to different types of tumor borders: those
with invasive margin and those with a diffuse infiltrating margin, respectively [16]. Molecular
biology underlying glioma cell migration is still unknown. Molecules such as nuclear factor
kappa B, macrophage chemoattractant protein-1, stem cell factor and stromal cell-derived
factor-1 may play an important role in the regulation of infiltration, but their specific
contributions are not well understood [8, 17, 18].

Figure 2. Schematic representation of the growth pattern of a glioblastoma (a), including the
following secondary structures of Scherer: perivascular accumulation of tumor cells (example in
area indicated by b; vessels in red, tumor cells in blue), perineuronal satellitosis (b; neurons in
green), subpial growth of tumor cells (b), and intrafascicular growth in the corpus callosum (c).
Mitotic tumor cells are depicted in black. Furthermore, in GBMs necrosis (dark grey area)
surrounded by pseudopalisading tumor cells and adjacent Xorid/glomeruloid microvascular
proliferation (d) are often present. Images b—d on the right represent the histology of these features:
in b asterisk indicates subpial growth, arrow indicates perineuronal satellitosis, arrowhead indicates
perivascular accumulation of tumor cells; image ¢ shows increased cellularity with diffuse infiltration
of tumor cells in the relatively well preserved myelinated tracts of the corpus callosum; in image d
asterisk indicates area of necrosis, arrow indicates peri-necrotic pseudopalisading tumor cells,
arrowheads indicate glomeruloid microvascular proliferation [b, d: H&E staining, c: combined Luxol
Fast Blue and H&E staining; original magnification £200 (b, c) and £100 (c)]. Figure and text from
Acta Neuropathologic, diffuse glioma growth: a guerilla war, Claes et al, Nov 2007. Creative
Commons Attribution 4.0 International License.
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Tumor heterogeneity at multiple levels (genomic, cellular, morphological, functional and
clinical) often hinders the diagnosis and adequate therapeutic intervention for glioma.
Intertumoral heterogeneity refers to the variability between tumor-to-tumor genomic and
histopathological diversity. Intratumoral heterogeneity is attributed to variability between
cells from the same tumor, that may have differences in both origin and genetic alteration
and that may also express various phenotypic and epigenetic states [19]. Histopathological
evidence of extensive heterogeneity has been demonstrated at the regional and cellular
level, including variable amounts of necrosis, hemorrhage, thrombosis, glomeruloid
microvascular proliferation, and pleomorphic tumor cells [20, 21]. Immunohistochemistry
and molecular biology studies have shown uneven distribution of genetic markers [20]. New
data also reflects that this complex heterogeneity is present at the single-cell level [22, 23].

The genomic road leading to tumor recurrence is highly idiosyncratic but can be broadly
classified into linear recurrences - those that share extensive genetic similarity with the
primary tumor and divergent recurrences - those that share few genetic alterations with the
primary tumor and originate from cells that branched off early during tumorigenesis.
Divergent recurrences may compromise the value of molecular information obtained from
initial surgery in the setting of tumor recurrence [24, 25]. However, deeper understanding of
heterogeneity complexity is challenging because of technological limitations in the tracing of
tumor cell populations within a human tumor mass [26].

1.1.3 Molecular features of diffuse gliomas

Our understanding of genetic alterations in gliomas and their prognostic and predictive
value has increased significantly in the past two decades. The most important genetic
alterations influencing classification, treatment and prognosis for gliomas are referred to
below.

Isocitrate dehydrogenase 1 or 2 (IDH1/IDHZ2) are currently the earliest known events in
glioma genesis and were first identified in 2008 [27]. This genetic alteration affects the
active site of the Krebs cycle enzyme IDH. A lack of IDH-mutation occurs in de novo
glioblastomas and is associated with poor prognosis. Glioblastomas with /IDH-mutation or
secondary glioblastomas are less common (just about 8-13 % of all glioblastomas) and
typically affect younger patients. There is a controversy regarding the classification of WHO
grade Il and Il gliomas with an absence of IDH 1 or 2 mutations. A recent meta-analysis
showed that heterogeneous subtypes have different prognosis, and further stratification is
necessary [28]. Favorable outcomes were observed in patients of younger age,
oligodendroglial phenotype and who had a WHO grade Il histology [29].

1p19q codeletion (combined loss of the short arm of chromosome 1 (1p) and the long arm
of chromosome 19 (19q)) in combination with IDH mutation defines the diagnosis of
oligodendroglioma according to the updated 2016 WHO Classification of Tumors of the
CNS, and is associated with a better response to chemotherapy as well as improved
survival [30, 31]. There is a strong association between 1p19q codeletion and classical
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oligodendroglial morphology - the combination of the round nuclei and perinuclear haloes
results in a fried-egg appearance for individual cells and the presence of a branching
network of delicate capillaries (chicken-wire pattern) [32, 33]. A partial deletion of 1p and/or
19q chromosomal arms, in contrast to a whole arm deletion, commonly occurs in astrocytic
tumors and is not associated with a better prognosis [34].

ATRX mutational status is one of the critical markers that define the molecular classification
of gliomas. ATRX mutation are most common in grade -1l astrocytomas (71%) and
secondary glioblastomas (57%), and in combination with IDH1 mutations it is mutually
exclusive with 1p19q. ATRX mutation combined with TP53 mutation is characteristic for
diffuse astrocytoma, but not mandatory for the diagnosis [35, 36].

The TP53 tumor suppressor gene is involved early in astrocytomas development. TP53
plays a role in halting cell cycle, thus protecting cells from accumulation of DNA damage.
Mutations of TP53 may therefore lead to tumor progression through genomic instability [37].
TP53 mutation together with ATRX mutation supports the diagnosis of astrocytoma and
differentiates it from oligodendroglioma. It can be detected in both primary and secondary
glioblastoma [38].

0°-Methylquanine-DNA- Methyltransferase (MGMT) is a DNA repair enzyme, which gene is
located on chromosome 10q26 [39]. MGMT can protect cells against alkylating agents and
impede the effectiveness of alkylating chemotherapeutic agent, such as temozolomide. Up
to 45-47% of glioblastomas exhibit methylation of the MGMT promotor gene. In patients
treated with temozolomide and radiotherapy, PFS and OS significantly increase when
tumor contains a methylated MGMT promoter. In the absence of methylation of the MGMT
promoter, there is a smaller but statistically insignificant difference in survival with TMZ
treatment [39, 40].

1.1.4 The updated 2016 WHO Classification of tumors of the CNS

The WHO published the first classification system of tumors of the CNS in 1979, and since
then several updates have been made. Before 2016, the classification was based on
morphological criteria that could only be assessed by microscopy alone.

The knowledge based around brain tumor genetics has increased remarkably over the past
two decades. The last update to the WHO classification of tumors of the CNS was
published in May 2016, and placed greater emphasis on molecular/genetic parameters as
opposed to the previous focus on morphological features identifiable by light microscope
[38] . The reason for a more “integrated approach” is to provide more biological
homogeneous diagnostic entities with common behaviors, response to treatment and
prognosis. Because neuroimaging plays a key role in brain tumor diagnosis and
management, radiologists need to stay abreast of these developments and collaborate with
specialists from other medical disciplines. The most remarkable changes in the updated
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classification concern diffuse infiltrating gliomas. Several entities were eliminated and
others were redefined by genetic features for the first time [38, 41]. The main changes are:

» That the presence of IDH mutation is now required for diagnosis of diffuse infiltrating
glioma, where a combination with 1p19q codeletion identifies oligodendrogliomas
and an absence of 1p19q codeletion results in a diagnosis of astrocytoma.

» The use of oligoastrocytoma as a diagnosis is now strongly discouraged and can be
used only for tumors with both astrocytic and oligodendroglial genotypes (so called
dual genotype).

= Glioblastomas are subdivided in IDH-wild type and IDH-mutant, which mostly
correspond to the previously recognized genetically different primary and secondary
glioblastoma multiforme, respectively.

» The gliomatosis cerebri diagnosis is has been removed but the term gliomatosis
cerebri is still appropriate for use by radiologists to describe a widely infiltrating
glioma.

The diagnostic approach for an integrated histological and molecular classification of diffuse
gliomas according to the 2016 updated classification is shown in figure 3. This classification
represents the primary source of updates on diagnostic classes, grades and criteria.
However, it is worth noting that rapid and ongoing advances in molecular pathogenesis
warrant faster incorporation of this information into clinical practice than WHO updates can
keep pace with. To allow for this, the Consortium to Inform Molecular and Practical
Approaches to CNS Tumor Taxonomy (cIMPACT-NOW) was created under the
sponsorship of the International Society of Neuropathology. From 2016 to 2019, cIMPACT
has published four updates to the WHO criteria [42].

There are several controversies that still need to be resolved, especially between tumor
behavior and the new classification. For example, WHO grade Il and Il astrocytoma IDH-
wild type behave more aggressive than their counterparts with IDH mutation. Several
experts suggest treating these tumors as glioblastomas, regardless of their histopathologic
grade [43]. In such cases supplementary molecular analysis are useful, although this is not
yet formally incorporated into the WHO criteria [44].
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Figure 3. Diagnostic approach for integrated histological and molecular classification of diffuse
gliomas according to the 2016 WHO Classification of Tumors of the Central Nervous System. In
addition to histological typing and grading, diffuse gliomas are evaluated for isocitrate
dehydrogenase 1 or 2 (IDH)-mutation status. Nuclear transcriptional regulator ATRX expression is
determined by immunohistochemistry. Testing for 1p/19q codeletion is performed in patients with
IDH-mutant tumors with retained nuclear ATRX expression to further refine the classification of
these tumors. IDH-wild-type gliomas located in midline structures (thalamus, brainstem, or spinal
cord) are additionally tested for histone-H3-K27M mutations. Dashed lines indicate smaller
subgroups of tumors with the respective diagnoses. *Nuclear ATRX expression is retained in most
IDH-wild-type WHO grade |1 or Il astrocytic tumors. *IDH-wild-type WHO grade Il or Ill astrocytoma
is considered a provisional entity in the 2016 WHO Classification of Tumors of the Central Nervous
System. Figure and text from Nature Reviews Clinical Oncology, Advances in the molecular
genetics of gliomas — implications for classification and therapy, Reifenberger et al, 2016 [45] .
Copyright license Number 4775930600068.
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1.2 MRl in diffuse infiltrative glioma

1.2.1 History and evolution of brain tumor imaging

Neuroradiology has progressively moved from a purely anatomy-based discipline to one
that combines anatomy, physiology and function; all of which play an important role in the
assessment and management of neurologic disease , especially brain tumors [46]. Below,
we will present some of the pioneers in the history of neuroradiology, with focus on
neurooncology.

The X-ray was discovered by the German physicist Wilhelm Roéntgen in 1895 at Wrzburg.
Neuroradiology began at the turn of the 20th century with the publication of 'Rontgen-
diagnostik der Erkrankungen des Kopfes™ in 1912 by Arthur Schuller [47]. This was the first
comprehensive study of intracranial pathology by X-ray diagnosis including the differential
diagnosis of intra and extra-sellar tumors, the displacement of pineal calcifications by
masses, and more besides.

In 1918, neurosurgeon Walter E. Dandy introduced ventriculography [48] and the result was
an increase in the detection of brain tumors by one-third. One year later in 1919, he
introduced pneumoencephalography to diagnose brain tumors as well as abnormalities of
CSF flow using air displacement as an aid to diagnosis [49]. It is worth noting that
ventriculography and pneumoencephalography were not without substantial risk to the
patient.

In 1927, Egas Moniz, a Portuguese neurologist introduced cerebral angiography. This was
performed by injecting sodium iodide directly into the carotid artery via a surgical exposure
after failing the percutaneous approach. On July 7, 1927, Moniz presented his paper
entitled “Arterial Encephalography: Its importance in localization of cerebral tumors” to the
Neurological Society of Paris [50]. Per Amundsen, a Norwegian neuroradiologist, was the
first to catheterize and examine cerebral vessels, carotid and vertebral arteries via a
femoral approach, via a procedure he developed at Ulleval Hospital in Norway in 1964 [51].

The first major advance in neuroimaging of the brain itself was computed tomography (CT),
which revolutionized the field by allowing the anatomic localization of brain tumors without
the previous requirement of direct visualization via surgery. In 1979, Allan MacLeod
Cormack, a physicist, and Godfrey Hounsfield, a computer engineer, were jointly awarded
the Nobel Prize for Medicine for their pioneering contributions to the development of CT
[52]. The first CT was installed in the UK in 1971, in the United States in 1973, and the first
CT in Norway in 1975 at Ulleval University Hospital. CT scanning of the brain forever
changed the way we examine and diagnose brain tumors and other neurological diseases
[46].

The next important advance in anatomic neuroimaging came with the development of MRI.
In addition to the higher anatomical resolution that was now available, this also opened new
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opportunities for physiological imaging. In 1973 Paul C. Lauterbur reported the first images
of a mouse obtained with MR imaging. In England, Peter Mansfield developed the

mathematic algorithms that allowed rapid imaging and, in 1977, the first human MR images
were reported. Lauterbur and Mansfield received the Nobel Prize in 2003 [53, 54], figure 4.

The first articles showed the essential role of contrast agent administration for detection of
primary cerebral tumors came in 1985 [55, 56]. Russell et al pointed out that contrast agent
administration was essential for depiction of intracerebral metastases, especially those
smaller than 10 mm in diameter and without accompanying cerebral edema [57].

The first images from diffusion-weighted MR imaging (DWI) were presented by Denis Le
Bihan at the 1985 Radiological Society of North America Annual Meeting [46]. Although
originally conceived for liver imaging, DWI soon found considerable utility in neuroimaging.
Again, it was Le Bihan and his group who showed that diffusion-tensor imaging (DTI)
could produce maps with white matter fiber direction. In 1991, the first tractographic images
of white matter appeared [58].

Figure 4. Sir Peter Mansfield (to the left) and Paul Lauterbur (to the right), Picture from: Questions
and answers in MRI, courtesy of Allen D.Elster, MRIquestions.com

The basis of blood perfusion imaging was reported in 1980 by Leon Axel and its
neuroimaging applications coincided with the development of spiral CT and MR echo-planar
imaging capabilities [59]. Both MR imaging and CT can be used to measure the amount of
contrast agent traveling through blood vessels contained in voxels producing parametric
maps of cerebral blood flow, volume, mean transit time, as well as time to peak. One of the
first articles that addressed dynamic contrast-enhanced perfusion imaging was published in
Radiology in 1990 and demonstrated increased perfusion in brain tumors [60].
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MR-spectroscopy utilizing nuclear magnetic resonance was first described in 1946
simultaneously by Edward Purcell and Felix Bloch. At that time, spectroscopy was only
used by physicists for the purposes of determining the nuclear magnetic moments of nuclei.
It was not until the mid-1970s that spectroscopy started to be used in vivo, after the
introduction of MRI [61].

Blood Oxygen Level Dependent (BOLD) functional magnetic resonance imaging
(FMRI) depicts changes in deoxyhemoglobin concentration subsequent to task-induced or
spontaneous modulation of neural metabolism [62]. The primary form of functional fMRI
was incepted by Seiji Ogawa in 1990 [63-65]. This method has been widely used in studies
of cognition for clinical applications such as surgical planning, for monitoring treatment
outcomes, and as a biomarker in pharmacologic programs. Technical developments have
solved many of the challenges encountered in applying fMRI in practice, such as the low
contrast to noise ratio of BOLD signals, image distortion, and signal dropout [62]. Although
now widely used for functional mapping, anatomical localization at a detailed level is still
challenging for complex brain functions [66].

Visualization and quantification by MR imaging of biological, cellular, and molecular traits of
brain tumors are in rapid development. Hopefully, several more informative, specific and
robust imaging techniques will be developed in the future.

1.2.2 Basic principles of MRI

The concept of nuclear magnetic resonance (NMR) stems from spin angular momentum of
atomic nuclei in quantum physics mechanics. The MR active nuclei are characterized by
their tendency to align their axis of rotation in the presence of an external magnetic field,
causing induction of a net magnetization in the field direction. The magnetic moment of
atoms is called the net magnetization vector (NMV). In clinical MRI the hydrogen nucleus is
the preferred MR active nucleus, because it is abundant in the human body and have
relatively large magnetic moment. The NMV is a vector quantity and consists of two main
components: magnetization in the longitudinal plane and magnetization in the transverse
plane. After the application of a distinct radio-frequency pulse, NMV is flipped into the
transverse plane with less or no longitudinal magnetization. Following the radio-frequency
pulse, the NMV then gradually recovers its longitudinal magnetization back to its thermal
equilibrium. The T1 relaxation effect describes the recovery of longitudinal magnetization
due to energy dissipation to the surrounding lattice, while the T2 relaxation effect describes
the loss of transverse magnetization due to dephasing of static local magnetic fields caused
by interactions of adjacent nuclei [67]. T1 and T2 relaxation times are constant for a certain
magnetic field strength and temperature, and depend on the local chemical
microenvironment, which varies between tissue types or with the introduction of an NMR
based contrast agent. Various methods are used to emphasize one property over another
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in a given MRI paradigm (“pulse sequence”). Spin-echo and gradient-echo are two basic
pulse sequences that manipulate the NMV to acquire different image readouts [68].

1.2.3 Brain tumor MRI protocol

MRI is essential for the identification and characterization of gliomas, their consequential
surgical management and for evaluation of treatment response. Typical tumor protocols
usually include both anatomical and functional sequences, which are valuable tools for
diagnosis, tentative WHO grading, tumor affection of surrounding regions and planning of
optimal biopsy tracts or extent of surgery.

Conventional MRI sequences commonly used for evaluation of gliomas include T1-
weighted (T1W), T2-weighted (T2W), fluid attenuated inversion recovery (FLAIR), and post-
contrast T1TW images. These sequences provide exquisite anatomic detail and give
important information about different tumor components (hemorrhage, calcifications,
edema, cysts etc). The use of a gadolinium-based contrast agent allows detection of areas
where the blood-brain barrier is compromised and indicate high-grade gliomas [69].

Susceptibility-weighted imaging (SWI) provides insight into glioma pathophysiology and
internal tumoral architecture. Intratumoral susceptibility signal (ITSS) may correspond to
intralesional hemorrhage, calcification, or tumoral neovascularity [70]. MR spectroscopic
imaging (MRS) provides metabolic information regarding the brain tissue, that allows to
characterize glioma with respect to WHO grade, genetic status and also differentiate glioma
from another condition [71-74].

However, there is currently a lack of MRI protocol standardization between different
institutions both on a national level here in Norway as well as internationally. This lack of
consensus may affect image interpretation and assessment of follow-up examinations [75].
The American National Brain tumor Society (NBTS), the American Society for Neuro-
oncology (ASNO), and the European Organization for Research and Treatment of Cancer
(EORTC) jointly published in 2015 the “EORTC-NBTS Consensus Recommendations for a
standardized Brain Tumor Imaging protocol”, which primary was developed for the using in
clinical trials [76].

Specific sequence parameters in advanced tumor protocols with both anatomical and
functional techniques in our institution are summarized in Table 1.
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Table 1. Advanced preoperative tumor protocol on a 1.5T scanner with both anatomical
and functional techniques at Oslo University Hospital - Rikshospitalet.

ST Rfepetition Echo time .Field of Flip Voxel size Bandwidth
time (ms) (ms) view (mm) angle(®) (mm) (Hz/Px)

T1 3D MPRAGE* 1900 2.36 256 10 0.5x0.5x1.0 180
3D FLAIR 5000 337 230 0.5x0.5x1.0 592
DWI/DTI 6170 59 230 180 1.6x1.6x4.0 940
DSC 1600 30 230 90 1.8x1.8x5.0 1502
SWi 49 40 230 15 0.7x0.7x1.6 80

T2 TSE 4840 87 230 139 0.3x0.3x4.0 192
Spectroscopy 1500 135 220 90 10.0x10.0x15.0 1000

*pbefore and after gadolinium-based contrast agent (Clariscan 279.3 mg/mL, 0.2 mL/kg bodyweight,
GE Healthcare, USA) administration

1.2.4 Advanced MR imaging of diffuse gliomas

The advanced MRI techniques with main applications and limitations, which were used in
this thesis are described in this section.

1.2.4.1 Diffusion-weighted imaging

In 1986 Denis Le Bihan with colleagues published an article in Radiology with the title: “MR
imaging of intravoxel incoherent motions: application to diffusion and perfusion in
neurologic disorders”. They described differences in water diffusion between various
normal and pathologic tissues imaged via magnetic resonance. This work has been cited in
approximately 24.500 later articles in Pub Med and contributed to a dramatic growth of MRI
diffusion technics and their application in neuro-oncology [77].

MRI diffusion techniques are based on the physical principle of random Brownian motion of
water molecules, a molecular displacement, which obeys a Gaussian distribution. Modern
diffusion-weighted imaging based on pulsed gradient spin echo technique was developed
by Edward Stejskal and John Tanner in the mid-1960. Clinical diffusion imaging sequences
rely on spin-echo signal formation with balanced diffusion-encoding magnetic field gradients
on each side of the refocusing radio-frequency pulse [78]. A DWI is the unprocessed result
of the application of a single pulsed gradient SE sequence in one gradient direction, and it
corresponds to one point in g-space [79]. The most common DWI technique is the pulsed-
gradient spin echo pulse sequence with a single-shot, echo-planar imaging (EPI) readout.
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The rapid acquisition of diffusion data and the inherent motion robustness is the main
advantages of this method [80]. The last ten years, using of bipolar (twice refocused)
diffusion encoding effectively reduce eddy current distortions compared to the monopolar
Stejskal-Tanner approach [81]. For this purpose, additional spoiler gradients required in
order to suppress unwanted stimulated echo contributions increase TE and correspondingly
reduce SNR [82].

Diffusion in a homogeneous medium is dependent on the type of molecule, the temperature
of the medium and the time allowed for diffusion [79]. However, in brain tissue movement of
water molecules is limited by the presence of molecular and cellular obstacles. Neuronal
tissue has fibrillar structure and consists of tightly packed and coherently aligned axons that
are surrounded by glia. As a result, the micrometric movements of water molecules are
more hindered in the direction perpendicular to the axonal orientation than parallel to it.
Movement of water molecules is also limited by tortuosity in the extracellular interstitium
[79].

The ADC was introduced along with the diffusion MRI concept to facilitate clinical
application of the technique. ADC is derived from the equation ADC= - 1/b In (Spwi/ So),
where Spy is signal from the trace-DW image, and Sy is a the signal from each
corresponding point in the b0 image [83]. Thus, to obtain an ADC image, a minimum of two
acquisitions with different b-values are necessary [79]. National Cancer Institute (at the
2008 ISMRM conference in Toronto) consensus recommends the use of DWI with a
maximum b value of 1000 s/mm? and preferably the use of three different b-values (0, 500
and 1,000 s/mm?) [84]. ADC inversely correlates to tumoral cellularity, and as a result it
decreases in tumor parts with high cellular density [85]. Quantitative measurements of ADC
are preferable for characterization of tumor, because the potential pitfalls of visual
assessment. In clinical practice the most usual way to estimate ADC is by utilizing 2-
dimentional (2D) region of interest (ROI) - based methods. The whole tumor histograms
method, demands more complicated post processing and is more time consuming. To date,
the histogram method is mostly used for research purpose.

The main clinical applications for DWI in current neuro-oncology are to differentiate glioma
from other neoplastic and non-neoplastic conditions [86, 87]; WHO grading [88-90];
characterization of tumor microstructure; prediction of molecular subtypes [91]; follow up
monitoring with differentiation between progression versus pseudoprogression; response
versus pseudoresponse; and for prognostication [92].

1.2.4.2 Diffusion tensor imaging

Diffusion tensor imaging is widely used to explore the structural connectivity of the brain
with applications in both clinical and basic neuroscience. Molecular displacement parallel to
the fiber direction is typically greater than that perpendicular to it. Anisotropy is the
predominant condition, when diffusive properties change with the direction of diffusion.
Anisotropy and associated displacement distribution is no longer isotropic but cigar shaped
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[79]. In contrast to isotropic diffusion vector (chaotic trajectories), the anisotropy of diffusion
can be imaged [93]. Contributors to diffusion tensor anisotropy include cellular membranes,
axons, myelin sheaths and other factors [94]. In addition to the measurement of fractional
anisotropy (FA) and mean diffusivity (MD), DTI provides a visual color-coding map, where
red corresponds to diffusion along inferior-superior axis, blue to diffusion along the
transverse axis, and green to diffusion along the anterior-posterior axis. The intensity of the
color is proportional to the fractional anisotropy. The best visualization of fibers may be
achieved in regions where fibers are aligned along a single axis and it fails in regions with
several fiber populations aligned along intersecting axes. Techniques with better angular
resolution are preferable for these areas [79].

DTl is widely used for preoperative planning, especially for identification of eloquent white
matter tracts (functional neuro-navigation), such as the corticospinal tract, the optic tract
and the arcuate fasciculus. An increasing number of studies shows, that incorporation of
DTl into surgical planning could alter the surgical approach, thereby allowing for more
accurate resection and limiting postoperative deficits in these patients. However, there are
still important limitations related to standardization and clinical integration of tractography
for neurosurgical decision-making [95-97]. Some studies also demonstrate the usefulness
of DTI to analyze tumor infiltration in peritumoral regions, but lack of histopathologic
confirmation reduce the validity of these studies [98, 99]. FA reduction occurs not only in
tumor affected areas but also in the surrounding edema associated with inflammation, mass
effect and tumor infiltration all of which adds to interpretation difficulties.

A number of validation studies have been conducted with the aim to evaluate the reliability
of tractography and these studies have revealed uncertainties and sources of error in the
tractography process that may limit anatomical accuracy [100-102]. In addition to artifacts
affecting EPI acquisitions (susceptibility gradients, head motion and eddy currents), another
pitfall includes drawing conclusions about local fiber orientation from the diffusion
displacement profile. Fibers with crossing, fanning and curving configurations are especially
challenging to interpret in this situation [103].

1.24.3 Restriction spectrum imaging (RSI)

The improvement in gradient performance and coil technology, allow for higher b-values
with shorter diffusion time and higher field strengths with better signal-to-noise ratios. This
allows for developing innovative diffusion methods that provide more direct measures of
tumor cellularity, such as RSI [104]. The main principle of RSl is to separate the “fast”
hindered and “slow’ 'restricted diffusion compartments in tissues over a range or “spectrum”
of length (size) scales with spherical and cylindrical geometries. The diffusion properties are
fundamentally different between water molecules that are hindered versus restricted. The
hindered or free molecules (extracellular/ekstraaxonal) follow a Gaussian displacement
probability distribution, while restricted (intracellular/intraaxonal) water molecules shows
non-Gaussian displacement probability because these water molecules are trapped by
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plasma membranes. The restriction spectrum model, shown in figure 5 is written as a linear
mixture of the Gaussian response functions with different transverse diffusivities [105]. To
achieve this, RSl is required to collect data over an extended b-value range (b over3000
s/mm2) with multiple diffusion directions at each b-value at a fixed intermediate diffusion
time ( 90 ms). As a result, RSl is less influenced by changes in edema, necrosis and cysts,
compared to ADC [104, 105]. RSI provide a “cellularity index map” whereby the cellularity
index is a measure of cellular density in tissue. RSI shows promising results to improve
conspicuity of high-grade tumors and delineation of white matter tracts [106, 107],
interpreting true tumor response in the setting of anti-angiogenic treatment and as a
survival biomarker in patients with glioblastoma [108, 109].
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Figure 5. Restriction spectrum model. The oriented component of the diffusion signal is written as a
linear mixture (spectrum) of cylindrically symmetric Gaussian response functions R with different
fixed transverse diffusivities DT and unknown volume fraction and orientation distribution (f). From
Human Brain mapping, Probing Tissue Microstructure with Restriction Spectrum Imaging:
Histological and Theoretical Validation, White et al, 2013 Copyright license Number
4780801340083.

1.2.4.4 Dynamic Susceptibility Contrast perfusion MR imaging (DSC-MRI)
DSC-MRI was the most used perfusion method in a European survey on glioma MRI
practice for initial grading and/or gliomas follow-up (over 80 %), with almost 50 % of all
users acquiring it for all glioma indications [95]. The technique was first described by
Villringer et al in 1988 [110]. DSC is based on the susceptibility induced signal attenuation
on spin echo or gradient echo planar images, which results from a bolus of a paramagnetic
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contrast agent with a high magnetic moment. Typically, a gadolinium-based contrast is
used for passing through a microvasculature. The level of signal loss is proportional to the
amount of contrast located primarily in the capillary bed. The application of a kinetic model
allows generating intensity-time curves and estimation of relative or semi-quantitative maps
of CBV, cerebral blood flow (CBF) and mean transit time (MTT) [111, 112]. Because the
arterial input function is often not measured, these maps show relative CBV values and are
therefore usually termed rCBV maps [113].

DSC MRI noninvasively provides in vivo metrics that depicts overall tumor vascularity and
permits the indirect assessment of tumor angiogenesis and vascular permeability [114]. The
main clinical applications of DSC brain tumors are as follows: differentiating solitary
metastatic brain lesion and primary CNS lymfoma from high-grade glioma, preoperative
grading of glioma, predicting prognostic molecular markers and noninvasive therapeutic
monitoring. rCBV in patients with glioblastoma were significantly higher than in patients with
primary CNS lymphoma [115]. In a meta-analysis study, where twenty-two studies with
1182 patients were included, a diagnostic performance with a sensitivity of 92% and a
specificity of 95% to differentiate primary CNS lymphoma from glioblastoma was
demonstrated [116] . Evaluation of max rCBV within the peritumoral zone is helpful to
distinguish GBMs showing peritumoral infiltration from metastases surrounded by pure
edema [117, 118]. High-grade glioma can be differentiated from low-grade glioma using
rCBV values with high (95 %) sensitivity however specificity is relatively low (70 %)[119]; in
another study the authors found a sensitivity of 98,4% for discrimination of grade Il from
grades llI-1V, thus indicating high true-positive and low-false negative rates [120]. However,
low-grade gliomas with elevated rCBV can be misclassified mostly because diffuse
oligodendrogliomas may demonstrate a high microvascular profile [121]. Preliminary results
are promising in the differentiation of gliomas on the basis of IDH mutation status, overall
sensitivity and specificity rates for the rCBV for IDH stratification were 68% and 81%,
respectively [122]. Furthermore, a lower degree of perfusion in MGMT methylated
glioblastomas compared with unmethylated tumors (mean rCBV ratio) was also reported
[123]. DSC studies have consistently demonstrated that rCBV is the most validated
perfusion parameter for the distinction of therapy-related changes from tumor progression
[124]. rCBYV is also reviewed by several studies to be a reliable biomarker to stratify PFS
and OS in patients with gliomas [125, 126].

Despite its widespread use, DSC has well-known pitfalls that limit the interpretations of this
technique. The analysis of DSC-MRI data is based on the assumptions that the contrast
agent remains inside the vascular bed during its passage through the brain. However, in the
case of high-grade gliomas, the blood-brain barrier (BBB) is commonly disrupted, resulting
in leakage of gadolinium-based contrast agent (GBCA) into the extravascular extracellular
compartment. Such extravasation of GBCA results in accurate CBV, CBF, and MTT maps.
CBV is underestimated in tumors where T1-weighted effects induced by increased vessels
permeability dominate and overestimated if T2*-weighted effects dominate. These effects of
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contrast agent leakage may be corrected to some extent by injecting a small dose of
contrast agent prior to the acquisition of the first-pass DSC-MRI series [127]. Leakage-
correction method based on analysis of the tissue residue function enables semiquantitative
determination of the transfer constant and can be used to distinguish between T4- and T*,-
dominant extravasation effects, while being insensitive to variations in tissue MTT [128].

CBV measurements can also be confounded by susceptibility artifacts due to presence of

blood products, calcifications, bone-air-brain interfaces, melanin and metal, when obtained
values will be unreliable. Assessment of CBV in cortical areas is further challenged by the

presence of large veins.

Alternative perfusion techniques such as dynamic contrast-enhanced (DCE) perfusion MRI
and arterial spin labelling (ASL) are less established. DCE imaging measures T1 changes
in tissues over time after bolus administration of gadolinium. The volume transfer coefficient
of contrast between the blood plasma and the extracellular extravascular space (K"")
derived from DCE represents the permeability of the tumor vasculature and has become
increasingly important in the evaluation of tumor response to therapy. K" is higher in
tumor recurrence than in radiation necrosis [129-131]. The disadvantages of DCE are
mostly related to its being an immature technology with considerable technical issues
around measuring K" related to data collection and analysis. Compared with dynamic
contrast-enhanced approaches, the main advantage of ASL is that this technique does not
require the use of contrast agent and therefore noninvasively quantifies CBF. In addition, a
recent meta-analysis has demonstrated an excellent diagnostic performance in
differentiating gliomas grades [132].The main disadvantage is low SNR, requiring a number
of averages to produce a good-quality image and taking approximately 10 min for whole-
brain coverage [133]. Figure 6 demonstrates standard imaging including diffusion and
perfusion sequences in a patient with glioblastoma.
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Figure 6. A 67-year-old man with a glioblastoma IDH wild type. a) Axial T2-weighted imaging shows
an intraaxial heterogeneous tumor in the left frontal lobe. b) FLAIR image shows peritumoral
hyperintensity, which suggests combination of tumor infiltration, edema and inflammation; c)
contrast 3D MPRAGE shows irregular enhancement with central necrosis; d) ADC map, mean ADC
in contrast-enhancing tumor core measured 0.87x10mm?sec, indicating high tumoral cellularity,
and in peri-enhancing zone 1.16x10°mm?/sec, suggesting tumor infiltration; e-f) FA map with also
directionally color-encoded map show FA abnormality in the tumor and in the peritumoral edema; g)
RSI map; h) rCBV map clearly demonstrates areas of increased blood volume in contrast-enhancing
tumor core; i) K2 map shows high capillary permeability in contrast-enhancing tumor core due to
BBB damage.
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1.2.5 Response assessment criteria for neuro-oncology (RANO)

RANO was published by the Neuro-Oncology working group in 2010 for use in clinical trials
[75]. This first version was designed for high-grade gliomas. Overview of the RANO criteria
for high-grade glioma is shown in Table 2 [75].

Table 2. Response assessment criteria based on MR imaging for high-grade glioma,
adapted from Wen et al [75].

Type of response

MRI and clinical

features ST Partial respons Stable disease FIOE BT
respons disease
T1 0, < 50 % l«a *
postgadolinium Complete | 250 % | <25%1 2251
T2/FLAIR Stable or | Stable or | Stable or | Significant 1*
New lesion No No No Yes*
Corticosteroids No Stable or | Stable or | dose -
Clinical status Stable or 1 Stable or 1 Stable or 1 Significant |*
Requirements for Al Al Al Any
response

Abbreviations: |decrease; tincrease; * Progression occurs when this criterion is met.

Postcontrast T1 weighted images are used for assessment of contrast-enhanced
components of the tumor and T2/FLAIR to evaluate extension of non-enhanced tumor
changes. The measurement technique for tumor size is bi-dimensional and represents the
sum of the largest perpendicular diameters in axial MR imaging. Special instructions have
been developed for so-called non-measurable lesions, for example lesions with central
necrosis or irregular T2/FLAIR intensity changes [134-136].

Initially, RANO criteria were developed based on the mechanism of cytotoxic
chemoradiotherapy, where the primary goal is reduction of tumor volume. Despite the
widespread use of RANO criteria in clinical trials they are not adapted to innovative
therapeutic agents such as tyrosine kinase inhibitors, antiangiogenics and immune-based
therapy. Immunotherapy response assessment for neuro-oncology (iRANO) criteria was
developed to address challenges related to emerging immunotherapy for high-grade
gliomas and represents a modification of the RANO criteria [137]. RANO criteria for brain
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metastases, leptomeningeal metastases, response assessment in pediatric neurooncology,
meningioma and spine response assessment in neuro-oncology is outside the scope of this
thesis.

There are two special conditions: pseudoprogression and pseudoresponse. These are
regularly seen in patients treated for high-grade gliomas where it gives rise to additional
challenges to classify patients as non-responders or responders, respectively [137, 138].
Pseudoprogression is defined as a transient increase in size of the contrast tumor
enhancing component with or without associated T2/FLAIR changes mimicking tumor
progression, but usually without clinical deterioration. It is associated with radiotherapy with
or without temozolomide and is seen in 20-30% of patients with glioblastoma [139, 140].
Patients with a MGMT methylated tumor have an additional risk of developing
pseudoprogression [141]. In most cases, pseudoprogression resolves spontaneously within
3 months even if treatment is continued and it will usually not cause any long-term
neurologic decline. To avoid misclassification between true progression and
pseudoprogression, the RANO criteria for HGG in clinical trials allow the assessment of
images only 3 months or more after radiotherapy commencement, unless these two
exceptions exist: a histological confirmation of tumor progression or the appearance of new
lesions outside the radiation field [136].

In contrast, pseudoresponse refers to a decrease of both contrast-enhanced parts of the
tumor and non-enhancing T2/FLAIR hyperintense portions of the tumor without true
regression or even with progression. It is seen in 20—60% of patients who receive VEGF-
targeted therapy and it is caused by normalization of abnormally permeable blood vessels
within the tumor. Use of MR perfusion and spectroscopy is therefore of particular
importance for assessment of residuals with and without contrast-enhancement [136].

1.2.6 Endpoints in clinical oncology: progression free survival and overall survival
While RANO criteria were developed to follow up treatment, overall survival (OS) and its
surrogate progression free survival (PFS) have been used as endpoints to evaluate
treatment success, as well as for assessment of the prognostic value of different clinical,
laboratory and imaging parameters.

PFS is the time from either the date of diagnosis or the start of treatment to tumor
progression. PFS has many advantages over OS, including earlier assessment of efficacy,
greater statistical power at the time of analysis, and lack of influence from post progression
therapies. Minimization of time between clinical and radiologic assessment is important in
order to avoid large interpatient variabilities [142].

OS is a direct measure of clinical benefit to a patient and is defined as the time from either
the date of diagnosis or the start of treatment to death from any cause. As an endpoint, OS
is easily measured, unambiguous, objective and unaffected by the timing of assessment.
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However, it is often limited by long trial times and confounding effects of post protocol
events, such as subsequent therapies [142, 143].

The relationship between PFS and OS has been studied in various tumors and the results
vary greatly depending on the tumor type [144, 145]. Meta-analysis of published phase Il
and 1l trials demonstrated good correlation between hazard ratio (HR) of PFS and OS and
between median PFS and OS in patients with glioblastoma [142].

1.2.7 Radiomics and radiogenomics

A large number of studies have demonstrated beneficial use of a combination of
parameters either derived from a single MRI technique or from several different MRI
techniques. Multiparametric analysis commonly provides more information about glioma
structure before treatment and is also more beneficial in analyzing specific tissue changes
after chemoradiotherapy than single values or methods [146-148].

Imaging information could also be extracted as quantitative features, processed with
machine-learning methods and linked to clinical markers (WHO grade, survival time,
recurrence etc). This concept is called radiomics, a novel high-throughput method, which
has recently developed from the field of oncology and incorporates several disciplines,
including radiology, computer vision and machine learning. Radiogenomics is a subgroup of
radiomics, and represents image based quantitative indicators that are capable of
predicting clinical relevant genomic features of tumors tissue [149-151]. The central
hypothesis of radiomics is that tumor imaging can reflect the underlying morphology and
dynamics of smaller-scale biologic phenomena, such as gene expression patterns, tumor
cell proliferation, and blood vessel formation [152] . There are two primary extraction
strategies of image features. The first, local level image extraction, provides an image
descriptor used to compare a pixel being tested with its pixel neighborhood and allows
identification of a small niche area of biologic importance within an otherwise homogeneous
appearing tumor. The second strategy, global-level feature extraction, represents
quantification of the overall composition of an entire ROI [149].

There are several different approaches for discovering predictive radiomic features. For
example, biologically inspired feature descriptors based on specific biological hypotheses
that transfer the recognized radiologal knowledge into quantitative correlation.
Understanding disease characteristics is necessary to propose biologically inspired features
because they can be disease-specific. In contrast, machine-learning approaches build on
searching imaging features statistically associated with clinical outcome but without prior
biological hypothesis. A specification of the medical diagnostic task is necessary before
evaluation of machine-learning models for appropriate model training. The fundamental
strategies are supervised, unsupervised, and semisupervised learning models, used in line
with the different levels of available clinical outcome labels [149].
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Classification of gliomas by WHO grade and genotype, tumor-tissue discriminative analysis
and prediction of survival outcome are typical clinical applications of radiogenomics [153-
157].

There are several substantial challenges limiting the use of radiomics in clinical practice.
Lack of annotated data necessary for proper training and limited generalizability of
algorithms are the most recognizable problems [158].

1.2.8 MRI biomarkers in therapeutic decision-making and in clinical trials: the
requirements, challenges and new solutions
The American Food and Drug Administration-National Institute of Health Biomarkers
Working Group defines a biomarker as “a defined characteristic that is measured as an
indicator of normal biological processes, pathogenic processes, or responses to an
exposure or intervention, including therapeutic interventions. Molecular, histologic,
radiographic, or physiologic characteristics are types of biomarkers but a biomarker is not
an assessment of how an individual feels, functions, or survives”[159].

The use of radiologic biomarkers in neuro-oncology has increased dramatically in the last
two decades. There is a need for non-invasive markers for primary tumor diagnostic and
especially for treatment monitoring. Conventional evaluation of ex vivo tissue specimens by
microscopic and next-generation sequencing methods as a standard reference for
diagnosis and evaluation of glioma progression is being challenged. These methods are
invasive with risk to the patient. Moreover, a tissue sample represents a small and localized
region of the tumor and does not address inter- and intratumoral heterogeneity. Recently,
liquid biopsy has emerged as a promising approach to detect, molecularly characterize and
monitor brain tumor. However, accessibility of tumor-derived materials in blood outside BBB
and even in CSF is difficult. Levels of plasma components, in particular tumor-derived
nucleic acids, may be insufficient to perform genotyping. In addition a lack of standardized
cut-off levels makes its implementation in clinical practice problematic [160, 161].

Radiologic biomarkers can be divided into three main groups: 1) diagnostic biomarkers, that
provide more accurate classification of tumor; 2) predictive biomarkers, that can guide the
therapeutic decision in early stages, adapted to patient specific biology and, 3) prognostic
biomarkers, that provide information about clinical outcome.

Several important requirements need to be fulfilled before we can use quantitative MRI data
for reliable decision-making biomarkers. Firstly, we need rigorous guidelines for
standardization and validation, including brain tumor protocols, imaging postprocessing and
analysis, in addition to standardized reports with specific endpoints measures. Secondly,
we need presence of reproducibility and repeatability of qualitative and quantitative MRI
data. Using phantoms, and test and retest of the same patients can be useful to assess
baseline variation of each MR sequence in a particular machine. Quality control procedures
need to be performed systematically. Thirdly, a better understanding of the biological
substrates behind imaging biomarkers and their relation to clinical outcome will help to
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select appropriate MRI techniques. Lastly, high dimensional data are beyond human ability
alone for interpretation. The ability to translate big data generated by multiple MR
sequences into a clinically suitable form is essential for reliable interpretation and further
decision-making [162-164].

Development of databases and sharing of data, standardized brain image protocols and
infrastructure organized across many clinical centers, cooperation between different
specialists such as radiologist oncologist, neurosurgeon, imaging technologists and
statisticians are essential for the development of reliable biomarkers.

Several multidisciplinary organizations, such as Quantitative Imaging Network, Quantitative
Imaging Biomarkers Alliance (USA) and The European Imaging Biomarkers Alliance have
as their primary goals to make radiology a more quantitative science, to facilitate imaging
biomarker development and to standardize and promote their use in clinical trials and in
clinical practice.

Quantitative Imaging Network:
https://imaging.cancer.gov/programs resources/specialized initiatives/qin/about/backgroun
d.htm#h03

Quantitative Imaging Biomarkers Alliance:

https://www.rsna.org/en/research/quantitative-imaging-biomarkers-alliance

The European Imaging Biomarkers Alliance:
https://gibawiki.rsna.org/images/6/69/EIBALL Poster2019.pdf
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2. AIMS OF THE THESIS

The aim of this study was to evaluate the role of advanced MR techniques such as
perfusion and advanced diffusion imaging, in order to characterize diffuse gliomas.
Particularly the correlation of the imaging metrics to WHO grade, differential diagnosis,
morphologic features and genetic features was assessed. An additional goal was to
develop imaging prognostic biomarkers in order to improve preoperative planning,
perioperative navigation and follow-up treatment in adult patients with diffuse glioma.

The specific aims for each of the studies were as follows:

Paper I: To evaluate whether ADC and rCBV histogram-based analyses can stratify
progression-free survival (PFS) and overall survival (OS) in patients with diffuse gliomas
grade Il and Il with respect to both oligodendroglial and astrocytic tumors.

Paper II: To determine whether the rCBV and ADC values analyzed by histogram method
could separate genetic defined oligodendrogliomas from astrocytomas, as well as WHO
grade.

Paper lll: To evaluate the ability of RSI to provide information that highlights heterogeneity
related to cellular density within the peritumoral brain zone. Further, to investigate the
prognostic value of RSI in order to correlate with the tumors’ potential aggressive behavior
and compared it with clinical established diffusion metrics such as MD and FA. In addition,
to evaluate the association between RSI metrics and MGMT promoter methylation status.
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3. MATERIALS AND METHODS

3.1 Study design and population.

This thesis includes single center studies. Patients were included after being referral to the
neurosurgery department, Oslo University Hospital, Rikshospitalet. All patients provided
written informed consent for use of clinical data and imaging surveys for research purpose.

The studies presented in paper | and Il were based on a retrospective material. A total of
352 adult patients with a histopathologic diagnosis of diffuse glioma were identified based
on our clinical database from November 2006 until May 2013. Inclusion criteria were: 1)
diagnosed oligodendroglioma, oligoastrocytoma or astrocytoma, classified according to the
2007 WHO classification of tumors of the CNS; 2) a known 1p19q status 3) a baseline
pretreatment MRI examination from our institution including DSC and DWI in addition to T1-
and T2-weighted images, and 4) age over 18 years. The final study cohort included 67
patients for study | and 71 patients for study Il.

The study presented in paper lll is a prospective cross-sectional study. A total of 92 adult
patients with MRI findings suggestive of high-grade glioma from the local hospitals were
identified in the period from June 2016 to December 2018. Criteria for participation were: 1)
age over 18 years; 2) no significant blood products on MRI and 3) satisfactory general
condition. Eighty-one patients were examined with advanced MRI tumor protocol. The
diagnosis was based on histological and molecular examinations of specimens obtained by
stereotactic navigated biopsy or from tumor resection. In the final study cohort forty-two
patients with pretreatment glioblastoma, IDH-wildtype, classified according to 2016 WHO
classification of tumors of the CNS were included. Thirty-one patients with another
diagnosis (lymphoma, anaplastic astrocytoma, metastasis, ependymoma, glioblastoma,
IDH-mutant) and 8 patients with reduced MRI quality were excluded.

3.2 Image acquisition

3.21 Studylandli

MRI was performed on a 1.5T scanner (Sonata, Symphony, or Avanto; Siemens, Erlangen,
Germany) equipped with an 8-channel (Sonata and Symphony imagers) or 12-channel
(Avanto) phased-array head coil. The MRI protocol included the following sequences before
the injection of contrast agent: axial T2-weighted fast spin-echo (TR=4000 ms; TE=104 ms;
slice thickness = 5 mm), coronal FLAIR (TR=9000; TE=108 ms; slice thickness=5 mm), and
axial T1-weighted spin-echo (TR=500 ms; TE=77 ms; section thickness, 5 mm). DWI was
obtained using an axial echo-planar spin-echo sequence (TR=2900 ms; TE=84 ms; section
thickness 5mm). Diffusion was measured in 3 orthogonal directions using b-values 0, 500,
1000 sec/mm?. Gradient echo EPI based DSC-MRI was acquired with TR=1430 ms; TE=46
ms (12 axial slices) to TR, 1590 ms; TE 52 ms (14 axial sections); bandwidth, 1345
Hz/pixel; voxel size, 1.80 x1.80 x 5 mm?; intersection gap, 1.5 mm; 50 times point). After
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approximately 8 time points, 0.2 mmol/kg of gadobutrol (Gadovist; Bayer Pharma AG,
Berlin, Germany) was injected at a rate of 5 mL/s, immediately followed by a 20-mL bolus of
Sodiumchloride (9 mg/mL) injected at a rate of at 5 mL/s. T1-weighted spin-echo with the
same parameter as the pre-contrast T1 weighted series was acquired after completion of
the DSC-MRI.

3.2.2 Study lll

All examinations were performed on the same 3T MR scanner (Skyra, Siemens Healthcare,
Erlangen Germany) using a 20 channel head/neck coil. The following tumor protocol was
carried out before gadolinium-based contrast agent (Clariscan 279.3 mg/mL, 0.2 mL/kg
bodyweight, GE Healthcare, USA) administration: RSl (TR=10600 ms, TE=103 ms, FOV
256 mm, bandwidth 1480 Hz/pixel); 3D T1-MPRAGE (TR=2300 ms, TE=2.98 ms, FOV=256
mm, bandwidth 240 Hz/pixel); 3D FLAIR (TR=5000 ms, TE=387 ms, FOV=230 mm,
bandwidth=751 Hz/pixel); axial T2-weighted images (TR=4090 ms, TE=88 ms, FOV=230
mm, bandwidth=349 Hz/pixel). After contrast agent injection: dynamic susceptibility contrast
(DSC) MRI with a bolus injection (3ml/s) of the Gadolinium-based contrast agent, followed
by 30ml of physiologic saline solution; susceptibility weighted imaging (TR=1350 ms,
TE=30 ms, FOV=220 mm, bandwidth 1202 Hz/pixel); 3D T1-MPRAGE. RSI was performed
using gradient spin echo planar imaging with 5 b-values of 0, 200, 800, 1500 and 3000
s/mm? and with 12 directions at each respective nonzero b-value.

3.3 Segmentation and image processing

3.3.1 Studylandli

A series of ROIs were manually drawn on every representative image slice for the entire
tumor volume on ADC maps and T2-weighted images separately. The segmentation
performed on T2-weighted images was co-registered with rCBV maps. The tumors were
defined as regions with hyperintensities on T2-weighted images and on ADC maps,
avoiding cystic appearing lesions and non-tumoral macroscopic vessels. Areas of contrast
enhancement on post contrast T1-weighted images were always included. rCBV maps from
DSC-MRI were created by using standard tracer kinetic models. The maps were corrected
for potential contrast agent leakage and normalized with respect to blood volume values
from normal-appearing tissue to obtain rCBV. Standard Stejskal-Tanner diffusion
approximation was used for creating ADC maps from DWI. 100 bins histogram were
created over an ADC range of 0-300 and an rCBV range of 0-7.5 (ratios; arbitrary units),
respectively by using Matlab 2013 (MathWorks, Natick, Mass). The histograms were
normalized by making all areas under the curves equal to one to correct for varying tumor
sizes. From this the maximum peak heights of the normalized histogram rCBVpea and
ADCpcok Were statistically used as measures of vascular and cellular tumor heterogeneity,
respectively. In addition, mean ADC (ADCyean) and mean rCBV (CBVean) values of the
ROl were assessed, as metrics for tumor cellularity and microvascularity, respectively [165,
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166]. Tumor segmentation and processing of ADC and rCBV maps were performed using
nordicl CE (NordicNeuroLab AS, Bergen, Norway), figure 7.

Figure 7. Segmentation of diffuse gliomas for studies | and II. A series of ROls were manually
drawn on every representative image slice for the entire tumor volume on ADC maps and T2-
weighted images.

3.3.2 Study Il

Tumor segmentation was performed semi-automatically on post-contrast T1- MPRAGE (1
mm thickness), using a dedicated software package nordiclCE (NoridcNeuroLab AS,
Bergen, Norway). The volumetric region of interest (ROI) was obtained from the contrast-
enhancing portion on all representative slides and defined as contrast-enhancing tumor
core (CET). ROI with extended margins were generated by means of morphological dilation
using a spherical structuring element Matlab (v.R2017a, MathWorks Inc., Mass., USA) in
order to derive three concentric volumetric regions with 5 mm thickness from external
boarder of CET to the periphery. ROls defined as peri-enhancing zone (PEZ), near zone
(NZ) and far zone (FZ), respectively, are shown in figure 8. Circular shaped ROls were also
placed in the normal appearing tissue adjacent to the external border of pathologic FLAIR
signal and in corresponding lobe of the contralateral hemisphere. These two regions served
as reference examples and defined as iINAZ and cNAZ, respectively. All ROI's were then
co-registered with the RSI-cellularity index, FA and ADC respective maps. Whole-tumor
normalized histogram distributions of the RSI-cellularity index, FA and ADC were created
and mean values were used for further analysis.
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Figure 8. a) The volumetric ROl was obtained from the contrast-enhancing tumor core ROls with
extended margins were generated by morphological dilation of the contrast-enhancing tumor core,
using a spherical structuring element on b) T1 MPRAGE, c) RSI-map, d) ADC-map. CET
subtraction provided three concentric volumetric regions with 5 mm thickness in the peritumoral
zone.

3.4 Histopathology, genetic molecular analysis and classification

Tumor tissue was obtained from needle biopsy or surgical excision, as part of the clinical
routine. Specimens were formalin-fixed and paraffin-.embedded, reviewed and diagnosed
by experienced neuropathologists.

For patients from study | and Il, in the period from 2006 to 2009, the 1p19q codeletion
status analysis was performed by polymerase chain reaction (PCR) using at least 4 of 6
microsatellite markers on 1p35-36 and 19913 [167]. From 2009, for detection of 1p19q
codeletion, ATPX, TP53, IDH1 or IDH2 multiplex ligation-dependent probe amplification
(MLPA) was performed. MLPA is based on the ligation of two DNA oligonucleotides that
hybridize adjacently to DNA target sequence and has previously been described [168]. The
MLPA kit was assembled by MRC-Holland (Amsterdam, The Netherlands). Tumors were
primary classified by 2007 WHO classification of tumors of the CNS and retrospectively
reclassified according updated 2016 classification with knowledge about 1p19q and IDH
status in most cases. IDH status was determined for 58% of the tumors.
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For the glioblastomas cohort in paper Ill, the DNA was extracted using the Maxwell 16
extractor (Promega, Madison, WI, USA) and the Maxwell 16 Tissue DNA Purification kit
(Promega) according to the manufacturer’'s recommendations. The mutational analyses
were performed using M13-linked Polymerase chain reaction (PCR) primers. All PCR were
run on a Bio-Rad C100 Thermal Cycler (Bio-Rad Laboratories, Hercules, CA, USA).
Detailed information about analysis of IDH 1, IDH2, TERT and MGMT with PCR can be
seen in a previously described protocol [169]. Direct sequencing was performed using a
3500 Genetic Analyser (Applied Biosystems, Foster City, CA, USA). The BLAST
(http://blast.ncbi.nim.nih.gov/blast.cgi) and BLAT (http://genome.ucsc.edu/cgi-bin/hgblat)
programs were used for computer analysis of sequence data. Tumors were classified
according 2016 WHO classification of tumors of the CNS.

3.5 Survival assessment

OS and PFS were defined as the time interval (humber of days) from initial diagnosis to
patient death or tumor progression, respectively. Tumor progression was defined according
to updated RANO criteria [75, 136]. Pseudoprogression was accounted by reviewing all
available follow-up examinations and clinical information.

For study |, censoring was performed after 60 months observation and May 2017 was the
date of administrative censoring. For PFS 48 months was used, because several previous
studies have reported a median PFS of 27-53 months for patients with diffuse glioma [170].
For further analysis, all patients were divided in two groups per OS status: (I) long OS (over
60 months) and (I) short OS (under 60 months) and in two groups per PFS status: (I) long
PFS (over 48 months) and (ll) short PFS (under 48 months).

For study lll, patients were censored for the death on the date of the last follow-up visit and
for the progression on the date of their last central nervous system imaging study.

3.6 Statistical analysis.

Statistical analysis was performed using SPSS version 18 and 25 software (SPSS,
Chicago, USA) and Stata 14 (STATA Corp., Texas, USA). For all cases, a two-tailed P-
value of 0.05 or less was considered statistically significant including Holm-Bonferroni
correction in the case of multiple comparisons.

The non-parametric Mann-Whitney U-test was used to assess the ability of histogram-
derived diffusion and perfusion MRI parameters to identify patients suggestive of an
oligodendroglioma independent of histopathologic grade, but also in subgroups related to
the WHO grade (Il and Ill) in study Il. Mann-Whitney U-test was also used to compare
diffusion parameters between different ROl inside and outside contrast enhanced tumor
core in study lll. The diagnostic performance was analyzed by the receiver operating
characteristic curve (ROC), including values of sensitivity, specificity and area under the
curve (AUC). Optimal cutoff points based on the Youden index were also estimated.
Association between genetically defined subtypes, WHO grade and ADC and rCBV
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parameters, were evaluated by both univariate and multivariate logistic regression. A leave-
one-out cross-validation (LOOCV) algorithm with 10-fold cross-validation was used to
calculate the overall diagnostic accuracy.

The independent significance of various predictors (age, extent of resection, Karnofsky
performance status scale and genetic profile) on overall survival and progression-free
survival were assessed by Univariate Cox proportional hazard regression analysis (CPH) in
both study I and Ill. For study I, Cox regression with time-dependent covariates was also
performed, including time and extent of surgical resection, as well as type and time of
adjuvant therapy or chemoradiotherapy.

Kaplan—Meier survival analyses were performed based on the subgroups obtained from the
LOOCYV (study Illl) and ROC (study I) analysis and compared with each other’s using a
log-rank test.

3.7 Ethical considerations

The study was performed according to ethical standards based on the World Medical
Association Declaration of Helsinki with its later amendments laid down by the 18th World
General Assembly, Helsinki, Finland. The Regional Committee for Medical and Health
Research Ethics (REC) for South-Eastern Norway approved these studies with REC-
number 2013/81 2.2006.541 (study | and Il) and REC-number 2018/2464 (study IlI).

MRI scanning was performed in line with current safety procedures at Oslo University
Hospital and did not provide any increased risk for the patients. The study participants in
studies | and Il were scanned as part of their routine clinical work-up without any increasing
in scanning time. For study lll, research sequences prolonged the total scanning time which
potentially slightly increased the discomfort for those patients. However, only patients in
good general condition were recruited to the study.
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4. RESULTS AND SUMMARY OF THE STUDIES

41  Studyl

Median PFS and OS for patients with oligodendroglioma grade Il were 41 and 58 months,
anaplastic oligodendroglioma grade lll: 43 and 57 months, diffuse astrocytoma grade Il: 35
and 56 months and anaplastic astrocytoma grade lll: 23 and 34 months, respectively.

Correlation between DSC parameters and survival outcome in patients with diffuse glioma
WHOQO qrade Il and Il

Histogram derived perfusions parameters rCBVpea and rCBVean Were independently
associated with PFS in patients with oligodendrogliomas (p<0.001; p=0.003). Longer PFS
(median, 46 versus 37 months) was associated with higher vascular heterogeneity (lower
rCBVpeak) and higher microvascularity (higher rCBVyean). In contrast, in the group with
diffuse astrocytomas, longer PFS (median, 37 versus 26 months) was associated with
lower vascular heterogeneity within the tumor (higher rCBVpeak). Higher rCBVpea and lower
rCBVwmean Values were showed statistically significant with longer OS in patients with
astrocytomas grade Il (median, 54 versus 37 months, p=0.004 and median, 48 versus 23
months, p=0.008, respectively). Conversely, the difference in OS was not significant in
patients with diffuse astrocytoma grade Il and oligodendrogliomas grade Il/IlI.

Correlation between DWI parameters and survival outcome in patients with diffuse glioma
WHOQO qgrade Il and Il

Histogram analysis of DWI-MR imaging parameters (ADCpeak, ADCpean) did not show
significant difference between patients with long and short OS and PFS for neither the
oligodendroglioma, nor the astrocytoma groups. A combination of rCBV and ADC
parameters did not yield a significant survival association.

Summary

Our results suggest, that perfusion MRI is a sensitive prognostic factor in patients with
diffuse gliomas grade Il and lll, and may be used as a supplementary non-invasive vascular
biomarkers to provide important information to treatment guidance.
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4.2 Studyll

Sixty-one patients with untreated genetic subclassified diffuse glioma: twenty-three
oligodendrogliomas grade Il, ten oligodendrogliomas grade Ill, nineteen astrocytomas
grade Il and nineteen astrocytomas grade Il made up the study population.

Differentiation between oligodendrogliomas and astrocytomas by using DSC-MRI and DWI
parameters based on histogram analysis

Oligodendrogliomas showed a significantly higher rCBVean With cut-off point 20.80 (AUC
79, sensitivity 68%, specificity 93%), p=0.003) and lower rCBVpeak With cut-off point
=0.80(AUC 81, sensitivity 78%, specificity 78% p=0.005) compared to diffuse astrocytomas
regardless of WHO grade.

Diffuse gliomas with higher cellular density (low ADCyean) cut-off point < 1094 x 10°mm?/s
were more likely to be found in oligodendroglioma than in astrocytoma (AUC 76, sensitivity
63%, specificity 61% p=0.009). Higher ADCpeak and lower ADCyean indicated
oligodendroglioma when the gliomas grade Il subgroup was analyzed separately (p=0.042;
p=0.001 respectively).

Linear combination of rCBVpeak, FTCBVmean, ADCpeak and ADCyiean based on logistic
regression showed superior diagnostic performance in differentiating oligodendrogliomas
from diffuse astrocytomas (AUC 84, sensitivity 92%, specificity 81% p=0.035).

Differentiation between WHQO grade Il and grade [ll astrocytomas by using DSC-MRI and
DWI parameters based on histogram analysis

ADCpeak and ADCyean values were not significantly different between WHO glioma grade |l
and lll. A multivariate regression model including combined ADC and rCBYV values was able
to classify between grade Il and Il in the astrocytoma subgroup (Odds ratio 0.92 (ClI
0.81;1.00, p=0.03), but not in the total patient population or in the oligodendroglioma
subgroups.

Summary

Histogram derived DSC-MRI and DWI parameters may be used as imaging biomarkers for
identification of oligodendroglioma as defined by the new WHO 2016 classification criteria.
Non-invasive assessment is an important supplement to neuropathological evaluation in
newly diagnosed glioma and in longitudinal follow-up.
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4.3 Study il

In forty-one patients with glioblastoma, IDH-wild type, median PFS was 184 days and the
median OS was 245 days. Of all clinical parameters, only total resection and Karnofsky
performance status over 70 were significant associated with longer PFS (HR 3.5, 95%
confidence interval (Cl) 1.0-12.1; P=0.04 and HR 4.4, 95%CIl 1.6-12.1, P=0.006) and longer
OS (HR 3.8, 95%CI 1.1-12.9, P=0.03 and HR 3.2, 95%CI 1.3 -7.8, P=0.01).

RSI-Cl, FA and ADC in contrast-enhanced zone and peritumoral zones

The RSI-cellularity index in CET was on average 24% higher than the value in PEZ
(P<0.001) and 28% higher than in NZ (P=0.003) (CET > PEZ > NZ). FA was measured in
CET 25 % higher (P < 0.01) compared with PEZ with a diagnostic accuracy of 82% (P <
0.01) (CET > PEZ).

Relationship between RSI-cellularity index, FA and MD values in different glioblastoma
compartments and survival outcome.

Higher value of RSI-CI was significantly associated with shorter OS (215 versus 543 days,
P=0.002).This association was also found for RSI-Cl value measured in PEZ (OS: 298
versus 572, P=0.041) and NZ (OS: 166 versus 643, P<0.020). Lower FA value in CET and
PEZ was significantly associated with poorer OS (316 versus 601 days, P=0.006).
Statistical significance was reached between MD values from CET and PFS (log rank =
0.004), but not from PEZ, NZ, FZ. Patients with MD in CET under cut-of value 0.83 x 10 3
mm?/s and FA cut-of value under 0.17 had the shortest survival time.

MGMT promoter methylation status and diffusion metrics

Presence of MGMT promoter methylation were significant associated with longer PFS (HR
3.3,95% CIl 1.4; 7.9, P=0.006) and longer OS (HR 3.7, 95%CI 1.6; 8.7, P=0.002). No
statistically significant differences were noted between RSI-cellularity index, FA, MD and
MGMT promoter methylation status obtained from different tumor zones.

Summary

In contrast to conventional diffusion metrics, RSI-cellularity index was a robust and stable
measurement for tumor tissue cellularity. By analyze structural heterogeneity in the
peritumoral zone, we may better assess the biological behavior of glioblastoma, and thus
also its prognosis. RSI, supplemented by other MRI modalities, can be helpful to optimize
the extent of surgical resection and radiation field mapping, improving the benefits for
patient outcome.
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5. DISCUSSION

5.1 General methodological consideration

5.1.1 Whole tumor histogram analyses (study I, Il and lll)

In all three studies we have used histogram analysis in order to assess the complete
distribution of diffusion and perfusion values from whole-tumor volumes. Previous studies
showed that histogram analysis may provide robust and reproducible estimates for the
differentiation of gliomas from each other and for the prediction of prognosis for
glioblastoma. However, it has been suggested that histogram parameters may be less
sensitive to user-bias for diffuse glioma grading than for single ROI analysis [165, 171-174].

Whole tumor histogram profiling of ADC and CBV maps provide a comprehensible set of
parameters, which allow for evaluating not only the value but also the pixel distribution that
reflects heterogeneity within a ROI. In study | and Il we calculated the means of ADC and
CBV in whole tumor volume (ADCpean and rCBVean) as metrics for tumor cellularity and
microvascularity respectively. In addition, maximum peak heights of the normalized
histogram (ADCpeak and rCBVpeak) Were both statistically used as measures of cellular and
vascular tumor heterogeneity. A visual inspection of histogram curves contributed to
interpretation of heterogeneity; a flattened normalized histogram shape reflects higher
heterogeneity of ADC and CBV values distribution within a tumor.

Based on previous works, we chose the ADC 10" percentile and the RSI-cellularity index
90" percentile value derived from whole-volume histograms for analyses in study I [109,
175]. The reason for this is the inverse relation of ADC and RSI values to one another
(lower ADC values and higher RSI cellularity values are associated with higher tumor
cellularity). As a result, the ADC 10™ percentile corresponded to the 90" percentile value of
the RSI cellularity histogram.

Unfortunately, histogram analysis is not available in standard PACS software at our hospital
and requires dedicated segmentation software. In contrast working with single non-
volumetric ROIs is quite easy for clinical applications but this approach is always prone to
bias because of the high variability of diffusion values [171, 176].

5.1.2 Volumetric ROI design (study I, Il and lll)

Historically, several different methods for ROI design have been used to assess glioma
characteristics with MRI modalities. The main differences in ROl approach concerns two-
dimensional 2D-ROlI versus three-dimensional 3D-ROI models; manual versus semi-
automatic versus fully automatic methods; separate segmentation of contrast-enhanced
tumor core and non-contrast enhanced tumor parts versus whole tumor volume
segmentation [177].
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Over the last decade several automatic segmentation algorithms have been proposed
including support vector machines [178], level-set methods [179], the k-nearest neighbor
algorithm [180] and deep learning approaches using convolutional neural networks [181,
182]. However, these automatic approaches generalize brain tumor segmentation and pay
no particular attention to specific segmentation difficulties related to the biology of low-
grade gliomas such as infiltrating growth and irregular contours. This is why, manual
segmentation is still widely used as ground truth in automatic segmentation studies of brain
tumor and why no software algorithms have yet been proved to adequately replace human
expertise [183].

Because of the large number of low-grade gliomas in study | and Il, we chose manual
segmentation in order to avoid the uncertainties related to automatic segmentation, as
mentioned above. Freehand ROI drawing requires the use of multi-modality MRI
information together with anatomical and pathological knowledge. Our segmentation
procedure involves manually drawn contours around the entire tumor volume on every
representative image slice by the neuroradiologist. Tumor was defined as regions of
hyperintense signal on T2-weighted images and on ADC maps. Areas of contrast
enhancement on post contrast T1-weighted images were always included. This approach
was used in previous studies and has demonstrated high discriminant ability between
glioma types and WHO grades [165].

The most important limitation of manual segmentation is low intra- and inter-rater reliability
that may affects results. However, the high intra-observer agreement of the histogram
method suggests that small variations in ROl segmentation may not necessarily influence
the results, given the large number of data points included in the histogram [184]. Several
previous studies confirmed the inter-observer reproducibility of manual contouring [183,
185]. The intra-rater variability also decreases with higher radiologist experience and higher
grade of border conspicuity [186]. As automatic segmentation algorithms do not yet offer a
reliable solution for low-grade gliomas, manual contouring is still the preferred method.

Another limitation related to manual segmentation that is very labour intensive and requires
a great deal of time. It is partly for this reason that we chose a semi-automatic method
based on a region growing algorithm for segmentation of contrast-enhancing parts of the
glioblastomas in study Ill. The region growing method is one of the simplest techniques of
region based segmentation and is used to obtain bonded regions of pixels that are similar
to the original image [187] . This method is part of the NordiclCE software package which
was used in our studies. Although ROls for peritumoral zones in study I|ll were generated
automatically all results were carefully visually inspected in order to increase the accuracy
of the segmentation.

Because of the infiltrative growth and irregular shape of gliomas, we believe that 3D-ROI
segmentation is the most appropriate way to delineate pathologic neoplastic tissue from
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normal appearing tissue in both low-grade and high-grade gliomas. We also used a
compartment approach to measure diffusion separately in the contrast enhancing core and
in three peritumoral ROls (peri-enhancing zone, near zone and far zone) in study Il
Compartment models highlight the heterogeneity within peritumoral brain zones and were
used in several previous glioblastoma studies [188-190] .

To eliminate any potential observer bias during the segmentation routine related study
endpoints, all image analysis was performed blinded to patient outcome.

5.1.3 Follow-up-imaging of glioma. RANO criteria (study | and Ill)

Traditionally, the success of new cancer treatments have been assessed by their ability to
improve OS and/or surrogate endpoints for OS, such as PFS in large trials. OS and PFS
defined by RANO criteria are also widely used to identify and validate prognostic imaging
biomarkers for survival in order to navigate further treatment strategy. In order to have a
standardized method for the evaluation of post treatment tumor growth, as well as for the
comparison of our results with previous literature, we chose to use RANO criteria in study |
and 11l [136].

All measurements and classifications of status of progression or non-progression were
performed retrospectively for study | and prospectively in study Ill. While preoperative
examinations were always performed with the same tumor protocol in our hospital, follow
up examinations were often carried out in satelite institutions using different MRI routines.
The main differences in the MR protocols were related to the use of 3D imaging versus 2D
imaging and T1 gradient-echo (MPRAGE) versus spin-echo (SPACE) sequences, which
may have had an impact on the accuracy and the reproducibility of our measurements.

Lack of standardization of initial and follow-up tumor protocols for high-grade gliomas were
discussed broadly in our regional oncologic meeting of autumn 2019. Here specialists and
researchers with an interest in neurooncology (radiotherapy and medical oncology),
neurosurgery, neuropathology, neuroradiology were tasked with establishing minimum
standards for imaging (preoperative, intraoperative, postoperative and follow-up controls),
and multimodality therapy (surgical oncology for gliomas, radiotherapy, chemotherapy) in
order to coordinate our academic brain tumor center with local institutions. Consensus was
obtained that was also in agreement with the European recommendations for best clinical
practice for glioma imaging [95]. This including the clear advantages of 3D volumetric
imaging over 2D imaging whereby the ability of 3D imaging to make reconstruction in all
planes, resulting in more accurate measurements was acknowledged. In addition, the
higher resolution of 3D imaging reduces the risk of missing small foci of contrast
enhancement due to partial volume effects [191]. A recent study also showed that
bidimensional measurements was prone to underestimating progression in patients with
glioblastoma [192].These findings emphasize importance to develop technics for volumetric
assessment of glioblastoma growth in the future.
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Another challenge was the estimation of PFS related to progression and
pseudoprogression. We registered pseudoprogression in 18 % of glioblastoma patients in
study Ill, by reviewing all available follow-up examinations and clinical information. None of
the glioblastoma patients in study Il received VEGF-targeted therapy and consequently the
opposite phenomenon - pseudoresponse was not observed.

lll-defined borders and uncertainties in differentiating tumors from other treatment-related
changes (e.g.radiotherapy induced leukoencephalopathy) was an additional challenge in
defining progression in non-contrast-enhanced low-grade gliomas in study I.

5.2 Specific considerations study |

5.2.1 The prediction of survival outcome in patients with diffuse glioma by perfusion
and diffusion MRI

The use of MRI for prediction of recurrence and survival time in the clinical evaluation of
gliomas, has received much attention. Grade of tumor cellularity and microvascularity
associated with vascular neogenesis can be measured with diffusion and perfusion MRI
techniques respectively. Those features of neoplastic tissue that reflect the aggressiveness
of gliomas may assist in the stratification of patients into subgroups resulting in more
uniform clinical outcomes. Considering the poor long-term survival in patients with diffuse
glioma grade Il and I, there is a pressing need to balance treatment and quality of life.
Non-invasive imaging biomarkers can be used for monitoring disease and treatment
decisions, particularly at the time of recurrence.

In study |, we identified the histogram derived perfusion and diffusion MR parameters that
could most efficiently predict PFS and OS in patients with WHO grade Il and Ill in a
preoperative situation. We found that significantly longer PFS was associated with a more
homogeneous rCBYV distribution with higher rCBVpeak (median, 37 versus 26 months,
HR=3.2, P=0.02) in patients with astrocytomas. Interestingly, in contrast to the astrocytoma
subgroup, we identified longer PFS (median, 44 versus 39 months, HR=7.9, P=0.003) in
the group of patients with oligodendrogliomas with heterogeneous microvascular anatomy
(low rCBVpeak) and higher vascularity (high rCBVyean). These results suggest, that high CBV
in oligodendrogliomas, in contrast to astrocytomas, does not necessarily reflects aggressive
behavior and consequently outcome. Previous studies showed that microvessel
angiogenesis correlates more strongly with patient survival compared with microvessel
density [193, 194]. High heterogeneous microvascularity in oligodendrogliomas may be
explained by the presence of branching network of delicate capillaries, typically observed in
oligodendrogliomas, rather than by presence of angioneogenesis [33]. Theoretically, the
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presence of these vascular microstructures may also increase chemotherapy delivery of
intravascularly administered drugs with benefit to response and consequently outcome. In
contrast, vascular neogenesis in gliomas implicated resistance to TMZ treatment and was
associated with shorter outcomes [195, 196]. The biological basis for increased
chemosensitivity in patients with oligodendrogliomas, associated with the loss of
chromosomes 1p19q, is still unclear [33].

Diffusion-based MRI metrics were not able to stratify survival in patients with WHO grade Il
and Il in our study. These results were not in agreement with previous reports showing
associations between diffusion parameters and survival in diffuse gliomas. Hilario et al in a
study that included 126 diffuse gliomas found that lower ADC and higher rCBV values
correlated with a worse prognosis. The median overall survival in patients with ADC < 0.799
x 10~ mm?/s was under 1 year. In addition, minimum ADC and maximum rCBV values
predict overall survival regardless of histologic grade [197]. Cuccarini et al demonstrated in
a cohort of 89 patients that significantly longer OS was observed in patients with minimum
normalized ADC above cut-off ratio of 1.69 (80 versus 55 months, p = 0.01; 80 versus 51
months, p = 0.002, respectively) [198]. This result was also confirmed when cases were
stratified according to pathology (low-grade gliomas versus high-grade gliomas). These
conflicting results may be partially attributed to the differences in study populations. In
addition to glioma grade Il and Ill, Hilario and Cuccarini included patients with glioblastomas
(grade IV) in their study cohord. Neill et al showed that median and 10% ADC was
significantly associated with PFS in patients with recurrent gliomas grades Il and Il [199].

Generally, OS is the most definitive and objective endpoint in oncology. Nevertheless, the
slow growth pattern of the majority of low-grade gliomas in association with a rare
radiological true responses despite a favorable clinical response to treatment brings
logistical challenges for using OS both for the purpose of research and in clinical trials
[200]. In our study, we found differences in OS only for patients with astrocytoma grade I,
but not in patients with diffuse astrocytoma grade Il and oligodendrogliomas grade Il/lll. The
most obvious reason is the long survival time among patients with oligodendrogliomas and
grade Il astrocytoma (up to 12-15 years), while OS censoring was performed after 5 years
observation for practical reasons. Because of the long observation time of OS, PFS is
instead considered the more reliable assessment of efficacy for investigational treatments
in clinical trials. Prolonged PFS can be translated into a clinical benefit.

Determination of radiological progression in low-grade gliomas is a significant challenge
because of their manifestation by small, incremental, and often asymptomatic increases in
size on T2-weighted images. Low-grade gliomas most commonly present as ill-defined
T2/FLAIR hyperintense lesions and display no contrast enhancement. Therefore, it can be
difficult to differentiate tumor from other treatment-related changes, such as radiation-
induced leukoencephalopathy. In addition, these tumors grow slowly. It may take a long
time to achieve a 25% increase in lesion size (the threshold for radiographic progression in
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high-grade gliomas by RANO criteria). For these reasons, in addition to determining
changes in tumor size, other measures of clinical benefit such as changes in neurocognitive
function, quality of life and seizures may be useful in assessing the utility of novel therapies.
In particular seizure control has recently been proposed as an additional metric in disease
response and as an endpoint in trials for low-grade gliomas [201].

5.3 Specific considerations study Il

5.3.1. Identification of genetically defined oligodendroglioma by diffusion and
perfusion MRI

The diagnostic criteria for astrocytoma and oligodendroglioma have been updated in 2016,
where the genotype trumps the histological phenotype. In addition to the presence of the
IDH mutation, 1p/19q codeletion is mandatory for the diagnosis of oligodendroglioma. All
patients in studies | and Il underwent genetic testing with determination of 1p/19q
codeletion status and were reclassified to oligodendrogliomas or astrocytomas accordingly.
Primary original diagnosis was based on histopathology and included mixed gliomas in
addition to oligodendrogliomas and astrocytomas.

Prior to the WHO classification update of 2016, several studies evaluated the value of
perfusion and diffusion-weighted MRI to differentiate between histopathological subtypes of
gliomas [148, 202]. However, inclusion of mixed glioma (oligoastrocytomas) in these
studies impedes a direct comparison of the results. For this reason, we reviewed our results
in light of research based on the genotypic classification of glioma, published mainly after
2016.

Our main finding was higher microvascularity (high CBVwuean) and higher cellular density
(low ADC\ean) in oligodendrogliomas compared with astrocytomas, regardless of
histopathological grade. In particular the combined use of diffusion and perfusion histogram
parameters (CBVyean, ADCpean, CBVpeak, ADCpeak) included in logistic regression had
superior diagnostic performance versus single parameters to identify oligodendroglial
tumors. In agreement with our findings, Leu et al showed, that a separate multivariable
logistic regression model was able to differentiate between 1p19qg+ and 1p19g— WHO Il
gliomas with an AUC of 0.80 (p = 0.0015, 64% sensitivity, 82% specificity) [203].

Also similar to our results, Leu et al did not observe differences in vascular densities and
cellularity between oligodendrogliomas and astrocytomas of WHO grade Il with substantial
overlap between rCBV and ADC measurement in these tumors [203]. Apparent intratumoral
neoangiogenesis and cellularity are the main reason for elevated CBV and ADC in gliomas,
respectively. The absence of apparent neoangiogenesis and high mitotic activity in low-
grade tumors may be a possible explanation for these undetectable rCBV and ADC
variations.

In contrast to our results, Yoon et al found that the rCBV values were not significantly
different between the oligodendroglioma and astrocytoma groups grade Il and 11l [204].
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These conflicting results may be partially explained by different methodology (3D ROI
analyzed of whole tumor volume in our study versus 2D ROI of the contrast enhanced part
of tumor in the study by Yooh et al) and different study populations (WHO grade Il and Ill in
our study versus WHO grade Il, Il and IV in the study by Yooh et al).

In the last three years, an increased number of radiogenomics studies have attempted to
predict gliomas with 1p19q mutation (oligodendrogliomas). Zhou et al used routine
preoperative MRI of 165 patients from The Cancer Genome Atlas and The Cancer Imaging
Archive to generate radiomic models based on automated texture analysis and predicted
1p19q status with an accuracy of 0.96 within the same data set [205]. Zhou et al also
investigated a pre-operative cohort of 538 diffuse glioma patients from multi-institutional
data. Based on the top 15 features (histogram, shape and texture, extracted from T1
contrast enhanced and T2-FLAIR sequences), a model achieved an AUC of 0.917 and
0.916 for the training and validation cohort, respectively [206]. Akkus et al identified 1p19q
status of 159 low-grade gliomas from post-contrast T1- and T2-weighted MR images using
convolutional neural networks (machine intelligence technique). The results of the best
performing configuration on the unseen test set had sensitivity 93.3%, specificity 82.22%
and diagnostic accuracy 87.7% [207].

There is an important limitation related to the patient cohorts in studies | and II. IDH1/2
status, which has become definitional for gliomas according to the updated classification,
was only available in 57, 7% of cases. However, the Cancer Genome Atlas Research
Network demonstrated that a strong correlation exists between the histologic class of
oligodendroglioma and the presence of IDH mutation together with a combined whole-arm
loss of 1p and 19q [208]. Furthermore, later data suggest that typical 1p19q loss is always
associated with IDH mutations [209-215]. Finally, in the recently published work by Eckel-
Passow JE a co-occurrence of 1p19q loss with IDH mutation was found [216]. In summary,
although IDH mutation was not performed in all the cases, it seems reasonable to regard
codeletion of 1p19q as a genetic hallmark defining oligodendrogliomas.

5.3.2 The discrimination between glioma WHO grades Il and Ill using diffusion and
perfusion MRI

Although genetic alteration, as IDH-mutation, 1p19q and MGMT-methylation provides
prognostic data, the majority of available literature suggests that also WHO grading based
on histopathological diagnosis is still important for the choice of therapeutic options and
predicting clinical outcomes. In patients with low-grade gliomas, it may be beneficial to
simply observe the patients’ response after surgery, rather than immediate adjuvant
therapy. Delaying radiotherapy in this setting does not have a negative impact on overall
survival and may also postpone the potential adverse effects of the therapy. Immediate
postoperative chemoradiotherapy is however appropriate in most patients with anaplastic
astrocytoma [217].
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Several studies have provided evidence of a clinically significant intraobserver variation in
the histological diagnosis of glioma, that affect the grading of glial tumors, particularly the
differentiation between grade Il and grade Il gliomas [218, 219]. Currently, both structural
and functional imaging is well placed to contribute to improving the histopathologic
diagnosis of gliomas.

Perfusion MR in patients with glioma has been studied with regard to pre-operative tumor
grading [125, 220-222], and the CBV has been used to separate low-grade from high-grade
astrocytomas [90, 119, 172, 222, 223]. However, the differentiation of glioma grade Il from
grade lll is challenging, especially in oligodendrogliomas, due to overlapping features [222,
224, 225]. In our study histogram derived perfusion biomarkers (rCBVpeak and rCBVean)
were not able to separate between WHO glioma grade Il and Il in the univariate model. In
contrast to our results, meta-analysis with inclusion of twenty-eight studies and evaluating a
total of 727 individuals showed a significant difference of relative maximal CBV between
glioma grades Il and Il with AUC 0.77 and an optimal cutoff of 2.02. Glioma grade Ill had
higher relative maximal CBV compared with glioma grade Il. When astrocytomas were
analyzed separately, the AUC increased to 0.86 but decreased to 0.61 in the
oligodendrogliomas cohort [226]. The concordance of results may be partly explained by
preselection of patients with oligodendroglial histopathological features in our study.

Parameters from diffusion MRI (ADCpeak and ADCyean) alone were not significantly different
between grade Il and grade Il gliomas in either the entire patient population nor in separate
subgroups of oligodendrogliomas and astrocytomas in our study. This finding is in
agreement with other studies where a standard b-value (b=1000s/mm?) was used [227-
229]. Studies that used ADC derived parameters from diffusion MRI with high b-value
(b=3000s/mm?) showed ambiguous results. Han et al analyzed diffusion-weighted imaging
(DW]1) at 3T with standard and high b-values (b = 1000 and 3000 s/mm?) of thirty-nine
patients with non-enhancing high and low-grade oligodendrogliomas and astrocytomas.
ADC values (minimum, maximum and mean) for the high-grade gliomas were lower than
those for low-grade glioma. These differences were much larger when a high b-value was
used (all P < 0.0001) compared to the use of a standard b-value. A cutoff value of 0.814 x
10~ mm?/s was significant to differentiate between low-grade and high-grade gliomas [89].
Kang et al used histogram analysis of ADC maps and reported that minimum ADC value
was different between grades Il and Ill gliomas for both standard and high b-value images
[90]. In contrast, Cihangiroglu et al did not find any differences in ADC derived parameters
between grade Il and grade Il gliomas using diffusion with standard b-value and high b-
value [230]. However, differences in ADC values (minimum and maximum) within the tumor
ROIls were found between grade Ill and grade IV only using high b-value. In the last
mentioned study ADC parameters were derived only from the solid tumor region, while Han
et al [89] and Kang et al [90] analyzed ADC of whole tumor volume including peritumoral
edema.
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In our study, the use of a multivariate regression model including all histogram parameters
from both perfusion and diffusion(rCBVpeak, rCBVmean, ADCpeak @and ADCpyean ) Showed
superior diagnostic performance for the classification between histopathologic subgroups of
astrocytoma (WHO Il versus WHO III) (p=0.03). Anaplastic astrocytomas depicted higher
and more heterogeneous vascular patterns in addition to higher cell densities compared to
those of diffuse astrocytoma grade Il. Qin et al demonstrated the same tendency. The
combination of diagnostic methods, including diffusion and perfusion MRI, had the highest
AUC 0.958, in distinguishing between grades Il and Il astrocytoma, followed by rCBV, AUC
0.913, and ADC AUC 0.885 [231].

Recently, promising results for grading of gliomas were achieved by means of
radiogenomics. Kim et al extracted radiomics features (n = 6472) from multiparametric MRI
including conventional MRI, ADC and CBV, acquired from 127 glioma patients with
determined IDH mutation status and grade (WHO Il or Ill). Radiomics models were
constructed using machine learning-based feature selection and generalized linear model
classifiers. In tumor grading, the multiparametric model with ADC features showed higher
performance (AUC 0.932) than the conventional model (AUC 0.555) [232].

5.4 Specific considerations study lll

5.4.1 RSl-cellularity index, FA and MD in different glioblastoma compartments
Aggressive invasiveness of glioblastoma cells into the surrounding brain is one of the
biggest challenges for effective surgery and radiation therapy. However, today most
surgical and adjuvant therapy efforts are concentrated on the contrast-enhancing part of
glioblastoma, mainly guided by structural MR images. Even using modern microsurgical
techniques, tumor recurrence is usual and typically occurs within 1—-2 cm of the original
tumor core boundary [233, 234]. There is henceforth a need to quantify cellular variability
beyond the visible borders of the enhancing tissue on MRI, in order to help navigate the
surgical process and to plan postoperative therapy.

We validated the ability of RSI to indicate cell-rich regions in the contrast-enhancing tumor
core and in the peritumoral zones. We have also evaluated the prognostic value of RSI-
cellularity index obtained from different tumoral zones in order to correlate with potential
aggressive behavior and to define potential treatment targets. The prognostic value of RSI-
cellularity index was compared with clinically established diffusion metrics such as FA and
MD.

As expected, RSI-cellularity index was highest in the contrast-enhancing core and declined
with increased distance from the tumor core to the peripheral borders of the tumor
(abnormal T2/FLAIR signal). The correlation of cellularity with T1-shortening on gadolinium-
enhanced sequences (contrast enhancing in tumor) has been reported before and may be
explained by a dominant pattern of glioma cells invasion along perivascular spaces [235].
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Invading glioma cells moves along vessel walls and disrupt connection between astrocytes

and endotelium, leading to degradation of basement membrane by loss of tight junctions in

the endothelial layer and leakage of contrast agent within the contrast-enhancing core [236-
238]. The occurrence of contrast-enhancement in diffuse gliomas generally indicate a more
malignant biological behavior [239].

The highest cellularity index was measured in the peri-enhancing zone compared to near
infiltrating zone. In agreement with histopathologic findings, the decline of cellular density
from tumor core to periphery reflects an extensively infiltrating pattern in glioblastomas with
the highest concentration of invading cells around the primary tumor mass [8].

In contrast to RSI-cellularity index, we did not find significant differences in MD values
between contrast-enhancing tumor core and peritumoral zones, which could reflect
differences in cellularity. It may indicate affection of the MD value by extracellular edema,
but less affection of RSI-cellularity index value, which maximize sensitivity to intracellular
diffusion by excluding extracellular diffusion components. Because MD is mathematically
equivalent to ADC, our results may be compared to previous DWI studies. Published
reports of the association between ADC and cellularity in the peritumoral zone
demonstrates conflicting results. Indeed, several studies demonstrated a strong negative
correlation between the ADC and tumor cellularity. Tien et al have suggested that ADC may
distinguish areas of predominantly non-enhancing tumor from areas of predominantly
peritumoral edema, especially in tumor located in the white matter aligned in the direction of
the diffusion-weighted gradient [240]. Negative correlation between ADC and cellularity was
also shown by Chang et al with the use of multiparametric linear regression model at voxel
level MR imaging that included ADC, T2-FLAIR and T1- weighted post contrast signal [235].
Barajas et al reported that in addition to cellularity, ADC in peritumoral zone inversely
correlates with other histopathologic features of tumor aggressiveness such as
microvascular expression, hypoxia and cellular mitosis [190]. In both Barajas’ and Chang’
studies, MRI findings have been approved histopathologically with stereotactic biopsy
obtained from the peritumoral zone.

However, a weak to moderate inverse correlation between ADC and cellularity was
demonstrated in studies including glioblastomas only [241, 242]. Several previous reports
have also shown that ADC alone was not a significant predictor of either PFS or OS in
patients with glioblastomas [173, 243].

These discrepancies may be explained by histopathologic heterogeneity of glioblastomas
and a lack of full understanding of which tissue characteristics play a significant role in
influencing the ADC. In fact, any structural variation of extracellular matrix can affect the
ADC value. Glioma cells tend to produce large amount of extracellular matrix component
(ECM), which serves as a substrate for cell invasion [14]. These structures theoretically
may provide considerable restriction to diffusion. However, a previous study has also
demonstrated that ECM is partly altered in gliomas and as a consequence, increased
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extracellular water component and ADC. Thus, we can assume that variation in ECM
composition may influence ADC in different directions. The heterogeneity of ECM were also
demonstrated in the study of Virga et al, which determined that ECM components exhibit
different genetic expression levels associated with poor and improved prognosis [244]. In
addition, necrosis in different stages may have both increased and decreased ADC values.
Low ADC in necrotic regions of glioblastomas was found in a post-mortem study by
LaViolette et al [245], while Crawford et al reported elevated ADC values in necrotic areas,
possibly due to protein degradation in the extracellular matrix [246].

We have also observed higher RSI-cellularity index and lower MD in normal-appearing
tissue than in the contrast-enhancing tumor core and peritumoral zone. This finding is in
line with previous rapports whereas ADC values of normal gray and white matter are
exceeded by ADC values of tumor tissue measured over a normal b-factor range [78].
Thus, to compare ADC value between tumoral (both contrast-enhanced and non-contrast
enhanced) zones is the most reliable and useful clinical approach to estimate cellular
heterogeneity.

FA value reflects the directionality of diffusion and corresponds to the anisotropic
component. There is an increasing use of DTI and tractography in neurosurgical planning
and optimization of neuro-navigation in order to minimize neurologic morbidity [98, 247].
Our results showed lower FA in the contrast-enhanced zone than in peri-enhancing zone. In
contrast, no significant differences between FA values were detected in the peri-enhancing
zones and near tumoral zones that may indicate affection of FA value in the peritumoral
zones by extracellular edema. DTI can demonstrate the local effects of tumor on white
matter integrity. Four patterns have been typically described: (1) normal signal with
changed position/direction suggesting tract displacement; (2) decreased but present signal
with normal position/direction suggesting vasogenic edema; (3) decreased signal with
disruption of fiber tracts suggesting tumor infiltration and (4) loss of anisotropic signal
suggesting tract destruction [248]. Unfortunately FA value may not provide clear
differentiating between those processes that make intraoperative detection of intact tracks
challenging. McDonald et al have demonstrated the ability of RSI to address this limitation
by removing the extracellular diffusion component [107]. FA values obtained from RSI and
standard DTI were compared within regions of FLAIR hyperintensity. FA values increased
when the FLAIR hyperintensity resolved by use of standard DTI, but remained stable with
RSI. This result suggests that the microstructure of white matter was mainly intact in
peritumoral tissue but was masked by edema.

5.4.2 Relationship between RSl-cellularity index, FA and MD in different
glioblastoma compartments and survival outcome

In our study, we found that higher RSI-cellularity index in the CET, PEZ and NZ was a
predictor of poor prognosis in glioblastoma patients and had superior diagnostic
performance to stratify survival compared with ADC and FA. We observed a significant

56



association between lower MD in the CET and shorter survival, but MD in the peritumoral
zones did not show predictive value to survival outcome. McDonald et al demonstrated the
same results in a study of 40 patients with high-grade gliomas, treated with bevacizumab,
where an increase in 90" percentile of RSI cellularity values in the FLAIR hyperintensity
area was the strongest predictor of poor PFS and OS, whereas decreases in 10" percentile
of ADC values in the FLAIR showed a weaker association with OS only [108].

The growth rate of glioma tissue with higher cellularity has been shown to be faster than
that of tissue with lower cellularity [249]. Therefore, our results suggest that tumor parts with
high RSI-cellularity index values may be predictive to tumor tissue with fast growth rates
and consequently more aggressive behavior. The identification of these tumor
compartments can be helpful to achieve representative biopsy, optimize the extent of
surgical resection and radiation field mapping, with significant advantages for patient
treatment.

In a future perspective study, detailed characterization of diffusion metrics within peri-
enhancing-, near- and far zones may provide more accurate pre- and intraoperative
information. The combination of diffusion with other functional quantitative metrics derived
from perfusion and spectroscopy MRI may also improve characterization of different
biological aspects of glioma.

5.4.3 Association between diffusion metrics and MGMT promoter methylation status
in patients with glioblastoma

MGMT promoter methylation has strong correlation with IDH-mutation and is associated
with a better response to temozolomide in patients with glioblastoma [39, 250, 251]. In our
study the presence of MGMT promoter methylation was significantly associated with longer
PFS (HR 3.3, P=0.006) and longer OS (HR 3.7, P=0.002), but we did not find any
significant correlations between RCI-cellularity index, FA or ADC and MGMT promoter
methylation status.

There is no consensus in the literature about the association between MGMT status and
MRI-based diffusion metrics.

Indeed, several studies have reported that MGMT promotor methylated tumors display
diffusion MRI features of lower cellularity (higher ADC) and severe disruption of white
matter tracts (lower FA)[252-254]. Han et al in study of 77 patients with primary
glioblastoma reported that significantly increased ADC value (P<0.001) was associated with
MGMT promoter methylation with AUC, 0.860; sensitivity, 81.1%; specificity, 82.5% [253].
Rundle -Thiele et al have showed the same results in a study with 32 glioblastomas [254].
In both studies, 2D ROI with measures of minimum ADC were used, in contrast to whole-
tumor 3D analysis by histogram method as in our study, which may be a possible
explanation for result discrepancies. In line with our findings, Ahn et al, Gupta et al and Qin
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et al did not find significant correlations between ADC or FA values and MGMT promoter
methylation status [231, 255, 256].
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6. CONCLUSIONS

We have investigated advanced imaging techniques, namely diffusion and perfusion MRI in
order to characterize patients with low-grade and high-grade diffuse glioma. Our results
suggest, that the methods proposed in this thesis may provide objective measures for
tumor cellularity and vascularity. This can be implemented in combination with other
structural and functional methods in clinical routine. Our methods may also be applied to
other emerging MR imaging techniques in order to further development of reliable
biomarkers.

Conclusions in study | and Il

There is higher microvascularity and higher cellular density in oligodendrogliomas
compared with astrocytomas, irrespective of histopathological grade. Combined use of
diffusion and perfusion MR histogram parameters had the best diagnostic performance to
identify oligodendroglial tumors.

We did not observe any differences in vascular densities and cellularity between
oligodendrogliomas and astrocytomas WHO grade Il, possibly due to the absence of
apparent neoangiogenesis and high mitotic activity in low-grade gliomas.

Perfusion and diffusion MR histogram parameters alone were not useful to differentiate
between glioma grade Il and Ill. However, a multivariate regression model including
parameters from both sequences was able to differentiate histopathologic grades in the
astrocytoma subgroup.

Significant longer PFS was associated with more homogeneous rCBV distribution in
patients with astrocytomas. In contrast, we identified longer PFS in oligodendrogliomas
patients with heterogeneous microvascular anatomy and higher vascularity. Our results
suggest that in oligodendrogliomas high CBV values are observed secondary to
microvessel density and not necessarily angiogenesis.

Conclusions in study Il

The highest RSI-cellularity index was measured in CET with a negative gradient from tumor
core to the periphery of peritumoral zone (PEZ and NZ), which reflects an extensively
infiltrating pattern in glioblastomas.
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Shorter survival outcomes were significantly associated with higher RSI-cellularity index in
the CET. This correlation was also persistent in the PEZ and NZ. These findings highlight
the importance of the peritumoral areas (PEZ and NZ) to predict further tumor expansion.

In contrast to RSI-cellularity index, MD and FA in the near zone did not show predictive
value to survival outcome. Our results suggest that RSI may overcome some limitations of
the standard diffusion MRI metrics and may provide a more reliable measure of the
increased cellularity associated with tumor progression.

Our results however, suggest that RSI, DWI and DTI cannot aid in the identification of
MGMT promoter methylation status in patients with glioblastoma /IDH-wild type.
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7. FUTURE PERSPECTIVES

7.1 The pros and cons of radiologic multicenter studies

The studies presented in this thesis included patient data from a single institution (Oslo
University Hospital, Rikshospitalet). This approach was chosen in an effort to obtain a
controlled study in which all patients were examined with the same tumor protocol and with
limited variation in the use of MRI scanners. This also reflects our attempt to avoid
heterogeneity in clinical practice among institutions, which may be a major confounding
factor in interpreting results.

However, in order to validate the stability of the proposed methods, reproducibility of
measures and diagnostic efficacy, our results will need to be assessed via large, multi-
institutional studies. Multicenter collaboration may also result in higher rates of patient
enrolment than that of a single-center, thereby generating larger studies over a shorter time
[257].

In the future, a cross-site study should include data from several medical centers in order to
evaluate the reproducibility of our results across multiple vendor platforms.

7.2 Histopathologic validation of MRI findings.

Correlation of diffusion MRI metrics with survival outcome reflects indirectly histopathologic
features of tumor aggressiveness such as tumoral cellular density, microvascular
expression, hypoxia and cellular mitosis. In our RSI study, we have used OS and PFS as
indicators to more infiltrative cell-rich regions with aggressive behavior. However, the lack
of a histopathologic and molecular ground truth from the peritumoral infiltrating areas is an
important limitation in our study. Rigorous histopathological validation of species obtained
from the same tumoral zones as segmented on MRI is needed to assess the potential value
of MRI techniques. In future work, we plan to perform targeted biopsies in several
peritumoral regions and relate the imaging-based predictor-metrics to histopathology-
proven density of neoplastic cells.

7.3  Future directions and applications of advanced MR imaging in neuro-oncology
The currently available advanced brain tumor MR imaging techniques, such as diffusion-
weighted MR imaging and perfusion MR imaging, have been used for solving diagnostic
challenges associated with conventional imaging. Further development of advanced MR
imaging techniques and postprocessing methods as discussed below may contribute to
more detailed histopathologic and molecular characterization of glioma, guiding surgical
procedures and predicting the treatment response to a specific therapeutic regimen [258].
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7.3.1 Emerging MRI techniques

Recent advances in MR technology including simultaneous multislice echoplanar imaging
and the use of multiple receivers have accelerated acquisition times permitting diffusion
spectrum imaging (DSI) to be used clinically. Many of these developments became possible
due to the work being done on the Human Connectome Project, which is a collaborative 5-
year effort to map human brain connections and their variability in healthy adults [259].

One of the latest achievements is Diffusional Kurtosis Imaging (DKI), a method that may
assess non-Gaussian diffusion through high diffusion weighted imaging. DKI increase the
sensitivity to tissue features and provides information associated with complex intratumoral
cytoarchitectonic environment [260]. DKI has fewer systematic error than those from
DWI/DTI and is qualitatively comparable to DSI. Kurtosis parameters demonstrate abilities
to characterize microstructural differences between low-grade and high-grade gliomas
[261]. In addition, kurtosis imaging allows assessment of isotropic structures, including the
cortex and basal ganglia, which are important limitations of DTI [262]. Because diffusional
kurtosis imaging has a shorter typical scan time than diffusion spectrum imaging, diffusional
kurtosis imaging is potentially more suitable for a variety of clinical and research
applications [263].

Intravoxel incoherent motion (IVIM) is entering the clinical field for evaluating tissue
perfusion allowing separation of microcirculation from true water molecular diffusion.
Simultaneous acquisition of diffusion and perfusion parameters by IVIM reflects tumor
cellularity and vascularity, respectively, and does not require any co-registration process
between diffusion and perfusion based images. IVIM is also independent of the arterial
input function and does not require intravenous contrast agent injection for the data
acquisition [264, 265]. Moreover, the combination of IVIM and ASL enables the estimation
of water permeability across the BBB, suggesting a potential imaging biomarker for
disrupted-BBB diseases, as brain tumor [266].

High Angular Resolution Diffusion Imaging (HARDI) produces more robust and accurate
fiber orientation than standard DTI. HARDI g-ball fiber tractography successfully identified
language tracts of glioma patients preoperatively and predicted postoperative functional
recovery in its first clinical prospective study [267]. However, newer methods have not yet
translated into the clinical arena due to complex post-processing algorithms and long
acquisition times. We have yet to see which diffusion-weighted method, HARDI, DSI, or
DKI, will achieve clinical predominance in the future.

Chemical Exchange Saturation Transfer (CEST) is a new contrast enhancement technique
that enables the indirect detection of molecules with exchangeable protons and exchange-
related properties [268] . CEST makes MRI sensitive to the concentrations of endogenous
metabolites and their environments.
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Amide proton transfer (APT) imaging is a variant of CEST imaging in which the
magnetization of the "proton of interest" is detected indirectly through the chemical
exchange with bulk-water protons [269, 270]. ATP is a noninvasive MR imaging technique,
which is potentially useful to reflect tumor-cell proliferation and provides information
regarding the pH of tissue by sensitive to endogenous mobile proteins and peptides [271].
Quantitative APT parameters have the potential to be sensitive indicators of treatment
responses [272] and to function as a prognostic biomarker of brain gliomas by reflecting
cellular proliferation levels that correlate with Ki-67[273]. Thus, APT imaging has the
potential to provide completely different biologic information on molecular changes and the
tumor proliferation index, compared with that shown by both DWI and perfusion MR
imaging. Registration of changes in endogenous molecules caused by molecular events
can provide valuable information relating to treatment response. For this reason, APT
imaging could be a complementary imaging biomarker for glioma studies despite its
inherent technical limitations, as low spatial resolution, long imaging time, and high operator
dependency [258].

7.3.2 Atrtificial intelligence

Artificial intelligence (Al) algorithms, especially deep learning, have shown remarkable
progress in image-recognition tasks. Methods ranging from convolutional neural networks
to variation auto encoders have been applied for multiple medical radiological tasks, aiding
in the detection, characterization and monitoring of diseases. Al methods generate
automatically recognizable patterns in imaging data and providing quantitative, rather than
qualitative assessments of radiographic characteristics and their interpretations [274].

There are two main approaches to Al for medical images in clinical use today. The first,
machine learning, uses handcrafted engineered features, that are defined in terms of
mathematical equations and can thus be quantified using computer programs [275]. The
texture analysis, frequently used in brain tumor studies, is one of the examples of machine
learning algorithms based on predefined engineered features.

The second method, deep learning, can automatically learn feature representations from
data without prior definition by human experts. This data-driven approach allows for more
abstract feature definitions, making it more informative and generalizable. Deep learning is
also often robust against inter-reader variability due to its ability to learn complex data
representations, and may be applied to a large variety of clinical conditions and parameters.
[276].

In study Il and Ill we used leave-one-out cross-validation, machine-learning techniques for
statistical analysis. The goal of cross-validation is to test the ability of the model to predict
new data that was not used in estimating it. This avoids issues such as overfitting and
selection bias [277].
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In a future perspective study, we will attempt to implement Al methods in our research
algorithms. This will be especially useful for time-consuming tasks such as segmentation,
volumetric estimation, statistical analysis and probably also could be used in
characterization of tissue in order to increase efficiency and reduce errors.
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Abstract

Purpose According to the revised World Health Organization (WHO) Classification of Tumors of the Central Nervous System
(CNS) of 2016, oligodendrogliomas are now defined primarily by a specific molecular signature (presence of IDH mutation and
1p19q codeletion). The purpose of our study was to assess the value of dynamic susceptibility contrast MR imaging (DSC-MRI)
and diffusion-weighted imaging (DWI) to characterize oligodendrogliomas and to distinguish them from astrocytomas.
Methods Seventy-one adult patients with untreated WHO grade II and grade I1I diffuse infiltrating gliomas and known 1p/19q
codeletion status were retrospectively identified and analyzed using relative cerebral blood volume (rCBV) and apparent diffu-
sion coefficient (ADC) maps based on whole-tumor volume histograms. The Mann-Whitney U test and logistic regression were
used to assess the ability of tCBV and ADC to differentiate between oligodendrogliomas and astrocytomas both independently,
but also related to the WHO grade. Prediction performance was evaluated in leave-one-out cross-validation (LOOCYV).
Results Oligodendrogliomas showed significantly higher microvascularity (higher rCBVyse.,>0.80, p=0.013) and
higher vascular heterogeneity (lower rCBVpg, <0.044, p=0.015) than astrocytomas. Diffuse gliomas with higher
cellular density (lower ADCyjean <1094 x 107 mm?/s, p=0.009) were more likely to be oligodendrogliomas than
astrocytomas. Histogram analysis of rCBV and ADC was able to differentiate between diffuse astrocytomas (WHO
grade II) and anaplastic astrocytomas (WHO grade III).

Conclusion Histogram-derived rCBV and ADC parameter may be used as biomarkers for identification of oligodendrogliomas
and may help characterize diffuse gliomas based upon their genetic characteristics.
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Introduction

Increasing evidence suggests that the presence of certain
genetic aberrations in diffuse gliomas significantly im-
proves prognostic accuracy compared to a diagnosis
based exclusively on histology. Several large clinical
trials have demonstrated more benefit from chemothera-
py and better overall survival in patients with the pres-
ence of an IDH mutation and 1p19q codeleted gliomas
(oligodendrogliomas) as compared to their genetic coun-
terparts (astrocytomas). Differentiation between these
two entities affects treatment strategy [1-4].

The revised fourth edition of the 2016 World Health
Organization (WHO) Classification of Tumors of the Central
Nervous System (CNS) incorporates genetic markers as the
basis for classification [5]. For tumors harboring astrocytic
and oligodendroglial elements, the genetic constitution will
define it as an astrocytoma or oligodendroglioma [6, 7].
Specifically, diffuse gliomas with mutations in isocitrate de-
hydrogenase 1 or 2 (IDH1 and IDH?2) and whole-arm losses of
Ip and 19q (1p/19q codeletion) will be classified as
oligodendrogliomas, while those without 1p/19q codeletion
will be classified as astrocytomas with or without /DH1/2
mutation [5].

The current diagnostic standard for grading of diffuse gli-
oma is histopathological evaluation of tissue specimens and
molecular testing for the identification of genetic alteration
(IDH1/2, IDH wild type, and 1p19q codeletion status). In
cases with possible non-representative biopsy sampling and/
or conflicting molecular results, it is important to identify ro-
bust non-invasive biomarkers that may help guide clinical
decision making [6, 8].

Dynamic susceptibility contrast MR imaging (DSC-MRI)
and diffusion-weighted imaging (DWI) are widely used tech-
niques in brain tumor diagnostics. They allow characterization
of specific tumor components, as well as functional signatures
of the entire tumor and surrounding tissue. Relative cerebral
blood volume (rCBV) from perfusion MRI is a reliable bio-
marker used to assess tissue vascularity and, what is most
important for glioma grading, to estimate the apparent grade
of neoangiogenesis [9—11]. Apparent diffusion coefficient
(ADC) from DWI is used as a quantitative parameter to assess
the grade of restrictive diffusion and to provide information
about tissue structure and cellularity [12, 13].

Previous studies have demonstrated the ability of DSC and
DWI to differentiate oligodendroglioma from astrocytoma,
diffuse glioma WHO grade II from grade III, and 1p19q
codeleted tumors from 1p19q non-codeleted tumors [14—19].
But in most studies which were performed prior to the updated
WHO CNS tumor classification [20], oligoastrocytomas were
included in oligodendroglioma’s subgroup and were analyzed
together. For this reason, non-invasive in vivo functional tis-
sue information to compliment the new genetic entities
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oligodendroglioma (IDH mutant, 1p19q codeleted) and astro-
cytoma (IDH mutant, non-1p19q codeleted) is necessary.

The purposes of this retrospective study were to determine
whether the rCBV and ADC values analyzed by histogram
methods could help to classify oligodendrogliomas from as-
trocytic tumors and to distinguish diffuse gliomas WHO grade
II from grade III.

Material and methods
Patient selection

From November 2006 until May 2013, a total of 352 consec-
utive adult patients with a histopathologic diagnosis of diffuse
glioma were identified based on our clinical database. Of
these, 87 diffuse glioma grades II and III were diagnosed
histopathologically as oligodendroglioma, oligoastrocytoma,
or astrocytoma, classified according to the 2007 WHO
Classification of Tumors of the CNS, were selected.
Molecular genetic status with respect to 1p19q codeletion
was available for all patients and met the following inclusion
criteria: (1) a baseline pretreatment MRI examination from our
institution including DSC-MRI and DWI in addition to T1-
weighted and T2-weighted images, (2) age > 18 years, and (3)
a signed consent. From this group, 71 were included in the
final study cohort. The following patients were excluded: (1)
incomplete imaging sequences (n = 8), (2) insufficient image
quality (n=6), and (3) previously performed biopsy (n=2).
The patient inclusion and exclusion process is shown in Fig. 1.

Histopathologic, molecular genetic analysis
and classification

Tumor tissue obtained from needle biopsy or surgical
excision, routinely formalin-fixed and paraffin-embedded
(FFPE), was reviewed and diagnosed by experienced neu-
ropathologists. All tumors were initially classified as
oligodendroglioma, astrocytoma, or oligoastrocytoma ac-
cording to WHO 2007. They were, thereafter, divided
into genetically defined subtypes according to WHO
2016 criteria: (1) oligodendroglioma-grade II with 1p/
19q codeletion, (2) anaplastic oligodendroglioma-grade
III with 1p/19q codeletion, (3) diffuse astrocytoma-grade
IT without 1p/19q codeletion, and (4) anaplastic
astrocytoma-grade III without 1p19q codeletion.
Astrocytoma subtypes were also stratified as IDH1/2 mu-
tant or IDH1/2 wild type when IDH1/2 status was known.

In the period from 2006 to 2009, routine 1p19q codeletion
status analysis was performed by polymerase chain reaction
(PCR) using at least four of six microsatellite markers on
1p35-36 and 19q13 [21]. From 2009 on, multiplex ligation-
dependent probe amplification (MLPA) was performed for



Neuroradiology (2019) 61:545-555

547

Fig. 1 Patient flow diagram
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detection of 1p19q codeletion (SALSA MLPA probemix
P088-C2), ATRX (SALSA MLPA P013 ATRX), TP53
(SALSA MLPA P056 TP53), IDHI1 (isocitrate dehydrogenase
1 gene NM 005896.3), or IDH2 (isocitrate dehydrogenase 2
gene NM_005896.3) (SALSA MLPA P370 BRAF-IDHI1-
IDH2). MLPA is based on the ligation of two DNA oligonu-
cleotides that hybridize adjacently to DNA target sequence
and has previously been described [22]. The MLPA kit was
assembled by MRC-Holland (Amsterdam, The Netherlands).

MR imaging

MRI was performed with a 1.5-T scanner (Sonata, Symphony,
or Avanto; Siemens, Erlangen, Germany) equipped with an 8-
channel (Sonata and Symphony imagers) or 12-channel
(Avanto imager) phased-array head coil. The pretherapeutic
MRI protocol included the following sequences: axial T2-
weighted fast spin-echo (repetition time, TR 4000 ms; echo
time, TE 104 ms; slice thickness, 5 mm; flip angel 146°),
coronal fluid-attenuated inversion recovery (TR, 9000; TE,
108 ms; slice thickness, 5 mm; flip angel 120°), and axial
T1-weighted spin-echo (TR, 500 ms; TE 77 ms; section thick-
ness, 5 mm; flip angel 120°).

DWI was obtained using an axial echo-planar spin-echo
sequence (TR, 2900 ms; TE 84 ms; section thickness 5 mm)
before the injection of contrast agent. Diffusion was measured
in three orthogonal directions using b values 0, 500, and
1000 s/mm’.

Echo-planar gradient-echo DSC-MRI was acquired during
contrast agent administration with TR, 1430 ms; TE 46 ms (12
axial sections) to TR, 1590 ms; TE 52 ms (14 axial sections);

bandwidth, 1345 Hz/pixel; voxel size, 1.80 x 1.80 X 5 mm3;
intersection gap, 1.5 mm; 50 time points; flip angel 90°. After
approximately eight time points, 0.2 mmol/kg of gadobutrol
(Gadovist; Bayer Pharma AG, Berlin, Germany) was injected
at a rate of 5 mL/s, immediately followed by a 20-mL bolus of
NaCl (9 mg/mL) injected at a rate of at 5 mL/s. Post-contrast
T1-weighted images were acquired after completion of the
DSC-MRI [15].

Image processing

Data analysis was performed independently by two neurora-
diologists and blinded to the histopathological and genetic/
molecular characteristics. Tumor outlining and processing of
ADC and rCBV maps were performed using nordicICE
(NordicNeuroLab AS, Bergen, Norway). A series of ROIs
were manually drawn on every representative slice for the
entire tumor volume separately on ADC maps and T2-
weighted images (Fig. 2). The borders were drawn at the tran-
sition between abnormal hyperintensity and normal parenchy-
mal signal intensity based on visual evaluation with preferably
avoidance of cystic components. The entire tumor volume
includes both enhanced and non-enhanced components [23,
24]. Discrepancies were resolved by consensus reading.
Standard tracer kinetic models were used for creating CBV
maps from DSC-MRI, corrected for potential contrast agent
leakage from blood-brain barrier breakdown and normalized
with respect to blood volume values from normal-appearing
tissue to obtain relative CBV [24]. ADC maps from DWI were
created using standard Stejskal-Tanner diffusion approxima-
tion [17, 25]. Whole-tumor normalized histogram
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Fig. 2 Generation of rCBV and ADC histograms. Regions with signal
hyperintensities were segmented on axial T2 images, coregistrated with
rCBV maps and corresponding rCBV histogram in a 44-year-old woman

distributions of the ADC and rCBV maps were created as
described elsewhere [24]. In short, using MATLAB 2013
(MathWorks, Natick, Mass), 100 bin histograms were created
over an ADC range of 0—300 and an rCBV range of 0-7.5
(ratios; arbitrary units), respectively. The histograms were nor-
malized by making all areas under the curves equal to one to
correct for varying tumor sizes [23]. To reduce the effect of
outliers, all ADC and rCBYV values below the 5% percentile
and over the 95% percentile were excluded. The maximum
peak heights of the normalized histogram (ADCpe, and
rCBVpea), as well as means of the tumor regions of interests
(ADCpeans TCBVpean), Were calculated. rCBVyp., and
ADCpeq Were statistically used as measures of vascular and
cellular tumor heterogeneity, respectively [17, 23].

Statistical analysis

The Mann-Whitney U test was used to assess ability of
histogram-derived parameters to identify patients sugges-
tive of an oligodendroglioma independent of histopatho-
logic grade, but also in subgroups related to the WHO
grade (Il and III). The overall diagnostic performance
was analyzed by the receiver operating characteristic
curve (ROC), including values of sensitivity, specificity,
and area under the curve (AUC). Optimal cutoff points
based on the Youden index were also estimated.
Association between genetically defined subtypes, WHO
grade, and ADC and rCBV parameters was evaluated by
both univariate and multivariate logistic regressions The
leave-one-out cross-validation (LOOCYV) algorithm was
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used to estimate how accurately a predictive model dif-
ferentiates between glioma subtypes. For all cases, an
analysis value of less than 0.05 was considered to indi-
cate a significant difference. The Holm-Bonferroni correc-
tion was used to control for multiple comparisons. Statistical
analysis was performed using SPSS version 18 software
(SPSS, Chicago, USA) and R version 3.3.3 (R Project for
Statistical Computing; http://www.r-project.org).

Ethical consideration

Institutional and regional medical ethics committees approved
this study (REC-number 2013/81 2.2006.541).

Results
Study population

Seventy-one patients (37 women, 34 men; median age,
48 years; range, 18—82 years) with diffuse infiltrating glioma
grade II and Il met all inclusion criteria and made up the study
population. 1p19q status was considered for all patients, and
IDH profile IDH1 mutated, IDH2 mutated, or IDH wild type)
was determined for 57.7% of the cases. We found that 28% of
previously diagnosed oligodendrogliomas and almost 85% of
oligoastrocytomas were reclassified as astrocytomas.

Table 1 summarizes patient demographics, histopathology,
and molecular genetic status.
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Table 1

Patient demographics, histopathology, and molecular genetic status

Total (n="71)

Oligodendroglioma (n =33) Astrocytoma (n=38)

Age, mean (SD) (years) 48 (11.2)
Female sex (no.) 36 (52.2%)
Tumor grade
WHO 11 42 (59.1%)
WHO III 29 (40.9%)
Known IDH mutation status 43 (57.7%)
IDH—mutant 41 (95.3%)
IDH—wild type 2 (4.6%)

49 (11.3) 38 (12.1)

19 (57.6%) 17 (47.2%)

23 (54.7%) 19 (45.3%)

10 (34.4%) 19 (65.6%)

18 (41.9%) 25 (58.1%)

18 (100%) 23 (92%)
2 (8%)

DSC-MRI and DWI histogram parameters
for differentiation between oligodendrogliomas
and astrocytomas

Detailed results for DSC-MRI and DWI parameters based on
histogram analysis to distinguish oligodendrogliomas from
astrocytomas are summarized in Table S1. ROC analysis with
suggested optimal cutoff value and estimated positive and
negative predictive values for each of parameters with signif-
icant probability values is given in Table 2.
Oligodendrogliomas showed a significantly higher
rCBVyean and lower tCBVpe, compared to diffuse astrocy-
tomas (p=0.013; p=0.015, respectively). ROC analysis
yielded AUC values of 77% using the parameter rCBV can
and 80% for the parameter rCBVp,y, respectively, for dis-
crimination of oligodendrogliomas from diffuse astrocytomas.
Figure 3 illustrates average rCBVp, histograms for all
oligodendrogliomas and astrocytomas regardless of grade.

Diffuse gliomas with lower ADCyje,, Were more likely to
be oligodendroglioma rather than astrocytoma (p =0.009).
Higher ADCpc,ac and lower ADCyeqan indicated
oligodendroglioma when the glioma grade II subgroup was
analyzed separately (p = 0.042; p =0.001, respectively).

Figure 4 demonstrates boxplots with distribution range of
rCBVpear, TCBVyean, and ADChyeq, Values in different sub-
groups of diffuse gliomas.

In our study, the linear combination of most signifi-
cant variables (rCBVpe., TCBVyiean, and ADCyean)
based on logistic regression had the superior diagnostic
performance in differentiating oligodendrogliomas from
diffuse astrocytomas. ROC analysis yielded AUC value
of 84% (Table 2, Fig. 5). In LOOCYV, this combined
predictive model have 28% error rate when all gliomas
were included and 21% in grade II gliomas subtype;
however, misclassification rate was increased to 42%
when just grade III gliomas were analyzed.

Table 2 Results of ROC curve analysis and error rate estimated using leave-one-out cross-validation of DWI and DSC-MRI histogram-derived

parameters in patients with diffuse glioma grade II and 111

Cutoff points Sensitivity % Specificity % Positive predictive Negative predictive ~ AUC Error rate
(95% CI) (95% CI) value % (95% CI) value % (95% CI) (%oy**

Oligodendroglioma vs astrocytoma (WHO grade II and I1I)

ADCptean <1094 x 107 mm%s 63 (54;82) 61 (51;83) 65 (52;81) 73 (61; 87) 76 32

TCBVpeax <0.044 78 (56;82)  78(54;93) 76 (63; 88) 76 (63; 88) 80 30

rCBVyean >0.80 mL/100 g 68 (52;90)  93(69;99) 65 (48; 83) 92 (70; 98) 77 32

Linear combination based 92 (62;96)  81(69;99) 88 (62;96) 80 (70; 98) 84 28

on logistic regression*

Oligodendroglioma vs astrocytoma (WHO grade II)

ADCpear >0.043 57(37,75)  95(68;99) 54 (36;75) 94 (70; 98) 69 36

ADCpyean <1101 x10° mm?/s 84 (70;93) 65 (47;82) 85 (70; 93) 67 (49; 82) 75 33
Oligodendroglioma vs astrocytoma (WHO grade I1I)

rCBVpeax <0.046 68 (49;85)  73(61;87) 65 (46; 81) 72 (61; 87) 73 34

CI confidence interval, AUC area under the curve

*Linear combination included most significant variables: ADCygean, TCBViiean, and rCBVpeai

**Error rate was estimated using leave-one-out cross-validation
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The correlations between rCBVpeai, TCB Vyean, ADCpear, and
ADCyjean and WHO grade are demonstrated in Table S2.
There was a substantial overlap in rCBV and ADC
histogram-derived biomarkers between WHO glioma grade
II and III, and no significant differences were observed in
the univariate model. LOOCV performed with inclusion of
these four parameters showed also high error rate (49%). In
the multivariate regression model, the value of ADCyyean Was
an independent variable for discriminating between astrocyto-
ma WHO grades I and I1I (p = 0.03). The odds of astrocytoma
WHO grade III increased in low ADCyeq, lesions (OR, 0.92
for each unit decrease in ADCyjean With 95% CI, 0.82—0.98).

Discussion

In our study, we identified microvascularity parameters sug-
gesting a denser and more heterogeneous vascular distribution
in oligodendrogliomas compared to those of astrocytomas.
Measures of rCBV parameters showed fair diagnostic perfor-
mance and further improved diagnostic value in combination
with ADC parameters for discriminating oligodendroglioma
from astrocytoma.

Our results imply that histogram-derived rCBV and ADC
values could be useful imaging biomarkers for differentiating
these two types of diffuse glioma. Non-invasive biomarkers are
of special relevance in cases with ambiguous biopsy results,
deep-seated inoperable tumors, and in patients with primary
or recurrent tumors where a “wait-and-see” management is
pursued. Moreover, identification of oligodendroglioma is also
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of importance for the choice of therapeutic strategy. Patients
with oligodendroglial tumor grade III have been shown to ben-
efit from procarbazine, lomustine, and vincristine (PCV),
whereas in patients with astrocytoma grade III, temozolomide
has been shown to be beneficial [1, 2].

The key finding in our study is higher vascularity
(high rCBVjean) in oligodendrogliomas as compared to
astrocytomas, regardless of histopathological grade. A
few retrospective studies have attempted to correlate
1p19q codeletion with rCBV and have demonstrated
findings similar to ours [19, 26]. Jenkinson et al. showed
that rCBV > 1.59 predicted 1p/19q status with 92% sen-
sitivity and 76% specificity [18]. In contrast to our re-
sults, Yoon et al. found that the volume transfer coeffi-
cient (K"™"), extravascular extracellular distribution vol-
ume (V,), and rCBV values were not significantly differ-
ent between the oligodendroglioma group and grade II/I11
astrocytoma group [27]. Increased blood volumes in
oligodendrogliomas could be explained by higher meta-
bolic demands associated with 1p/19q codeletion [28].
Increased F-FDG uptake was demonstrated in positron
emission tomography and single-photon emission com-
puted tomography studies [28, 29]. Moreover, high
intratumoral metabolism may also explain increased sen-
sitivity to chemotherapy. It was suggested that alkylating
agents exert a more beneficial effect in tumors with
higher cell turnover and DNA synthesis rates, which
are known to correlate with higher glucose utilization
and metabolism [30, 31]. We did not observe differences

04

I I T 1
06

1 - Specificity

in vascular densities between oligodendroglioma and as-
trocytoma in grade II tumors. While this result is based
on the new WHO classification, our finding corroborates
previous work and suggests that 1p/19q codeletion alone
is not categorically linked to vascular status and apparent
neoangiogenesis in low-grade tumors. Instead, our data
also suggest higher vascular heterogeneity (low
rCBVpai) in oligodendrogliomas compared to astrocyto-
mas regardless of tumor grade. This idea is also consis-
tent with previous findings from our group [15], as well
as that of Cha et al. who also showed that rCBVmax
measurements varied greatly within each individual
oligodendroglioma (1.29 to 9.24), whereas astrocytomas
tended to have little relative variation (0.48 to 1.34) [32].

Another important finding in our study was the
higher cellular density (low ADCyean) in patients with
oligodendroglioma compared to astrocytoma. These re-
sults parallel those of previous studies reporting lower
maximum ADC, and a lower mean histogram ADC, in
tumors with 1p/19q loss compared to those without [16,
17, 33]. There are several possible explanations for the
increase of restrictive diffusion in oligodendroglioma.
One of them is the presence of calcification which is
common in oligodendroglioma and may limit water con-
tent as well as and hinder water movement [34].
Classical oligodendroglial tumors are often highly cellu-
lar lesions with closely packed, relatively small cells in
central regions and prominent secondary structure for-
mation, such as clustering of tumor cells around the
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perikarya of preexisting neurons (satellitosis) and sur-
rounding cortical small vessels (perivascular aggregates)
[35]. These formations may also delay passage of small
molecules as they need to navigate around cellular
obstacles.

In our study, ADCpea and ADCyjean values were not
significantly different between oligodendroglioma grade
II and oligodendroglioma grade III. Our findings there-
fore do not seem to corroborate those of Lin et al. who
reported a significantly lower normalized ADC in high-
grade oligodendrogliomas compared to low-grade
oligodendrogliomas [36]. These differences, however,
may be explained through differences in methodology
(hotspot method vs histogram approach).

Other authors have demonstrated that tumors with 1p/19q
codeletion tend to have a narrow histogram peak (higher
ADCpeyi) indicating greater homogeneity, compared to tu-
mors with intact 1p/19q [17]. In our study, this association
was observed just for grade II tumors, a finding that most
likely may be explained by higher numbers of edematous
areas, hemorrhage, and cystic or mucinous degeneration in
anaplastic tumors compared to low-grade tumors.

Moreover, we found that combined use of ADC and rCBV
histogram parameters also improved the ability to identify
oligodendroglial from astrocytic tumors. This result is in line
with those of a recently published study that found that ADC
in combination with rCBYV, T2 volume enhancement, and con-
trast enhancement distinguished IDH mutant/1p19q codeleted
from IDH mutant/1p19q non-codeleted gliomas [37]. In con-
tradiction, neither rCBV nor ADC parameters could distin-
guish between histopathologic grades in diffuse gliomas as
previously suggested [38].

Our study has limitations. First, two different assays (FISH
and MLPA) were used for detection of 1p and 19q deletions in
tumoral tissue. 1p/19q codeletion as detected by FISH could
in principle be loss of alleles and not the whole arms, thereby
yielding false positive results. Although MLPA in principle is
more sensitive and less dependent on individual interpretation
than FISH, both technologies have showed concordant results
in validation studies [6, 39]. Second, there is a risk of classi-
fication errors in histopathological diagnoses of tumor sam-
ples derived from biopsies, particularly with regard to the
differentiation between grade II and grade III gliomas [8,
40]. Third, our study may also be limited by the preselection
of patients with histological oligodendroglial features only.
Fourth, IDH1/2 status was not available in all the patients
(57.7% of patients cohort). However, a large number of stud-
ies show that IDH1/2 mutation occurs in all 1p19q-codeleted
tumors and the great majority of diffuse glioma grade II/III
also falls into the IDH mutant category [6, 7, 41-45]. Finally,
as is true across all imaging modalities, the manual tumor
outlining performed in our study is subjective and reproduc-
ibility may be challenged when used in combination with
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advanced imaging techniques. However, the high
intraobserver agreement of the histogram method suggests
that subtle changes in ROI editing are relatively unimportant,
given the large number of data points included in the histo-
gram [23].

In conclusion, non-invasive glioma assessment is an
important supplement to neuropathological evaluation in
newly diagnosed disease and longitudinal follow-up.
Histograms derived DSC-MRI, and DWI parameters
may be used as non-invasive imaging biomarkers for
identification of oligodendroglioma as defined by the
new WHO 2016 classification criteria.
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Abbreviations

RSI = Restriction Spectrum Imaging, FA = fractional anisotropy, MD = mean diffusivity, OS = overall
survival, PFS = progression free survival, CET= contrast-enhancing tumor core, PBZ = peritumoral
brain zone, PEZ = peri-enhancing zone, NZ = near zone, FZ = far zone.

Abstract
Background and Purpose.

Standard surgical and adjuvant therapy of glioblastoma are mainly guided by structural MRI which is
insufficient for identification and delineation of the non-enhanced infiltrating part of the tumor. We
studied the ability of Restriction Spectrum Imaging (RSI), a novel advanced diffusion imaging
technique, to estimate levels of cellularity in different glioblastoma regions and evaluated their
prognostic value.

Methods

Forty-two patients with untreated glioblastoma, were examined with an advanced MRI tumor
protocol. ROl was obtained from the contrast-enhancing part of tumor and the peritumoral brain
zones and then co-registered with RSl-cellularity index, fractional anisotropy (FA) and mean
diffusivity (MD) maps. The ability of diffusion metrics to stratify survival were assessed by Cox
proportional hazard regression analysis (CPH), adjusted for significant clinical predictors.

Results

The highest RSl-cellularity index values were measured in the contrast-enhancing tumor core with
negative gradient towards to the tumor edge (P<0.001). Shorter OS was significant associated with
higher RSI-cellularity index (Hazard ratio (HR) 3.6, P=0.002) with synchronal decrease in FA (HR 5.72,
P=0.006) and MD (HR 0.31, P=0.008) in the contrast-enhanced tumor core. This association was also
consistent for RSI-cellularity index value measured in the peri-enhancing zone (HR 3.6, P=0.041).

Conclusion

Unlike conventional diffusion metrics, RSI-cellularity index was robust and stable measurement for
tumor tissue cellularity. Pretreatment RSI may be used as biomarker to improve risk stratification in
patients with glioblastoma.



Introduction

Glioblastomas are the most common and invasive primary tumors of the brain in adults. Despite
recent advents in treatment options, the prognosis of glioblastoma remains nearly uniformly fatal.
Among other prognostic predictors, surgical treatment related to its extension is the only one that
can be directly influenced in the initial stage of disease.'Complete macroscopic tumor removal (gross
total resection) in patients with glioblastoma is a primary surgical goal and in comparison to subtotal
resection prolongs overall survival (OS) and progression free survival (PFS).2

Glioblastoma growth is characterized by diffuse infiltration of normal brain tissue, with tumor cells
moving through the hyaluronic acid-rich parenchyma towards microvasculature and then migrating
rapidly along vascular tracks.® Intraoperative navigation based mainly on postcontrast MRI is the
standard of care for glioma surgery in an effort to achieve maximal safety resection. Still, this
technique is based on visual identification of regions with disrupted blood-brain barrier that cannot
accurately detect tumor infiltration beyond the apparent borders of the enhancing region. Similarly,
the current radiation treatment regimen involves exposure of a margin around the resection cavity,
which normally receives a spatially uniform radiation dose.” >Non-invasive and robust diagnostic
biomarkers are therefore warranted for identification of high-cellularity components in efforts to
increase cytoreductive treatment with real benefits to prognosis.

ADC derived from DWI is inversely related to tissue cellularity, the number of tissue cells, and has
been proposed to be a noninvasive imaging biomarker for detection of intratumoral high cell density
areas®. However, edema associated with inflammation, infiltration and necrosis increases
extracellular diffusion and thus ADC values’.

In this work we attempted to evaluate the role of Restriction Spectrum Imaging (RSI), a novel
diffusion-weighted MRI technique, that separates the relative contributions of hindered and
restricted signals originating from extracellular and intracellular water compartments, respectively,
by using a multi-shell acquisition, together with an advanced linear mixture model to resolve a

8,9

spectrum of length scales and incorporating geometric information ® °. Use of RSI has previously

demonstrated to improve tumor delineation and also to help stratify survival in patients with
glioblastoma "™,

In the current study, we tested the hypothesis that the cellularity in the peritumoral brain zone
declines with increased distance to the tumor core and RSI is able to provide information that
highlights heterogeneity with the peritumoral brain zone. Therefore, the aims of this study were
threefold: (1) to evaluate the ability of RSI for improved delineation of tumor core from peritumoral
brain zone and perilesional normal-appearing zone; (2) to evaluate the association between RSI
metrics and 0°-methylguanine-DNA methyltransferase promoter methylation (MGMT) status; (3) to
investigate the association of RSI parameters with OS and PFS in patients with glioblastoma and
whether the RSI-cellularity index value would be a more robust imaging biomarker than DTI derived
parameters.



Materials and Methods

Study design and ethics

The study is a prospective cross-sectional analysis of data acquired from Oslo University Hospital
from June 2016 to December 2018. All patients provided written informed consent for use of clinical
data and imaging surveys for research purpose. Institutional and regional medical ethics committees
approved this study, REC-number 2018/2464.

Patient population

The prospective cohort included ninety-two patients who required an image-guided stereotactic
biopsy or surgery for presumed high-grade gliomas referred from local hospitals. Supplementary
figure 1 shows the patient selection and dichotomization in a flow diagram with inclusion and
exclusion criteria. Advanced tumor MRI examination (anatomic, diffusion MRI, perfusion MRI,
spectroscopy and RSI imaging modalities) was obtained before surgical treatment. The diagnosis was
based on histological and molecular examination of specimens obtained by stereotactic navigated
biopsy or from tumor resection. In the final study cohort, forty-two patients with glioblastoma, IDH-
wildtype, classified according 2016 World Health Organization (WHO) classification of tumors of the
Central Nervous System (CNS) were included™. Maximum safe resection was performed by using
neuronavigation (BrainLab) and 5-aminolevulinic acid (5-ALA) fluorescence guidance. The extension
of resection was considered either gross total resection or subtotal resection. Standard treatment,
consisting of radiotherapy (a total of 60 Gy in fractions of 2 Gy per day over 6 weeks) and
concomitant/adjuvant chemotherapy (Temozolomide) was initiated 3-4 weeks after surgery. Patients
and tumors characteristics including age, Karnofsky performance status, MGMT promoter
methylation status and degree of surgical extent of resection are shown in Table 1.

Table 1. Molecular profile and clinical characteristics of the patients sample.

Karnofsky performance MGMT promoter

. d
methylation status

26/16(62.8/37.2%) 20/22 (47.6/52.4 %) 18/24(42.9/57.1%) 26/16(61.9/38.1%)

a - = C
Gender Surgical extension

b
status scale

“No. of male/female (%)
b

No. of patients with Karnofsky performance scale > 70/ No. of patients with Karnofsky performance scale < 70.
CNo. of subtotal resections/ No. of gross total resections

d
No. of patients with MGMT methylated tumors/No. of patients with non-MGMT methylated tumors




Data acquisition/MRI protocol

All examinations were performed on a 3T MR scanners (Skyra, Siemens Healthcare, Erlangen
Germany) using a 20 channel head/neck coil. The following tumor protocol was carried out before
gadolinium-based contrast agent (Clariscan 279.3 mg/mL, 0.2 mL/kg bodyweight, GE Healthcare,
USA) administration: RSI, DTI, 3D MPRAGE images, FLAIR and axial T2-weighted images. After
contrast agent injection: DSC MRI with a bolus injection (3ml/s) of the Gadolinium-based contrast
agent, followed by 30 ml of physiologic saline solution; susceptibility weighted imaging (SWI); 3D
MPRAGE images. Specific sequence parameters are summarized in Supplementary table 1. RSI was
performed using spin echo planar imaging with 5 b-values of 0, 200, 800, 1500 and 3000 s/mm ° and
with 12 directions at each respective nonzero b-value.

DNA extraction and molecular analyses

The DNA was extracted using the Maxwell 16 extractor (Promega, Madison, WI, USA) and the
Maxwell 16 Tissue DNA Purification kit (Promega) according to the manufacturer’s
recommendations. The mutational analyses were performed using M13-linked Polymerase chain
reaction (PCR) primers designed to flank and amplify targeted sequences. All PCR were run on a Bio-
Rad C100 Thermal Cycler (Bio-Rad Laboratories, Hercules, CA, USA). Direct sequencing was
performed using a 3500 Genetic Analyser (Applied Biosystems, Foster City, CA, USA). The BLAST
(http://blast.ncbi.nlm.nih.gov/blast.cgi) and BLAT (http://genome.ucsc.edu/cgi-bin/hgblat) programs
were used for computer analysis of sequence data. Detailed information about analysis of IDHI,

IDH2, TERT and MGMT using PCR is outlined in Supplementary table 2 and were described previously
13

Image processing and model estimation

All image post processing was carried out using the FMRIB Software Library v6.0 (FSL) ** and Matlab
R2018b (MathWorks, Natick, Massachusetts). First, the DWI were denoised using local Principal
Component Analysis (LPCA) filter * and Gibbs ringing artifacts were removed *°. Brain extraction, EPI-
distortion, eddy-current and movement corrections were then applied using the bet, topup and eddy
toolboxes from FSL. The quality of all corrected output data was evaluated by visual inspection. A
standard tensor model was fit to the DW-data using weighted linear least-squares fit ’and the b-
values of 0, 200, 800 s/mm? The descriptive diffusion parameters fractional anisotropy (FA) and
mean diffusivity (MD) were derived based on the tensor information . Furthermore, RSI was
estimated from the high-angular DW data based on the parameterization of the fiber orientation
density function (FOD) using 4™ order spherical harmonics, combined with an axially-symmetric
Gaussian model ®. The RSI spectrum was defined as a combination of anisotropic, restricted and
free/hindered diffusion compartments as detailed by White et al . For the purpose of this study we
focused the analysis on the water signal fraction from the spherically restricted diffusion
compartment. Based on the water signal fraction of this compartment, we generated RSI-cellularity
index maps, where white and grey matter regions of apparent healthy brain tissue of 15 subjects
were used as reference °.

Segmentation of regions of interest

Tumor segmentation was performed semi-automatically based on region growing algorithm, on 3D
volumetric T1 postcontrast sequence using a dedicated software package nordiclCE Version 4.0
(NoridcNeuroLab AS, Bergen, Norway) by A.L. in collaboration with A.S., board-certified
neuroradiologists (with 5 and 25 years of neuro-oncology imaging experience). Discrepancies were



resolved through a consensus discussion. Both neuroradiologists were blinded for survival data. The
volumetric region of interest (ROI) was obtained from the contrast-enhancing tumor core (CET) in all
cases. In cases of multifocal and multicentric glioblastoma, the largest enhancing lesion was chosen
for segmentation. The peritumoral brain zone (PBZ) is defined as the area surrounding the tumor in
the absence of contrast-enhancement in T1 3-dimensional MRI. In addition, this area shows a
hyperintense signal in T2-weighted and FLAIR images ‘2. ROl with extended margins were generated
by means of morphological dilation of the CET using a spherical structuring element Matlab
(v.R2017a, MathWorks Inc., Mass., USA). CET substraction provided three concentric volumetric
regions with 5 mm thickness in the PBZ. The peri-enhancing zone (PEZ) defined as the area of non-
contrast enhancing tumor surrounding the CET at a distance of 5 mm. The near zone (NZ) defined
between 5 and 10 mm from the CET and the far zone (FZ) defined between 10 and 15 mm from the
CET. ROIs were also drawn in the ipsilateral normal-appearing zone (iNAZ) defined as the area
immediately adjacent to the distal edge of the PBZ and in contralateral white matter to the tumor
(cWMZ). All ROI's were then co-registered with the RSl-cellularity index, FA and MD respectively
maps. Whole-tumor normalized histogram distributions of the RSI-cellularity index, FA and MD were
created as described elsewhere *°. Based on previous studies, MD 10" percentile and RSI-cellularity
index 90" percentile values were used for further analysis %°. The image post-processing workflow is
demonstrated in Figure 1.
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Figure 1. Image post processing workflow. The volumetric region of interest (ROI) was obtained
from the contrast-enhancing tumor core and three peritumoral zones. All ROI's were then co-
registered with the RSl-cellularity index, FA and MD respective maps and normalized histogram
distributions were created.

Survival assessment
Follow-up scans were acquired within 24 hours after surgery, after radiotherapy and at 3-month
intervals thereafter. OS and PFS were defined as time interval (number of days) from initial diagnosis



to patient death or tumor progression, respectively. Tumor progression was defined according to
updated Response Assessment in Neuro-Oncology criteria *. Patients still alive or lost to follow-up
were censored for PFS on the date of their last central nervous system imaging study, and for OS on
the date of their last clinical follow-up visit.

Statistical analysis

Analysis was performed using SPSS 25 (SPSS, Chicago, USA) and Stata 14 (STATA Corp., Texas, USA).
The Mann-Whitney U-test was used to compare diffusion parameters between different ROl inside
and outside contrast enhanced tumor core. The independent significance of various predictors (age,
extent of resection, Karnofsky performance status scale and genetic profile) on overall survival and
progression-free survival were assessed by Univariate Cox proportional hazard regression analysis
(CPH). Multivariate CPH analysis, that included significant clinical variables, was performed to
evaluate the contribution of diffusion parameters from different tumor compartments to PFS and OS.
A classification and leave-one-out cross-validation (LOOCV) algorithm with 10-fold cross-validation
was used to calculate optimal cut-off for dichotomize RSl-cellularity index, FA and MD metrics.
Kaplan—Meier survival analyses were conducted based on the subgroups obtained from the LOOCV
split and compared using a log-rank test. For all cases, a two-tailed P-value of 0.05 or less was
considered statistically significant including Holm-Bonferroni correction in the case of multiple
comparisons.

Results

Patient characteristics and survival

The median age of the patients with glioblastoma was 65 years (range, 39-87 years). The Median PFS
was 184 days, and the median OS was 245 days. Twenty-nine patients had tumor progression
following Response Assessment in Neuro-Oncology criteria and nineteen were deceased at the end
of the study inclusion time. CPH models revealed that the total resection and Karnofsky performance
status over 70 were significantly associated with longer PFS (hazard ratio (HR) 3.5, 95% confidence
interval (Cl) 1.0-12.1; P=0.04 and HR 4.4, 95%Cl 1.6-12.1, P=0.006) respectively, and longer OS (HR
3.8, 95%CI 1.1-12.9, P=0.03 and HR 3.2, 95%Cl 1.3 -7.8, P=0.01). These variables were included in
subsequent multivariate CPH analyses.

RSI-cellularity index, FA and MD in different glioblastoma compartments

The RSI-cellularity index in CET was on average 24% higher than the value in PEZ (P <0.001) and 28%
higher than in NZ (P=0.003) (CET > PEZ > Nz). RSI-cellularity index in FZ retained a higher value, but
not significant, compared to those of CET, PEZ and NZ. The lowest MD was estimated in CET with a
positive gradient from extern border towards the periphery (CET < PEZ < NZ), but significant
differences between any parts of the PBZ were not observed. Moreover, the 25 % lower FA was
measured in CET compared with PEZ (P < 0.01) (CET > PEZ). However, notable differences were not
registered between FA values in CET and NZ or FZ. Scatter plots in Figure 2 show the distribution of
diffusion parameters values for all tumoral and peritumoral zones.
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Figure 2. Scatter plot with distribution (median with interquartile range) of a) RSI-cellularity index
b) FA and c) MD values in CET, PEZ, NZ,FZ,iNAZ and cNAZ encodet by the colors in patients with
glioblastoma. The RSI-cellularity index in CET was significantly higher than those of PEZ (P <0.001)
and NZ (P=0.003). Significantly lower FA was measured in CET (P < 0.01) without notable difference
between FA values outside CET. No statistical difference was registrated between MD value in any of
zones. The asterisks are showing significant differences.

Relationship between survival outcome and diffusion metrics

Higher values of RSI-cellularity index with synchronal lower MD in CET were significantly associated
with shorter PFS (177 vs 410 days, p= 0.015; 174 vs 378 days, p= 0.029, respectively) and OS (543 vs
215 days, p=0.002 173 vs 507 days, p=0.008 respectively). This association was also consistent for
RSI-cellularity index value measured in PEZ (PFS: 188 vs 429, p<0.048 and OS: 298 vs 572, p=0.041)
and NZ (PFS: 150 vs 459, p<0.015 and OS: 166 vs 643, p<0.020). Lower FA values in CET and PEZ were
significantly associated with poorer PFS (216 vs 441 days, p= 0.006) and OS (316 vs 601 days,
P=0.006). In contrast, no statistical significance was reached between MD values from PEZ, NZ, FZ
and survival outcome. The total results of multivariate CPH analyses adjusting for significant clinical
covariates (extension of resection, Karnofsky performance status scale) for diffusion image metrics
are summarized in Table 2. The most significant survival predictors were RSI-cellularity index in CET,
PEZ, NZ and FA in CET with respective hazard ratios of 3.60, 3.60, 3.0, and 5.72. The corresponding
Kaplan-Meier survival curves for RSI-cellularity index with cut-off points and log-rank values for each
of glioblastomas zones are shown in Supplementary figure 2. Similar survival curves for FA and MD
are shown in Supplementary figure 3 and Supplementary figure 4. RSl-cellularity index in CET, PEZ
and NZ stratify both progression free survival and overall survival with highest cut-off value in CET,
estimated to 0.210 vs 0.205 for PEZ and vs 0.200 for NZ. Patients with MD in CET under cut-of value
0.83 x 10 > mm?/s and FA cut-of value under 0.17 had the shortest survival time.



Table 2. Summary of multivariate CPH with included significant clinical covariates (extension of
resection and Karnofsky performance status scale).

RSI-
cellularity
index

FA

MD

Region of interest

Contrast-enhanced tumor
core
Peri-enhancing zone

Near zone
Far zone

Contrast-enhanced tumor
core

Peri-enhancing zone

Near zone

Far zone
Contrast-enhanced tumor
core

Per-ienhancing zone

Near zone

Far zone

Progression — free survival

P-value

0.015
0.048
0.015
0.112
0.006
0.140
0.416
0.193
0.029
0.301

0.722
0.871

HR (95% Cl)
3.48 (1.2; 9.5)

3.60 (1.0;
12.3)

4.70 (1.3;
16.5)
2.30(0.6; 7.9)

5.43(1.2;16.9)

2.21(0.7;6.7)
1.41 (0.5; 3.3)
2.03 (0.6; 6.0)
0.37(0.1;0.9)

0.63 (0.3; 1.5)
0.85(0.3; 2.1)
1.07 (0.4; 2.6)

P-value

0.002
0.041
0.020
0.551
0.006
0.058
0.264
0.098
0.008
0.632

0.912
0.931

Overall survival

HR (95% Cl)
3.60 (1.3; 9.5)

3.60 (1.0;
12.3)

3.00 (2.0;
24.9)
3.30(0.9;
11.7)

5.72 (1.8-13.5)

2.84(0.9;8.3)
1.69 (0.6;4.2)
2.44 (0.8;7.3)
0.31(0.1;0.8)

0.46 (0.2; 1.1)
0.94 (0.4; 2.2)
1.04 (0.4; 2.4)

HR = hazard ratio, RSI-cellularity index = restriction spectrum imaging - cellularity index, Cl = confident interval,
MD = mean diffusivity .

MGMT promoter methylation status and diffusion metrics

Presence of MGMT promoter methylation were significant associated with longer PFS (HR 3.3, 95% ClI
1.4;,7.9, P=0.006) and longer OS (HR 3.7, 95%Cl 1.6;8.7, P=0.002). No statistically significant
differences were noted between RSlI-cellularity index, FA, nor MD and MGMT promoter methylation
status obtained from CET and PBZ.

Discussion
In this work, we studied the ability of RSl to estimate different levels of cellularity in the contrast-

enhancing tumor core and in the peritumoral brain zone of patients with glioblastoma. We also

evaluated the prognostic value of RSI in order to correlate with the tumor’s potential aggressive

behavior and compare it to the clinical established diffusion metrics such as MD and FA.




The highest RSl-cellularity index was measured in CET with a negative gradient from tumor core to
the periphery of peritumoral zone (PEZ and NZ). This observation may be explained by the dominant
invasion and consequently highest density of glioma cells in perivascular space, leading to a

2223 The decline of

disruption of endothelial tight junctions and leakage of contrast agent in CET
glioma cellularity from tumor core to periphery reflects an extensively infiltrating pattern in

glioblastomas with the highest concentration of invading cells around primary tumor mass>*.

Cellularity in peritumoral zone has been investigated in several studies, in which the MRI findings
were corroborated by histopathologic analyses, following stereotactic biopsy obtained from the

peritumoral zone. The results of these studies are contradictory 2528

. Barajas et al investigated 119
tissue specimens and reported that ADC associated with tumoral cellularity in the non-enhancing
tumor component, but this was not the case in the contrast-enhanced component of the lesion *.
Chang et al 7’ found that tumor cellularity was inversely correlated with ADC signal by using a voxel-
level multiparametric MR imaging model, supporting the theory that water diffusion is restricted in
hypercellular neoplastic environments. In contrast, Sadeghi et al ?® did not find negative correlation
between ADC ratios and cell density in either tumor core or the peritumoral tissue in examination of
the 33 tumor tissue specimens. Discordance between findings may be explained by the inclusion in
this study population of both low and high grade gliomas, while Barajas *® and Chang *’ investigated
exclusively glioblastomas. The differences in strategies for obtaining tissue samples (targeted by

27, 28
d

contrast Tlweighte vs by diffusion and perfusion signal *°) may be an additional reason for

discordances.

Shorter survival outcomes were significantly associated with higher RSI-cellularity index in the CET.
Interestingly, this correlation was also persistent in the PEZ and NZ. Thus, our findings highlight the
importance of the peritumoral areas (PEZ and NZ) in order to predict further tumor expansion and
tumor relapse *. We did observe a significant association between lower MD in the CET and shorter
survival, but in contrast to RSI-cellularity index, MD in the peritumoral zones did not show predictive
value to survival outcome. There is still no consensus in literature on how strong relation between
the ADC value and tumor cellularity is. Indeed, several studies demonstrate correlation between ADC
and cellularity and, as consequence, also between ADC and survival outcome in patients with gliomas

3133 Byt these correlations cannot be generalized. The studies including patients with glioblastomas

3% 3 possible

only, report a weak-to-moderate inverse correlation between ADC and cellularity
explanation for these discrepancies may be found in the high heterogeneity of glioblastoma tissue.
Theoretically, any modification of the extracellular matrix can influence the ADC. Glioma cells tend to

% which serves as substrate for cells

produce large amount of extracellular matrix component
migration. These structures may exert considerable restriction to diffusion. On the other hand,
destruction of normal extracellular matrix by glioma cells and secondary edema increases free
diffusion and subsequent ADC. Also necrosis in different stages of microstructural tissue damage can

lead to lower and elevated ADC values *'.

FA, which reflects integrity and disruption of white matter fibers, was significantly lower in the CET
than PEZ. This finding has been supported by previous studies demonstrating the most extensive loss

of fiber connectivity in the aggressive parts of the tumor with highest cellularity ** *°

. Less variability
was found between FA values in PEZ, NZ and FZ than it was observed between RSI-cellularity index
values in the same zones. This finding may indicate severe affection of FA value than RSI-cellularity

index by extracellular edema in peritumoral zone. Additional explanation may also be found in the



unique invasion pattern that dominates in glioblastoma, tumor cells may migrate along white matter
tracks and perivascular spaces **. Therefore, despite the differences of cellularity in peri-enhancing
areas, the level of diffusion anisotropy is not necessary affected to the same degree. In agreement
with previous study, a reduction of FA both in CET and PEZ correlated with shorter survival *>*° . In
contrast to RSC-cellularity index, FA values in both NZ and FZ had no apparent association to survival,
which again highlights the potential of RSI to evaluate tumoral heterogeneity.

Thus, similar to previous studies , our results suggest that RSI may overcome some of the limitations
of ADC and FA due to the reduction of sensitivity to the extracellular water. RSI may therefore also
provide a more reliable measure of increased cellularity associated with tumor progression.

Several studies have reported that MGMT promotor methylated tumors display diffusion MRI

features of lower cellularity (high ADC) and severe disruption of white matter tracks (low FA)*™. |

n
contrast, we did not find significant association between any of diffusion metrics and methylation
status. These conflicting results may be partially attributed to different methodology (3D ROI

42, 4
% and

analyzed of whole volume tumor in our study versus 2D ROI of the solid part of tumor)
different study populations (IDH-wild type glioblastomas versus both IDH-mutant and /IDH- wild type
glioblastomas) ** **. In accordance with our results, Ahn S.S.et al “and Gupta A. et al *° did not find

any significant correlation between ADC/FA values and MGMT promoter methylation status.

Our work has some limitations. First of all, our data were collected from a single institution. Although
this approach was selected in efforts to obtain controlled study in which all patients were examined
on the same MR scanner with the same tumor protocol. In the future, a cross-site study including
data from multiple medical centers needs to evaluate the reproducibility of our results. Furthermore,
segmentation of the glioblastomas was performed semimanual that potentially can be a source for
sampling bias. However region-grow algorithm for delineation of peritumoral region of interest and
extraction of non-brain parenchymal structures was performed automatically. Finally, standard
treatment, consisting of radiotherapy and concomitant chemotherapy was started within 4 weeks
after surgery. However some differences in radiation doses and timing between radiotherapy
sessions were observed, mainly related to patients reduced health status.

Conclusion

In summary, our study demonstrates the importance to analyze structural heterogeneity not only in
tumor core but also in the peritumoral brain region. By shedding light on the peritumoral zone, we
may better assess the biological behavior of glioblastoma, and thus also its prognosis. In contrast to
traditional diffusion metrics, RSI provides a promising prognostic biomarker to depict tumor
infiltration in the peritumoral brain zone by removing the hindered diffusion associated with
extracellular fluid contents. This characterization of glioblastoma compartments with different levels
of cellularity, supplemented by other MRI sequences, can be helpful to optimize the extent of
surgical resection, guide optimal biopsy, and radiation field mapping, with significant benefits for
patient treatment.



Supplementary material

Supplementary table 1. MRI sequence acquisition parameters .

Repetition time

Sequence el
T2 4090
T1 2300
FLAIR 5000
DTI 11500
DSC 1350
RSI 10600

Echo time (ms) Field of view (mm)

88
2.98
387

81

30
103

230
256
230
280
220
256

Flip angle(®)

150
8
120
90
90
90

Matrix

512x435
256x240
256x256
192x192
130x130
192x192

Bandwidth (Hz)

349

240

751
1446
1202
1480

FLAIR = fluid-attenuated inversion recovery; DTI = diffusion tensor imaging,; DSC = dynamic susceptibility contrast; RSI =

restriction spectrum imaging.




Supplementary table 2. Molecular analyses with polymerase chain reaction.

IDH1 and IDH2

DNA was first amplified in a 10 pl reaction volume using 5 ul of Big Dye Direct PCR Mastermix
(Applied Biosystems) and 1.5 ul of the primer combination IDH1-rs1-126F and IDH1-rs1-301R
for IDH1, and IDH2-rs12-63F and IDH2-rs12-317R for IDH2. The thermal cycling for IDH1 and
IDH2 was as follows: an initial step at 95°C for 10 min, followed by 35 cycles at 96°C for 3 sec,
62°C for 15 sec, 30 sec at 68°C, followed by a final step at 72°C for 2 min. Mutated and wild-
type plasmids for IDH1 and IDH2 were used to check the accuracy of our analyses.

TERT

The TERT promoter region was amplified using PCR in order to detect the possible mutations
—C228T and -C250T which correspond to positions 124 and 146 nt upstream of the TERT ATG
start site (Killela et al., 2013) ¥/, respectively. DNA was amplified in 10 pl PCR volume
containing 5 ul of Big Dye Direct PCR Mastermix, 0.8 uM of each primers, TERTF1 and the
reverse primer TERTR2, and 4 ng of genomic DNA. The PCR program started with an initial
step at 95°C for 10 min followed by 35 cycles at 96°C for 3 sec, 58°C for 15 sec, 30 sec at 68°C,
and a final step at 72°C for 2 min.

MGMT
promoter
methylation

Unmethylated cytosine residues were converted to uracil by bisulfite treatment of 500 ng
DNA using the EpiTect Bisulfite Kit (Qiagen, Hilden, Germany) and the QiaCube automated
purification system (Qiagen) according to the manufacturer’s recommendations. The
Therascreen MGMT Pyro Kit and the PyroMark Q24 system (both from Qiagen) were used to
assess the methylation status of the MGMT gene promoter. In brief, bisulfite converted
genomic DNA was amplified by PCR, the amplicons were immobilized on streptavidin beads,
and single-stranded DNA was prepared, sequenced, and finally analyzed on the PyroMark
Q24 system. Detailed information about the procedure can be found in the following links:
https://www.giagen.com/no/resources/resourcedetail?id=29031fd2-6d22-4152-b544-
288665bc5abc&lang=en,
https://www.giagen.com/no/resources/resourcedetail?id=59f0275de60f-4517-b786-
bOeOcal3952e&lang=en,
https://www.giagen.com/no/resources/resourcedetail?id=a06f1196-2bd0-40af-87d5-
45c80c285b48&lang=en.

According to the company’s information, the limit of blank values represents methylation
frequencies obtained from healthy blood donor samples with a probability of 95%: 1.5, 1.8,
3.2, and 3.4 for CpG sites 1, 2, 3, and 4, respectively (mean for CpG sites 1 to 4=2.5). In our
assays, the cut-off frequency for accepting methylation as positive for all four CpG sites was
set to 10%.

IDH1 and IDH2 = Isocitrate dehydrogenase 1 and 2, TERT = telomerase reverse transcriptase , MGMT = O°-
methylguanine-DNA methyltransferase promoter methylation.




Supplementary figure 1. Flow diagram demonstrates the patient selection and dichotomization
with inclusion and exclusion criteria.
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Supplementary figure 2. Kaplan—Meier survival curves stratified by RSI-cellularity index derived
from CET, PEZ, NZ and FZ. RSI-cellularity index in CET, PEZ and NZ stratified progression free survival
and overall survival, but not RSI-cellularity index in FZ.
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Supplementary figure 3 (on-line). Kaplan-Meier curves of progression-free survival and overall
survival in patients with glioblastoma stratified by FA. Only FA in CET was significant associated with
both progression free survival and overall survival.
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Supplementary figure 4 (on-line). Kaplan-Meier curves of progression-free survival and overall

survival in patients with glioblastoma stratified by MD. MD stratified progression free survival and

overall survival only in CET, but not in peritumoral brain zones.
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