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me and I am proud to say it is you who inspired me to pursue my dreams.

Patrick Tang
Rotterdam, October 2021






Summary

Patients diagnosed with glioblastoma face poor prognosis, as the median survival from initial
diagnosis is less than 15 months. Radiotherapy is considered to be one of the fundamentals of
glioblastoma therapy and is given after maximum safe tumour resection or biopsy. Delineation of
the gross tumour volume (GTV) and the clinical target volume (CTV) required for radiotherapy
planning is performed on a combination of computed tomography and conventional, structural
magnetic resonance (MR) imaging, which only visualize macroscopic features of the tumour. Due
to the infiltrative nature of glioblastomas, the conventional CTV is typically defined as the GTV
with an expansion of 1.5 cm. In this project, the aim was to introduce advanced MR imaging
in order to visualize microscopic tumour infiltration and construct a personalized approach for
CTV delineation to integrate the information provided by the advanced MR imaging. With this
biological CTV, the 1.5 cm margin could be omitted and potentially lead to reduced radiation
toxicity or improved local tumour control.

The advanced MR biomarkers APT, VSI and rCBV correlate to cell proliferation, vasodilata-
tion and microvascular density, respectively. Brain maps of these biomarkers from four treated
glioblastoma patients were introduced in MIM Maestro®, the software package used at the
Department of Radiotherapy of the Erasmus MC Cancer Institute for target delineation. In
addition, imaging used for radiotherapy, the corresponding delineations, i.e. GTV, CTV and
organs at risk, and follow-up imaging that showed first progression according to the response
assessment in neuro-oncology criteria were uploaded to MIM Maestro®.

To generate a biological CTV, a semi-automatic workflow was created that incorporates a region
growing algorithm to delineate high-risk regions on the biomarker maps. Comparison of biological
CTVs with the conventional CTVs showed a major reduction (ranging from 56.7% to 87.6%) in
target size. Pattern of failure analysis revealed adequate coverage of the recurrence volume by the
biological CTV. In three of the four patients, the biological CTV covered more than 95% of the
recurrence volume. In the other patient, the coverage by the biological CTV was poor. This was
partially due to the large spread of the recurrence volume.

In this master’s thesis, a semi-automatic workflow is presented to take an initial step towards
personalized radiotherapy for patients with glioblastoma. The introduction of advanced MR
techniques was shown highly promising; future research should focus on optimization of the
biological CTV generation and validation of the biomarkers in a larger cohort.
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1.1 Glioblastoma: Epidemiology and etiology

With an age-adjusted incidence rate of 3.23 per 100000, glioblastomas are the most common
primary malignant brain tumours and account for 48.6% of all malignant primary central nervous
system (CNS) tumours.! They represent the most malignant and aggressive type of gliomas, a
heterogeneous group of cancer predominantly arising from glial cells. The incidence rate is 1.6
times higher in men compared to women and glioblastomas are often seen at older ages (median
age at diagnosis = 64 years).? Regarding ethnicity these tumours are significantly more frequently
seen in Whites than other ethnic groups including Latinos, Blacks and Asians.®* The vast majority
of glioblastomas are located supratentorial, most frequently situated in the frontal lobe.” ¢

Little is known about the etiology of gliomas. Past exposure to moderate-to-high doses of
ionizing radiation is the only well-established risk factor associated with glioblastoma develop-
ment. Among subjects of the Life Span Study, where life-long health effects following the atomic
bombings of Hiroshima and Nagasaki are investigated, an increased incidence for all types of
brain tumours was observed.” In addition, the risk of glioma development has been reported to be
higher in children or infants that received ionizing radiation as treatment for tinea capitis or skin
hemangioma or underwent diagnostic computed tomography (CT) scans.®? Not only does previous
exposure to ionizing radiation increase the risk of gliomas in children, but in a cohort of adults
that had received radiotherapy for pituitary adenoma an increased incidence of glioma was also
observed.” As there is no known association between pituitary adenomas and gliomas, this
increased risk is likely attributed to the ionizing radiation. Diagnostic use of ionizing radiation in
adults, e.g. diagnostic X-rays during dental visits, is not associated with the development of future
glioma.

The presence of allergies or other atopic conditions (e.g. asthma and eczema) is inversely
associated with gliomas.'> ¥ Individuals with a history of an atopic condition were observed to
have a 30% lower risk in developing gliomas.!* '* Although it is hypothesized that a hyperactive
immune system due to the presence of allergies or other atopic conditions might prohibit abnormal
cell growth, a conclusive explanation for this inverse association has remained elusive. Further-
more, various rare hereditary disorders, including Lynch syndrome, neurofibromatosis type 1,
Li-Fraumeni syndrome and tuberous sclerosis, are associated with an increased risk of glioma.
Smoking, alcohol consumption and diet show no association with glioma development.'™

1.2 Classification of gliomas

Gliomas represent a heterogeneous tumour group that mostly arise from (precursor) glial cells,
e.g. astrocytes and oligodendrocytes.?! Glial cells have a great variety of functions; they can be
responsible for the formation of myelin sheaths, maintain homeostasis or provide protection and
physical support to neurons.? Formerly, classification of gliomas was solely based on histological
properties, resulting in all gliomas with an astrocytic phenotype to be classified separately from
those with an oligodendroglial phenotype.”® As many studies have shed light on the involvement
of various molecular markers to be of major importance for the prognosis and therapeutic stra-
tegy of patients with gliomas, molecular findings were incorporated in the 2016 World Health
Organization (WHO) classification of tumours of the CNS.*! This was the first time that the
principle of diagnosis based solely on histology for CNS tumours was broken and a classification
based on a combination of histology and molecular markers was introduced. Glioblastomas are
graded the most malignant and aggressive type of glioma (i.e. grade IV) and arise from astrocytes.
Additionally, since 2020, the updated guidelines provided by the European Association of
Neuro-Oncology recognizes that glioblastomas are characterized by the absence of mutations in
the isocitrate dehydrogenase (IDH) genes.? As IDH-mutation can have a major influence on
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recommended therapeutic strategy and prognosis, they proposed changing the term IDH-mutated
glioblastoma (WHO grade IV) to IDH-mutated astrocytoma (WHO grade IV). Various other
molecular biomarkers contribute to the classification of diffuse gliomas (i.e. gliomas with WHO
grade II-IV) in adults. In addition to IDH-mutation status the absence of mutations of histone
H3 genes is important for the diagnosis of glioblastoma. The 2020 classification proposed by the
European Association of Neuro-Oncology for the majority of diffuse gliomas is included in Fig. 1.

1.3 Glioblastoma: Clinical presentation

Frequently, the clinical history of patients with glioblastoma is short; in a majority of cases
symptoms are first experienced in less than three months before diagnosis.® Symptoms can
vary depending on various factors including tumour size, tumour location and the degree of
peritumoural edema.?” The most common symptom patients with glioblastoma experience before
diagnosis is headache followed by fatigue.?® * Other commonly observed symptoms include nausea,
focal deficits, cognitive decline and seizures. New onset seizures has the greatest positive predictive
value of all individual symptoms.? Combinations of symptoms significantly increase the likelihood
of an intracranial tumour being identified on diagnostic imaging.*



1.4 Diagnosis and imaging

The gold standard for diagnostic imaging of brain tumours is magnetic resonance (MR)
imaging of the brain.*! (Gadolinium-enhanced) T1-weighted MR imaging along with T2-weighted
MR imaging and/or T2-weighted/fluid-attenuated inversion recovery (FLAIR) MR imaging are
routinely acquired when a brain tumour is suspected. On contrast-enhanced T1-weighted MR
imaging glioblastomas typically present themselves as a heterogeneous and irregular lesion with
peripheral enhancement and a non-enhancing central area.*? The peripheral enhancement is the
result of accumulation of the contrast agent as the blood-brain barrier (BBB) is frequently seen
to be disrupted in glioblastomas. The non-enhancing central area is caused by a necrotic center.
On T2-weighted and T2/FLAIR MR imaging glioblastomas typically show a hyperintense mass
surrounded by additional signal abnormality that corresponds to tumour infiltration or edema. A
representative case of MR imaging of glioblastoma is shown in Fig. 2. The diagnosis of a glioblas-
toma can only be made final by pathological examination (e.g. after a biopsy).

1.5 Glioblastoma: Management

Glioblastomas are highly malignant and aggressive resulting in patients to have a 3-4 months
median survival if untreated.*® Current standard therapy of newly diagnosed glioblastomas
requires a multidisciplinary approach and consists of maximal safe surgical resection followed
by concurrent radiotherapy with temozolomide (TMZ) and, subsequently, adjuvant TMZ.%
The aim of maximal safe surgical resection is to remove as much tumour as safely feasible,
however, the infiltrative nature of glioblastomas obstructs complete resection of tumour tissue.
Concomitant chemoradiotherapy followed by adjuvant chemotherapy has the goal to
target the remaining tumour cells and has shown to improve treatment outcome for glioblas-
toma patients when compared to patients who only receive postoperative radiotherapy.’”

MR imaging of a patient with a glioblastoma located in the right parietal lobe. The characteristic

ring-enhancing lesion with a necrotic center can be seen on the contrast-enhanced T1-weighted
MR image (a). Both the T2-weighted MR image (b) and the T2/FLAIR MR image (c) show
hyperintensity beyond the ring-enhancing lesion visible on the contrast-enhanced T1-weighted image,
indicating the presence of tumour infiltration or peritumoural edema. [Adapted from Drevelegas et al.”]






2.1 An introduction to radiotherapy

For more than a century, radiotherapy has been applied as an effective treatment for various types
of cancer.”! The goal of radiotherapy is to kill cancer cells or slow tumour growth with the use
of ionizing radiation, which is a type of radiation that has sufficient energy to release electrons
from atoms and molecules. The majority of cells within the human body carry deoxyribonucleic
acid (DNA), a complex molecule composed of two polynucleotide chains that are connected by
hydrogen bonds.”? Within DNA all the genetic information of an organism is stored. Ionizing
radiation can induce single-strand and/or double-strand breaks in DNA by affecting its
structure either directly or indirectly.*® The latter results from the production of free radicals that are
created by the ionization of the water component within the cell. Both the direct and indi-
rect effect of ionizing radiation on DNA can lead to the discontinuation of cell division and/or
apoptosis, especially when double-stranded breaks occur.* As the effect of ionizing radiation is
more profound in rapidly proliferating cells, ionizing radiation is particularly suitable for cancer
treatment.”

2.2 The principles of external beam radiotherapy

Since its first therapeutic application, new insights and developments have resulted in numerous
techniques being developed to apply ionizing radiation clinically. The preferred technique depends
on many aspects including tumour characteristics, aim of the treatment and surrounding organs at
risk. The most common approach used in clinical practice is external beam radiotherapy (EBRT).
An external source of ionizing radiation is used to aim high-energy rays to a specific target volu-
me within the human body. Nowadays, the linear accelerator (Linac) is often the device of choice
for EBRT.* In the Linac electrons are accelerated towards a heavy metal target, e.g. tungsten,
producing high-energy X-rays upon collision. The X-rays are directed to the target region and
shaped conform the tumour by a multi-leaf collimator that has the aim to minimize the dose to
surrounding healthy tissue. The gantry, i.e. the part of the Linac where the X-rays are directed to

The patient lies on a bed while the high-energy photons are directed to the tumour. Some Linacs
can acquire cone-beam computed tomography scans perpendicular to the therapy beam to improve
patient positioning (left). The gantry of a Linac can rotate around the patient to allow beam the-
rapy from different angles (right). [Adapted from Friedman et al.#"]



the tumour, can rotate around the patient to give radiation dose from different angles. By rotating
the gantry and shaping the X-rays conform the tumour, the intent is to give sufficient radiation
dose to the tumour while limiting harm to surrounding healthy tissue. An example of a Linac is
shown in Fig. 3.

2.3 Radiation toxicity

The use of ionizing radiation as cancer treatment is accompanied with the risk of developing radi-
ation toxicity.”® The risk of developing radiation toxicity is closely related to a patient’s absorbed
dose, which is defined as the concentration of energy deposited in tissue as a result of exposure to
ionizing radiation. Absorbed dose is expressed in gray (Gy); 1 Gy is equal to 1 Joule/kilogram.
The manifestation of radiation toxicity can be acute or emerge at later stages and varies depending
on a broad range of aspects, e.g. the location of absorbed dose.” Patients with prostate cancer
who undergo radiotherapy, for example, have a higher risk of developing urinary obstruction as
a consequence of radiation exposure, whereas patients who receive radiotherapy of the brain are
more prone to present themselves with cognitive deterioration.’® ! Common generic symptoms of
radiation toxicity after EBRT for cancer treatment include skin dermatitis, fatigue and nausea.
The risk of radiation toxicity can outweigh the benefits of radiotherapy as cancer treatment and
result in the decision to settle for underdosing of the target or even eliminating radiotherapy as
a treatment option. Radiotherapy planning, therefore, will always consist of a balance between
the dose delivered to the tumour (probability of tumour control) and the dose delivered to the
surrounding normal tissue or organs at risk (potential radiation toxicity).

2.4 The importance of target definition for radiotherapy

Ideally, radiotherapy would deliver radiation dose solely to regions that contain tumour tissue
as ionizing radiation is accompanied with the risk of developing radiation toxicity. Over the
past few decades, novel radiation techniques for EBRT have allowed for highly conformal dose
distributions with improved target coverage and better sparing of healthy tissue.”® Volumetric
modulated arc therapy (VMAT) is a technique that delivers radiation to the patient from a full
360° beam angle by rotating the radiation source continuously. Treatment delivery of VMAT can
be done with a Linac and relies upon simultaneous variation of three parameters: Gantry rotation
speed, treatment aperture shape through the multi-leaf collimator and dose rate.” With VMAT the
opportunity arises to achieve improved target volume conformity and better sparing of adjacent
healthy tissue, particularly in complex concave shapes. Accurate target delineation, therefore, is
crucial to exploit the full potential of VMAT.

In general, a total of three target volumes are defined for radiotherapy planning.” The first
is the gross tumour volume (GTV), which encompasses the macroscopic extent of the tumour or
the tumour bed if the patient has undergone surgery. The delineation of the GTV is often done
on computed tomography (CT) combined with MR imaging. The second volume is the clinical
target volume (CTV). The CTV contains the GTV, plus a margin to cover for microscopic disease.
Although not fully visible on imaging, it is assumed that tumour is present within this margin and,
therefore, should be treated adequately. Guidelines on the delineation of the CTV vary per tumour
group as some tumours have a higher likelihood to develop microscopic spread of disease. Lastly,
the planning target volume (PTV) encloses the CTV with an additional margin to allow for un-
certainties in planning and treatment delivery, e.g. patient positioning. A schematic visualization
of the GTV, CTV, PTV is shown in Fig. 4.



GTV, CTV, PTV

Gross tumour volume

Clinical target volume
Planning target volume

A schematic overview of the wvolumes frequently delineated/generated for radiotherapy plan-
ning. The GTV is defined as macroscopic tumour visible on medical imaging, whereas the CTV
additionally covers for microscopic disease. Finally, the PTV encloses the CTV to cover for geo-

metric uncertainties. [Adapted from Burnet et al.”]

Apart from the three target volumes, organs or structures at risk of developing radiation toxicity
when receiving excessive dose, are delineated as well.*® The tolerance of ionizing radiation from
these organs at risk is to be taken into account during radiotherapy planning. When the dose
constraint of an organ at risk is exceeded in a radiotherapy plan, the radiation oncologist can opt
to reduce the target dose or conclude radiotherapy to be infeasible.

2.5 External beam radiotherapy as treatment for
glioblastomas

In the late 1970s it was shown that postoperative whole-brain radiotherapy (WBRT) could
improve the survival for patients with high-grade glioma significantly, resulting in postopera-
tive radiotherapy becoming part of the standard treatment of newly diagnosed glioblastoma.>”
Subsequently, comparison between WBRT and partial-brain irradiation demonstrated no
advantage of WBRT regarding overall survival.®® Partial-brain irradiation is preferred over WBRT
to minimize radiation-induced complications like neurocognitive toxicity or leukoencephalopathy.

In current clinical practice, EBRT is given 3 — 5 weeks after surgery of newly-diagnosed
glioblastoma.? Before radiotherapy is started, the procedure will be explained to the patient by a
radiation oncologist. The procedure consists of four phases: Preparation, radiotherapy planning,

treatment delivery and follow-up. In Fig. 5 a schematic overview is given of the procedure.
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A schematic overview of the radiotherapy procedure for patients with newly-diagnosed glioblastoma.
The first stage (preparation) consists of the creation of a mask for immobilization and acquisi-

tion and fusion of the required imaging. The second stage (radiotherapy planning) involves the
delineation and generation of the relevant structures and volumes and creation of a VMAT plan. In
the third stage (treatment delivery) the patient receives both radiotherapy and chemotherapy. The
final stage (follow-up) includes monitoring of the patient after radiotherapy.

2.5.1 Preparation

During preparation, a patient-specific thermoplastic mask is created to ensure accurate
re-positioning.”® The mask can be fixated to the bed to immobilize the patient’s head.
Subsequently, a CT-scan of the patient’s brain (while fixated by the thermoplastic mask) is
acquired for radiotherapy planning. MR imaging is acquired in addition to aid in delineation of the
target volumes and organs at risk. Delineation on CT only has shown insufficient tumour coverage
and can miss 20% of the target volume delineated on MR imaging.® Therefore, contrast-enhanced
T1-weighted and T2-weighted /FLAIR imaging are often fused with the planning CT for radiothe-
rapy planning.®!
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2.5.2 Radiotherapy planning

After the registration of the MR imaging to the planning CT is approved, delineation of the tar-
get volumes and organs at risk can be performed. Delineation of the organs at risk can be done
manually or semi-automatically and include the optic nerves, optic chiasm, cochleas, retinas,
lenses, eyes, lacrimal glands, pituitary, brain and brainstem.! Guidelines on delineation of the
target volumes and the target dose of glioblastomas differ in two accustomed protocols, which are
provided by the Radiation Therapy Oncology Group (RTOG) and the European Organisation for
Research and Treatment of Cancer (EORTC).

The RTOG protocol recommends radiotherapy of glioblastoma to be performed in two phases.®
The first phase comprises a total dose of 46 Gy to the target in 23 fractions of 2 Gy. The GTV
in this phase encloses the resection cavity, (residual) contrast-enhancing areas on T1-weighted
imaging post gadolinium and signal abnormalities on T2-weighted /FLAIR imaging. Subsequently,
the CTV is defined as a 2 cm expansion of the GTV (2.5 cm when no peritumoural edema is visi-
ble on MR imaging) and is adjusted for anatomical barrier, e.g. the falx cerebri or the tentorium
cerebelli. The PTV adds an additional margin of 0.3 - 0.5 cm to the CTV. In the second phase, an
additional total dose of 14 Gy is given in seven fractions of 2 Gy to parts of the initial target. The
GTYV for this additional dose is defined as the contrast-enhancing area and the resection cavity,
but does not include signal abnormalities on T2-weighted/FLAIR imaging. An isotropic expansion
of 2 cm is applied to define the CTV and thereafter the PTV margin applied in the first phase is
reused to define the PTV for the second phase.

The EORTC guidelines recommend a single-phase approach where the target receives 60 Gy in
30 fractions.® The GTV is defined as the resection cavity and any residual contrast enhancement.
Additional information on T2-weighted /FLAIR imaging can be included in the delineation of the
GTV. Formerly, the CTV was defined as a 2 cm isotropic expansion of the GTV with correction
for anatomical barriers, however, recent guidelines state the feasibility of a reduced margin ranging
between 1 and 2 c¢m to create the CTV.? Finally, the PTV is defined in similar fashion as the
RTOG guidelines (0.3 — 0.5-cm around the CTV).

Two axial views of a patient with a confirmed glioblastoma in the right temporal lobe after
resection. Delineations of the GTV and CTV and generation of the PTV were performed with
the aid of MR imaging; the CTV consists of a 1.5 cm expansion of the GTV and is corrected for

anatomical barriers and organs at risk, e.g. the brainstem and the cerebellum (a). The VMAT plan
allows for adequate target volume conformity (b).
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At the Erasmus MC Cancer Institute (Rotterdam, the Netherlands), radiotherapy planning of glio-
blastoma follows the principles of the EORTC consensus. As the vast majority of recurrences occur
central, i.e. within the 95% isodose line of 60 Gy, the standard CTV margin at the Erasmus MC
Cancer Institute is set at 1.5-cm.®*% Various studies on dose escalation, i.e. the use of radiation
plans with a target dose higher than 60 Gy, have shown no major benefits on survival.% 67

After delineation of the target volumes and organs at risk, a VMAT plan is created. In general,
younger patients (under 65 years of age) are to receive a total target dose of 60 Gy in 30 fractions
of 2 Gy, whereas elderly patients (65 years of age or older) will receive short-course radiotherapy
(total target dose of 40 Gy in 15 fractions of 2.67 Gy).? ® In Fig. 6, an example of the target
volumes and radiotherapy planning is shown.

2.5.3 Treatment delivery

After approval of the radiotherapy plan by the radiation oncologist (in agreement with the medical
physicist), the treatment can be initiated. The duration of the treatment is five days a week for
six weeks for younger patients; each session the patient receives a fraction of 2 Gy to the target.
Elderly patients will receive fractions of 2.67 Gy to the target for a duration of three weeks (five
days per week). Simultaneously with the radiotherapy, a course of TMZ is initiated. Parallel
treatment of radiotherapy and chemotherapy was shown to benefit overall survival.*”

2.5.4 Follow-up

Although adjuvant chemotherapy is part of standard treatment of newly-diagnosed glioblasto-
ma, MR imaging is acquired approximately 4 weeks after completion of radiotherapy to provide
a baseline to monitor the further course of the disease. With initial intervals of 2 — 3 months
neuroimaging is acquired to assess the status of the disease according to the Response
Assessment in Neuro-Oncology (RANO) criteria.®” Pseudo-progression, which is a post-radiothera-
py phenomenon where damage to epithelial cells and increased inflammation present itself similar
to tumour progression on conventional MR imaging, can complicate the detection of true tumour
progression.” When progression is suspected during follow-up, potential treatment options are
explored during multidisciplinary consultation.
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3.1 Microscopic tumour infiltration complicates
radiotherapy

Radiotherapy is considered to be one of the fundamentals of glioblastoma therapy. A key
characteristic of glioblastoma is its highly infiltrative nature, which is one of the root causes of cu-
rative treatment being nearly impossible.™ As microscopic tumour infiltration cannot be visualized
with CT or conventional MR techniques (i.e. T1 or T2/FLAIR imaging), the CTV requires a 1 — 2
cm expansion of the GTV in every direction. If microscopic tumour invasion could be visualized,
the possibility arises to omit the isotropic approach and only include true tumour infiltration in
the CTV. This could lead to better local tumour control and reduced radiation toxicity, which
in turn can result in improved survival and quality of life for glioblastoma patients. The latter is
equally important due to the extremely poor prognosis glioblastoma patients face.

3.2 Introducing advanced MR imaging

Structural MR imaging, e.g. Tl-weighted or FLAIR imaging, has emerged as the imaging
modality of choice for the diagnosis and monitoring of intracranial tumours. The use of advanced
MR techniques, however, has remained limited. Whereas structural MR imaging offers detailed
anatomic information, advanced MR techniques grant the ability to evaluate key pathophysiolo-
gical features of glioblastomas. A broad range of advanced MR techniques have been developed
and each technique targets a different physiological aspect, e.g. mitotic activity or angiogenesis.”™
Whereas conventional MR techniques lack the ability to visualize microscopic tumour invasion,
some advanced MR techniques could have the potential to provide new information needed to
identify tumour infiltration.

3.3 Thesis overview

This master’s thesis has the main goal to take an initial step towards personalized radiotherapy for
patients with glioblastoma by introducing advanced MR, techniques. With advanced MR imaging
it might be possible to visualize microscopic tumour infiltration or predict the location of future
recurrence; the integration of advanced MR imaging for radiotherapy planning could therefore
result in more accurate clinical target volume delineation and improve patient outcomes. The
following subgoals were set for this project:

1. To explore the potential of advanced MR techniques and the
corresponding imaging biomarkers to assess which (combination
of) imaging techniques are most promising for personalized radi-
otherapy planning of glioblastomas. (Chapter 4)

2. To integrate advanced MR imaging into MIM Maestro®, the
software package used at the Department of Radiotherapy of the
Erasmus MC Cancer Institute (Rotterdam, the Netherlands), for
CTV delineation. (Chapters 5 - 7)

3. To develop a semi-automatic workflow for the generation of a
biological CTV, i.e. a CTV based on advanced MR imaging
rather than a 1.5 cm expansion. (Chapters 8 - 9)
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4. To assess the potential of advanced MR imaging to reduce
radiation toxicity and improve local tumour control by
comparing the size and recurrence coverage of the conventional
CTV and the biological CTV. (Chapter 10)

5.  To propose future research and investigate promising directions
in the field of personalized radiotherapy planning for glioblasto-
ma patients. (Chapters 11 — 12)

First, a literature review is presented in Chapter 4 outlining various advanced MR techniques and
their potential for CTV delineation. Secondly, an overview of the included patients is provided
in Chapter 5. The imaging from subjects from the iGene study, in which various advanced MR
images were acquired preoperatively in patients with glioma, was used for this project. In Chapter
6, a pipeline is described to integrate advanced MR imaging into MIM Maestro®. The approach
for image registration is narrated in Chapter 7. Subsequently, a semi-automatic workflow for the
generation of a biological CTV in MIM Maestro using region growing is proposed in Chapter 8
and Chapter 9. Assessment on size and coverage of recurrences was performed to evaluate the
potential of the advanced MR imaging biomarkers for radiotherapy planning in Chapter 10. In
Chapter 11, the outcomes of my short-term scientific mission at Aarhus University Hospital
(Aarhus, Denmark) is presented. Short-term scientific missions are exchange visits funded by
the COST Action, allowing researchers to gain new insights on a particular subject at another
institute. At Aarhus University Hospital, a similar project has been initiated that incorporates an
alternative advanced MR technique for radiotherapy of glioblastoma. Lastly, suggestions for future
directions are proposed in Chapter 12.
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The potential of advanced MR
techniques for precision radiotherapy
of glioblastoma multiforme: A review.

Patrick L.Y. Tang'? Alejandra Méndez Romero!,
Jaap P.M. Jaspers!, Esther A.-H. Warnert?

! Department of Radiotherapy, Erasmus MC Cancer Institute, Rotterdam, The Netherlands.
? Department of Radiology €& Nuclear Medicine, Erasmus MC, Rotterdam, The Netherlands.

As microscopic tumour infiltration of glioblastomas is not
visible on conventional MR imaging, an isotropic expansion of
1.5 cm around the visible tumour is applied to define the clini-
cal target volume for radiotherapy. An opportunity to visualize
microscopic infiltration arises with advanced MR imaging. In this
review various advanced MR biomarkers are explored that could
improve target volume delineation for radiotherapy of glio-
blastomas. Various physiological processes in glioblastomas
can be visualized with different advanced MR techniques.
Combining maps of oxygen metabolism (CMRO,), relative
cerebral blood volume (rCBV), vessel size imaging (VSI) and amide
proton transfer (APT) can provide early information on tumour
infiltration and high-risk regions of future recurrence. Oxygen
consumption is increased six months prior to tumour
progression being visible on conventional MR imaging.
However, presence of the Warburg effect, marking a switch from an
infiltrative to a proliferative phenotype, could result in CMRO,
to appear unaltered in high-risk regions. Including informati-
on on biomarkers representing angiogenesis (rCBV and VSI)
and cell proliferation (APT), can omit misinterpretation due
to the Warburg effect. Future research should evaluate these
biomarkers in radiotherapy planning to explore the potential of
advanced MR techniques to individualize target volume delinea-
tion and reduce radiation-induced toxicity.

[Submitted to Magnetic Resonance Materials in Physics, Biology and Medicine (MAGMA)]

4.1 Introduction

Patients diagnosed with glioblastoma face poor prognosis, as the median survival from initial
diagnosis is less than 15 months.’” Current practice in management of glioblastoma comprises of
maximum safe tumour resection or biopsy followed by postoperative chemoradiotherapy and ad-
juvant chemotherapy.® Delineation of the GTV and the CTV required for radiotherapy planning
is performed on a combination of CT and conventional MR imaging only visualizing macroscopic
features of the tumour.5' Incorporating information on microscopic tumour invasion might con-
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tribute to identification of future sites of relapse. A field size reduction based on this information
could lead to smaller treatment volumes without sacrificing local control, potentially reducing the
risk of radiation-induced toxicity. Over the past decade, advanced MR techniques have offered the
ability to visualize pathophysiological properties of tumours. These properties can provide addi-
tional information on tumour infiltration, aggressiveness, treatment response and overall tumour
behaviour. In this review, the aim is to evaluate promising advanced MR techniques that have
potential to improve delineation of the CTV for individualized radiotherapy of glioblastomas.

4.1.1 Glioblastoma Management

Glioblastomas are the most common primary malignant brain tumours, accounting for almost
50% of all malignant primary CNS tumours.! The 2016 WHO classification of tumours of the CNS
defines glioblastoma as a group of tumours that originates from astrocytes and displays an aggres-
sive and infiltrative behaviour.?! Additionally, since 2020, the updated guidelines provided by the
European Association of Neuro-Oncology recognizes that glioblastomas are characterized by the
absence of mutations in the IDH genes.? The prognosis of patients with glioblastoma varies depen-
ding on several factors including age, performance status and molecular biomarkers, e.g. MGMT
promotor methylation status.® 37 In general, however, the course of patients with glioblastoma
is poor.™ ™ Current standard treatment of glioblastomas consists of a multidisciplinary approach,
where maximal safe surgical resection is followed by concurrent radiation with TMZ and then
adjuvant chemotherapy with TMZ.%

4.1.2 The Role of Radiotherapy in the Treatment of Glioblastoma

As postoperative WBRT was shown to improve the survival for patients with high-grade glioma
in the late 1970s, postoperative radiotherapy became part of the standard treatment of newly
diagnosed glioblastomas.”” Comparison between WBRT and partial-brain irradiation demonstra-
ted no advantage of WBRT regarding overall survival.” Partial-brain irradiation is preferred over
WBRT to minimize the risk of radiation-induced toxicity, e.g. cognitive impairment.

In the current clinical routine, target volume delineation for radiotherapy planning of glio-
blastoma is performed on a fusion of CT and MR imaging. Delineation on CT only has shown
insufficient tumour coverage and can miss a significant part of the target volume delineated on
MR imaging.® Therefore, contrast-enhanced T1-weighted and T2-weighted /FLAIR sequences are
fused with the planning CT for radiotherapy planning. Microscopic tumour infiltration, which is
a key characteristic of glioblastomas, however, cannot be fully visualized by these structural MR
sequences. Hence, an additional standard expansion to the GTV is added to cover for nonvisible
tumour invasion, creating the CTV.™ Based on early studies on recurrence patterns and tumour
infiltration the CTV initially consisted of the GTV with an isotropic expansion of 20 mm.*" Ana-
lyses in several cohorts have shown that recurrence coverage and overall survival with smaller
margins for the CTV are likely comparable to the margin of 20 mm.% 7™ The majority of recur-
rences were observed to occur central, meaning a smaller margin could result in reduced radiation
toxicity while achieving similar tumour control. The typical total dose given to the PTV is 60 Gy
delivered in 2 Gy fractions administered five days per week for six weeks.! Various studies on dose

escalation have shown no major benefits on survival.®: 67

4.2 Advanced MR Techniques to Assess Physiology in
Glioblastoma

Various pathological processes in glioblastomas can be visualized with different advanced MR



18

techniques. In this section an overview is given of physiological processes present in glioblas-
toma and how (advanced) MR techniques can exploit these properties for tumour detection.

4.2.1 Blood-Brain Barrier Disruption: The Role of Contrast Agents

Inherent differences in T1 and T2 relaxation of different types of tissue allow for the excellent soft
tissue signal contrast of MR imaging. FExogeneous contrast agents based on low-molecular-weight
gadolinium are commonly used in neuro-oncology. These agents locally shorten the T1 relaxa-
tion times and allow for better contrast between regions with and without the contrast agent.
The BBB in the healthy brain usually restricts the contrast agent to the vascular bed. Disrup-
tion of the BBB, e.g. caused by glioblastoma, can lead to accumulation of these agents in the
interstitial spaces surrounding the leaky vasculature.*® As shown in Fig. 7, accumulation can be
seen as an increase in signal intensity on conventional T1-weighted MR imaging. This so-called
contrast enhancement is currently used in clinical practice as a surrogate measure of malignancy.®

4.2.2 Vascular Permeability: The Role of Contrast Agents

The principles of dynamic contrast-enhanced (DCE) MR imaging are based on the exchange of
gadolinium based contrast agents between the intravascular compartment and the interstitial tis-
sue. By measuring the time course of the contrast agent as it diffuses from the blood pool into tissue
information on flow and permeability of the vasculature can be obtained. DCE-MR imaging can be
used to study vascular leakiness and has great potential to monitor changes in vascular permeabili-
ty arising from antiangiogenic therapies.®> An example of DCE-MR imaging can be seen in Fig. 8.

Post  gadolinium  based  contrast-enhanced The increase of signal intensity in the left
T1-weighted axial image. A ring enhancing  parietal lobe suggests the presence  of
lesion, in this case a glioblastoma, can be contrast agent. DCE-MR imaging can be used to
seen. The peripheral enhancement is caused by study wvascular permeability in  tumours.
accumulation of the contrast agent due to  [Adapted from Kalpathy-Cramer et al.”’]
disruption of the BBB.
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4.2.3 Angiogenesis: Exploiting the Magnetic Susceptibility of Contrast
Agents

Malignant gliomas are characterized by a high degree of angiogenesis, resulting in increased
neovasculature and vasodilatation.® Histologically, the abnormal number of tumour vessels can be
measured by determination of the microvascular density.® This process, however, requires tissue
sampling and can be time consuming.** Dynamic Susceptibility Contrast (DSC) MR imaging,
where a time series of gradient echo images in which passage of a bolus of contrast agent is ac-
quired, offers an alternative to histological assessment of microvascular density. Within gliomas
the relative cerebral blood volume (rCBV), one of the perfusion parameters that can be examined
using DSC-MR imaging, has been shown to correlate significantly with microvascular density.*® An
example of an rCBV map is provided in Fig. 9.

When performing DSC-MR imaging with a gradient and spin echo acquisition, the acquired
images can also be used for vessel size imaging (VSI).*” This technique was shown to estimate
vessel size in good concordance with histological assessment of vessel diameters in human
gliomas.®® An example of VSI is given in Fig. 10.

As both neovascular activity and vasodilatation can be evaluated using DSC-MR imaging, this
technique is a promising tool to assess the degree of angiogenesis within glioblastomas.

4.2.4 Angiogenesis: The Use of Magnetically Labelled Blood

An alternative parameter to assess vascular proliferation within glioblastoma is regional cerebral
blood flow (CBF). Relative CBF has shown a positive correlation with rCBV as an increase
in CBF can be observed in high-grade gliomas, see Fig. 11.% Arterial spin labelling (ASL) is a
non-invasive MR technique used to measure CBF. By magnetically labelling the water molecules
in arterial blood, which then flows into the brain, a tagged image of the brain can be acquired.

Post  gadolinium based contrast-enhanced A map displaying vessel size in a patient with

T1-weighted axial image. A ring enhancing  glioblastoma. An increase of wvessel diameters

lesion, in this case a glioblastoma, can be  is observed in the area that corresponds with

seen. The peripheral enhancement is caused by  the ring enhancement seen on post-contrast

accumulation of the contrast agent due to T1-weighted imaging. The colour bar encodes

disruption of the BBB. the wvessel size in um [Adapted from Kellner et
al. %]
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ASL-CBF shows increased perfusion in a patient A mapping of CMRO, of a patient with a

with a glioblastoma in the right frontotemporal  glioblastoma in the right frontal lobe (white

lobe. arrow). Oxygen consumption is increased in
the peripheral region while no oxygen con-
sumption is seen in the necrotic area of the
tumour. [Adapted from Kim et al.”’]

Subtraction between labeled and control images creates images with signal weighted by cerebral
perfusion that via a kinetic model can be quantified to generate images of CBF.%

4.2.4 Oxygen Consumption: Exploiting the Sensitivity to Deoxygena-
ted Blood

Angiogenesis in glioblastoma is characterized by dysfunctional microvascular proliferation resul-
ting in hypoxic foci.”’ Subsequently, the hypoxic environment results in an altered cerebral me-
tabolic rate of oxygen (CMRO,), which is particularly observed in high-grade tumours compared
to normal brain tissue.”” % Functional MR imaging relies on the magnetic susceptibility of blood
that depends on the oxygenation state of hemoglobin (Hb).* Quantitative Blood-Oxygen-Level
Dependent (¢BOLD) MR imaging is a functional MR method that is used to measure the oxygen
extraction fraction (OEF) from the complex relationship between T2* and the Hb/deoxygenated
Hb ratio.” Subsequently, combining information on the OEF with CBF, as is shown in Fig. 12,
allows for mapping of the oxygen consumption, CMRO,.”

4.2.5 Tumour Cellularity: Evaluating Diffusion of Water

High-grade gliomas show increased cellular density, which impedes free water diffusion.”
Diffusion-weighted imaging (DWT) is an MR technique where free water molecular diffusion is
measured. Gradient pulses are applied in such way that water molecules that do not move between
pulse applications are refocused and generate signal. Water molecules that do move, lose their

ability to generate signal. On DWI areas of restricted diffusion, therefore, appear bright, while
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areas of free water motion appear dark. By varying the gradient strengths water molecules that
diffuse with different speeds can be measured in different images. These resulting images can be
used to calculate an apparent diffusion coefficient (ADC), with lower ADC values reflecting lower
diffusion. Various pathophysiological properties of high-grade gliomas can influence ADC values.
Necrosis, one of the characteristics of glioblastomas, shows higher ADC values as there is more free
diffusion of water molecules. In solid tumour tissue the size of the extra-cellular space is limited by
the increased cell density, lowering diffusion and thus ADC values (see Fig. 13).” Therefore, DWI
has the potential to be used as an indirect measurement of abnormal cellularity in glioblastomas.

4.2.6 Tumour Invasiveness: Evaluating Infiltration along White Matter
Tracts

A key characteristic of glioblastomas is its extensive, diffuse infiltration of tumour cells. Diffusion
tensor imaging (DTT) measures direction and magnitude of water diffusion based on data from
a greater number (6 or more) of diffusion directions than DWI (3 directions). Water movement
within white matter tracts is mainly restricted across the myelin sheaths, meaning diffusion is more
prevalent parallel to myelinated nerve fibers opposed to transverse.'” With information on the
degree and the direction of diffusional anisotropy, insights into white matter tracts can be gained
and utilized to provide tractography data (see Fig. 14). Consequently, DTT offers information that

might be useful in predicting invasive growth patterns of glioblastomas along white matter tracts.

Glioblastomas show decreased ADC  This tractography image shows an intimate
values (white arrow) on the ADC map due to  relationship of the right frontal mass with the
increased cell density. In the center of the  corticospinal tract. [Adapted from Shukla et al.'’]
tumour, the ADC wvalues are higher. This is
explained by the necrotic center that is charac-

teristic for glioblastomas. [Adapted from Kao
et al.'”]



4.2.7 Tumour Metabolism: Evaluating numerous Metabolites
Metabolites, the intermediate or end products of metabolism, play a crucial role in cell growth,
development and reproduction. Reprogramming of cellular metabolism is considered one of the
emerging hallmarks of cancer.'” Conventional MR imaging relies on free protons, which are most
abundant in water, to generate its signal. The signal, however, is also affected in a much lesser
degree by protons bound to macromolecules. These bound protons have specific frequency varia-
tions. After suppression of the water signal, MR spectroscopy (MRS) can acquire data on separa-
ted frequency peaks, each representing a specific macromolecular component. Assessment of the
peaks and ratios from various metabolites can provide information on a wide range of metabolic
processes, such as energy metabolism, cell proliferation and necrotic tissue changes. Commonly
used metabolites for MRS are N-acetyl aspartate (NAA), choline (Cho), creatine/phosphocreatine
(Cr), lactate (Lac) and lipids (Lip).!* 1% As metabolic changes may precede anatomic changes,
MRS is a promising technique to determine early tumour development.'® An example of MRS is
shown in Fig. 15.

Single-voxel MRS can be used to assess the concentration of metabolites in that voxrel. The MRS
spectrum, in vozel 1 shows elevated choline (resonates at 3.2 ppm) and decreased NAA (resonates
at 2 ppm), a characteristic of glioblastoma, when compared to the spectrum of voxel 2. [Adapted
from Quon et al.’’"]
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4.2.8 Cell Proliferation: Evalua-
ting Protein Concentration

Sustained cell proliferation is one of the hall-
marks of cancer.!® Amide chemical exchange
saturation transfer (CEST) imaging, also known
as amide proton transfer (APT) CEST imaging,
can be used to gain information on cell prolife-
ration. In CEST the concept of saturation, i.e. a
temporary state in which tissue shows no net
magnetization, is exploited to achieve image con-
trast. By applying a radiofrequency pulse at the
resonant frequency of a chemical species of inte-
rest, this chemical species can be targeted as it will
show reduced signal due to the saturation effect.
However, most chemical species are present
in significant smaller quantities compared to
water, meaning the signal change would be
unnoticeable. Various chemical species, in the
case of APT imaging amides (-NH), have a
proton in its structure that is exchangeable
with those of the free water pool. When satu-
rated, the magnetic saturation of the amides
will spontaneously be transferred to water over
time, due to chemical exchange of the excited

APT shows an increased signal intensity in the
tumour region (black arrow). This signal inten-
sity s mainly caused by the increased concen-
tration of proteins in this region.

amide protons with non-excited water protons. The proton of the
amides will thus be replaced with an unsaturated proton from water, which
can in turn be saturated for another transfer. By continuously saturating the
amides the continuous transfer of excited protons will lead to a buildup of saturation in water.
This decrease in water signal can indirectly measure the concentration of amides in a target area.'®”
The major known contributors to the APT signal are proteins and peptides.!'® A positive corre-
lation is observed between APT signal intensity and Ki-67 labeling index (the cellular marker for
proliferation).''! Therefore, APT imaging might provide us with insights into cell proliferation to
determine early tumour progression. An example of APT imaging is shown in Fig. 16.

4.3 Advanced MR Biomarkers in Gliomas

Biomarkers from advanced MR techniques have the potential to either visualize microscopic
tumour infiltration or predict high-risk regions of future relapse. This information could be
incorporated into radiotherapy planning to improve delineation of the CTV. In this section
an overview is presented of trials that explore advanced MR biomarkers to visualize tumour
infiltration or predict future recurrence sites.

4.3.1 Kinetic Parameters and Cerebral Blood Volume measured with
DCE

Various DCE kinetic parameters in regions of tumour infiltration are shown to correlate to mi-
crovascular parameters that are involved in disruption of the BBB. In a biopsy study, Keil et al.
(2021) explored the potential of DCE-MR imaging to predict vascular growth factor expression
and neovascularization in 30 glioma patients.!'? In regions with vital tumour, tumour infiltration
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and healthy brain tissue, 120 biopsies were taken to evaluate the parameters involved in BBB dis-
ruption with DCE kinetic parameters. Significant correlations were found not only in vital tumour
tissue, but also, in a lesser degree, in the histologically confirmed infiltration zone highlighting the
potential of DCE-MR imaging to visualize tumour infiltration.

Pattern of failure was evaluated in 52 glioblastoma patients who underwent DWI and DCE-
MR imaging by Wahl et al. (2018).'** Progression during follow-up was seen in 33 patients. The
median proportion of the recurrence volume (RV) within the region with elevated cerebral blood
volume (CBV) was 22%, when combined with restricted diffusion the median proportion increased
to 30%. Based on these results the authors implied that the majority of failures occur in volumes
characterized by neither restricted diffusion nor increased perfusion. The median proportion of the
overlapping volume (i.e. both restricted diffusion and enhanced perfusion) that developed progres-
sion during follow-up was 77%, indicating regions with restricted diffusion and enhanced perfusion
are likely to develop progression in the future. This overlapping volume has been targeted in a
phase II dose escalation study that showed significantly improved 12-month overall survival (92%)
compared to historical control (p = 0.03).'

4.3.2 Relative Cerebral Blood Volume measured with DSC

The positive correlation of the degree of tumour infiltration in gliomas and rCBV is shown to
predict tumour infiltration with a higher accuracy than various biomarkers acquired with MRS.
In an image-guided biopsy study with 13 patients, Hu et al. (2009) demonstrated the potential
of rCBV to distinguish tumour progression in high-grade gliomas (sensitivity = 91.7%, specifi-
city = 100%).'** This finding was supported by Price et al. (2011), who presented a significant
correlation between mean rCBV and the tumour proliferation index (MIB-1) in 10 patients with
high-grade gliomas (r = 0.66, p < 0.001).!'¢ In four patients where biopsies went outside the region
of contrast enhancement, the mean rCBV at the biopsy site was increased: In three patients the
increased rCBV extended 1 cm from the edge of enhancement and in the other patient the biopsy
was taken 2 cm from the enhanced area. In all four patients, the histology of these areas revealed
regions of microscopic tumour invasion into normal appearing brain tissue. In subsequent research
by the same research group a comparison of rCBV with various MRS biomarkers as predictor of
tumour infiltration in glioblastomas was made (n = 50).!'" With a sensitivity and specificity of
82%, rCBV could predict tumour infiltration with better accuracy than all examined metabolite
biomarkers.

In addition to the correlation with tumour infiltration, various studies have shown that incre-
ased rCBV can be an indication for high-risk regions of future relapse. Stadlbauer et al. (2021) de-
monstrated changes in rCBV at the site of recurrence 120 days prior to radiological recurrence.'®
From that timepoint a continuous increase was seen in rCBV before indications of progression on
structural MR imaging could be seen. The feasibility of rCBV as predictive biomarker for pro-
gression was also supported by Stecco et al. (2011), where both DTT parameters (ADC and FA)
and perfusion (rCBV) were investigated in 17 patients."® Compared to the contralateral NAWM
significantly higher rCBV values were seen on pretreatment imaging at the site where recurrence
occurred during follow-up (p < 0.001). This was the case not only for volumes that showed en-
hancement on contrast-enhanced T'1-weighted imaging before treatment, but also for volumes that
did not show enhancement. In addition, a specific directional stripe-like pattern of rCBV increase
in a region adjacent to contrast-enhancement was investigated in Blasel et al. (2011).** In this
study this extended increase of rCBV in a direction away from the tumour border was named the
striate sign and observed in 42% of the cases between 2008 and 2009 at their institution (31 out of
77 histologically proven glioblastomas), see Fig 17. Sixteen patients with tumour recurrence were
investigated retrospectively in this study. Four patients underwent second surgery where biopsy
of the area of the striate sign revealed glioblastoma cell infiltration in all cases. The entire area of

the striate sign showed contrast enhancement, indicating progression, in 15 out of 16 patients after
9 months. This study shows that the striate sign may depict future tumour progression and can

extend far beyond the margins of contrast-enhancing tumour.
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On rCBV map (a) a specific directional stripe-like pattern that extended beyond the contrast-en-

hancing tumour rim, was visible (white arrows). Contrast-enhanced T1-weighted imaging of the
baseline MR scan (b), and the three (¢) and the siz months (d) follow-up MR scan show that
this extension (yellow delineation) was covered with contrast-enhancement in its entirety after siz
months. The delineation on the contralateral side mark a contralateral reference. [Adapted from
Blasel et al.”]

4.3.3 Vessel Size measured with VSI
Vasodilatation, which is frequently observed in glioblastomas, can be accurately visualized with
VSI. In a prospective stereotaxic biopsy study by Kellner et al. (2015), vessel size index was
proven to be related to histologically increased vessel diameters in human gliomas.® Although an
overestimation of normal vessel size and an underestimation of grossly enlarged vessels was obser-
ved, a significant correlation for both mean and maximum vessel size with histologically measured
diameters was seen (see Fig. 18). Chakhoyan et al. (2019) corroborated these findings, concluding
that MR-based vessel size measures accurately reflect vessel caliber within high-grade gliomas,
while traditional measures of rCBV are correlated with vessel density rather than vessel size.®”
An increase in vessel size can be an indication of high-risk sites of future recurrence. Vessel



26

100" = 0.87, p < 0.001 y=051x+26 120+ = 0.79, p < 0.001 y=0.77x + 36
110 110
L k53 [ J==]
100 100
€ 90 o E <0 e
5 .z “_:l,’ ez
N 8o o 8 80 "ol
2 [ 313 2 ®i5
8 70 L34 g 70 [ R0
17 .7
€>§ 6o § 60
n 7]
50 = 50
= L o ~ "
40F oo¥ 40+ et
b ol . s e
" o *V0es cl o
20 20
0 50 100 150 200 0 20 40 60 80
Maximum Diameter in CD34 staining (um) Mean Diameter in CD34 staining (um)

Median vessel size estimated by VSI compared with the diameter obtained from CDS3/ staining.
The correlation is shown for both the mazimum (left) and the mean diameter (right). Although
both significant, the mazimum diameter shows a better correlation. [Adapted from Kellner et al.*]

size imaging was acquired by Stadlbauer et al. (2021) during the follow-up of 56 patients who
received standard treatment for glioblastoma.''® Approximately 120 days prior to radiological re-
currence a decreasing vessel size index was observed for a duration of 80 days at the site of relapse.
After this decrease, 40 days before radiological recurrence, the vessel size index was shown to
continuously increase. As a continuous increase in mean vessel density was seen 120 days prior to
radiological recurrence, the authors hypothesized that early neovascular activity was dominated by
the formation of smaller vessels, which transformed into larger-lumen vessels during later phases
of tumour vascular development.

4.3.4 CMRO2 measured with qBOLD and ASL

Altered oxygen consumption can identify regions that will form relapse up to 6 months later in
glioblastoma patients. Kim et al. (2011) included ten healthy subjects and ten glioblastoma pa-
tients to compare cerebral oxygen consumption.”” A significant increase of 59% in CMRO, was
seen in contrast-enhancing tumour compared to healthy tissue. Peritumoural tissue showed an
increased oxygen consumption of 27%. These findings were supported by Stadlbauer et al. (2017),
who observed an increased oxygen consumption in high-grade gliomas compared to both the
contralateral and ipsilateral NAWM (p < 0.001) in 82 glioma patients.!?! The same research group
evaluated physiologic MR imaging follow-up examinations of 56 glioblastoma patients who under-
went standard treatment."® They found that CMRO, started to increase 190 days prior to relapse
at the site of recurrence. At 60 days before relapse a maximum was reached, thereafter the CMRO,
was observed to decrease. The tissue oxygen tension, which is influenced by CMRO, amongst
others, started to decrease (i.e. hypoxia) 190 days before relapse, reaching a minimum value at 90
days prior to recurrence (see Fig. 19).

4.3.5 Apparent Diffusion Coefficient measured with DWI
Biopsy studies have shown that DWI is not helpful for the distinction between glioma infiltration
and peritumoural brain tissue. The correlation between tumour cellularity and ADC value, which
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can be derived from DWI, in solid tumour tissue has been histologically proven by Kono et al.
(2001).** The ADC in solid tumour tissue was found to be capable of predicting the degree of ma-
lignancy in gliomas. Signal intensities on DWI and ADC maps in peritumoural hyperintense areas
on T2-weighted imaging, however, were not useful in determining the presence of peritumoural
neoplastic cell infiltration. These findings were supported by Pauleit et al. (2004 ), who concluded
that distinction of tumour infiltration and adjacent edema or reactive gliosis in peritumoural tissue
in individual patients with gliomas cannot be done using DWI.1%

Pattern of failure analysis revealed that increased cell density can identify the site of recurrence
at least 3 months before morphologic changes are visible on conventional MR imaging. Gupta et
al. (2011) evaluated the correlation between low ADC values during treatment and recurrence
location during follow-up.** Only in 67 of the 208 glioblastoma patients (32.2%) visibly detecta-
ble restricted diffusion was seen during treatment. 27 patients showed low ADC lesions and no
contrast enhancement. At the site of restricted diffusion 23 patients (85.2%) developed contrast-
enhancing tumour at a median of 3.0 months later. This is congruent with the findings of Elson et
al. (2015), who observed an overlap of pre-radiotherapy ADC hypointensity volumes with recur-
rences in 28 out of 32 (88%) cases.'” The median progression-free survival in patients with ADC
hypointensity was 3.2 months. Pramanik et al. (2015) showed that the use of pre-radiotherapy
ADC maps to predict the location of late progression was inferior to the predictability for early
progression.’® For the 5 patients who progressed within 6 months post-radiotherapy, the median
percentage of overlap between the pre-radiotherapy ADC hypointensity volume and the recurrent
contrast-enhancing GTV was 78%, whereas 10 patients who progressed after 6 months had an
overlap of 53%. Wahl et al. (2018) investigated the pattern of failure in 52 glioblastoma patients
who underwent DWI and DCE-MR imaging.!® For the 33 patients with radiographic progression
during follow-up, the median proportion of the overlapping volume (i.e. the region that displayed
both restricted diffusion and enhanced perfusion) that developed progression during follow-up was
77%. The median proportion of the RV within the region with restricted diffusion, however, was
only 17%. When combined with the region with elevated CBV the median proportion increased to
30%. Based on these results the authors imply that volumes that display both restricted diffusion
and enhanced perfusion harbor resistant disease that is likely to progress in the future, but most
failures will spatially occur in volumes characterized by neither restricted diffusion nor increased
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perfusion. At the same institute, Kim et al. (2021) conducted a phase II study in which patients
with glioblastoma received dose intensification against regions with restricted diffusion and ele-
vated perfusion resulting in improved overall survival.'* Chang et al. (2016) used computational
big-data modeling to evaluate the potential of ADC and FLAIR signal pre-radiotherapy to predict
future recurrence.'” Areas of future recurrence showed a 9.5% decrease in ADC value (p < 0.001)
and a 9.2% decrease in signal intensity on FLAIR image (p < 0.001). Receiver operating charac-
teristic (ROC) curves yielded areas under the curve (AUC) values of 0.566, 0.726 and 0.741 for
ADC-only, FLAIR-only and a combined model respectively.

4.3.6 Anisotropic Diffusion measured with DTI.
In gliomas, regions with tumour infiltration can be identified with high sensitivity on DTI when
information on the isotropic and anisotropic components of the diffusion tensor are split. To eva-
luate the potential of DTI to visualize tumour cell infiltration within peritumoural regions with
increased T2-weighted signal intensity, Tropine et al. (2004) compared 20 patients with gliomas
to 10 patients with meningiomas, in which no tumour infiltration is expected.””® Comparison of
the peritumoural regions showed no significant differences in fractional anisotropy (FA) values,
suggesting reliable differentiation between infiltration and vasogenic edema based on DTI was not
yet possible. These findings were in concordance with an image-guided biopsy study performed by
Price et al. (2006)."* Preoperative DTT in 20 patients with gliomas were evaluated with the aim
to use DTI to distinguish regions with tumour infiltration in NAWM from regions with normal
brain tissue. The normalized FA values in this study could not distinguish infiltrated regions from
normal brain tissue (p = 0.27). Areas beyond tumour enhancement with a normal anisotropic
component and an isotropic component greater than 10% compared to contralateral NAWM, ho-
wever, could identify tumour infiltration with a sensitivity of 98% and specificity of 81%.
Although tumour infiltration can be visualized with high sensitivity, DTI does not seem useful
for prediction of areas of future relapse. The integration of DTI for radiotherapy treatment plan-
ning of patients with high-grade gliomas was first explored by Jena et al. (2005)."*° DTI-based
plans using a 1 ¢m margin added to an image-based high-risk volume were shown to reduce the
size of the planning target volume when compared to the conventional planning target volume
(mean 35%, range 18-46%). It is important to note that an isotropic CTV margin of 2.5 cm for the
conventional radiotherapy planning was used in this study. A similar approach by Berberat et al.
(2014) revealed a trend towards volume reduction using DTI, however, significance was not rea-
ched.’™ Trip et al. (2019) evaluated coverage of the RVs by DTI-based CTVs in forty glioblastoma
patients who received standard treatment with CTV margins of 2 cm or less.!®? A slightly worse
coverage of the RVs by the DTI-based CTVs was observed, with central recurrences in particular
being covered less. The ability of DTI to predict locations of distant recurrence was explored by
Witulla et al. (2020), who saw a connection between fiber tracking and the distant RV in only 1
out of 7 patients.!®

4.3.7 Cho/NAA ratio measured with MRS

Histologic evaluation of glioma tissue has shown the capability of MRS to distinguish tumour
infiltration. Croteau et al. (2001) investigated the correlation of MRS metabolic ratios and the
degree of tumour infiltration in 31 untreated glioma patients.'® In 247 tissue samples a signifi-
cant correlation of Cho/nCho (p = 0.0372) and Cho/NAA (p = 0.0018) was found with MIB-1,
a cellular proliferation index indicating tumour infiltration. Matsumura et al. (2005) evaluated
the correlation between Cho concentration and MIB-1 in 14 glioma patients with single-voxel
MRS." Although Cho concentration is believed to be elevated in glioma tissue, they only found a
significant correlation for low-grade gliomas. This might be caused by the heterogeneous nature of
high-grade gliomas, particularly for glioblastomas. Due to the large voxel size in single-voxel MRS,
it is almost unavoidable to exclude all necrotic tissue during the selection of a voxel of interest.
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Multi-voxel MRS has the potential to identify and delineate substantial tumour infiltration and
high-risk regions for recurrence. The feasibility of target delineation with multi-voxel MRS was
first explored by Pirzkall et al. (2001).** On average, the volume delineated on MRS was 58% of
the volume based on T2-weighted imaging. Metabolic active disease (i.e. regions with abnormal
Cho/NAA ratios), however, was still observed to extent ipsilaterally beyond the T2-weighted
delineation in 9 out of 12 patients with glioblastoma. On contrast-enhanced T1-weighted MR
imaging the extension beyond the T1-weighted volume was not as great as was seen with grade
III patients. Cordova et al. (2016) developed an imaging pipeline utilizing high resolution (0.1 cm?
nominal voxel size) spectroscopic imaging to generate whole-brain metabolic maps and evaluated
the correlation between MRS biomarkers and Sox2 density, a normalized metric of tumour infil-
tration, in tissue samples of 13 patients with glioblastoma.'®” Various metabolic markers showed
significant correlations, but Cho/NAA exhibited the strongest association with tumour infiltration
(p < 0.0001). During follow-up of these patients, 5 of the 13 patients had T1-weighted contrast-en-
hancing progression at the time of analysis. All patients showed T'1-weighted contrast enhancing
progression in regions that exhibited Cho/NAA abnormalities before radiotherapy was given (see
Fig. 20). A similar correlation between regions with increased Cho/NAA and recurrence site was
also observed by Park et al. (2007) and Czernicki et al. (2009).1%% 1%

Pre-radiotherapy Cho/NAA abnormalities were observed and delineated (red contour). Pre-RT
imaging shows that increased Cho/NAA ratios on the Cho/NAA map (third column) extended
beyond the GTV on TI1-weighted contrast-enhancement (first column) and T2-weighted/FLAIR
(second column). First recurrence on contrast-enhanced T1-weighted imaging after radiothera-
py (fourth column) showed contrast-enhancing tumour development within the pre-radiotherapy
increased Cho/NAA volume in 3 patients (A,B,C). [Adapted from Cordova et al.'’]
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4.3.8 Amide Concentration measured with APT CEST
APT CEST can be used to distinguish true glioma tissue from healthy tissue or post-treatment
effects. Preclinical research by Zhou et al. (2011) first explored the potential of APT CEST to
distinguish viable glioblastoma from post-treatment radiation necrosis.'*’ Histologically confirmed
regions with malignant tissue in 9 rats showed significantly higher APT signal intensity than
regions with radiation necrosis or contralateral normal appearing white matter (NAWM) (both
p < 0.001). Sagiyama et al. (2014) observed a significantly lower APT signal intensity in a group
of mice treated with TMZ (n = 6) compared to a control group (n=5)."*! Histological evaluation
determined no differences in cell density or apoptosis rate, however, a significantly lower Ki-67
labeling index was seen in the treated group (p < 0.0001). The correlation between APT signal
intensity and the Ki-67 labeling index was confirmed in human gliomas by Togao et al. (2013) and
Jiang et al. (2019).M1 142

These biopsy studies and the ability of APT CEST to distinguish tumour tissue from treatment
effects can be used to predict areas at risk for future tumour progression. Mehrabian et al. (2018)
acquired APT CEST imaging at 3 Tesla (T) before, during and after chemoradiation therapy in 19
glioblastoma patients.'** They found that APT CEST could predict future tumour progression as
early as two weeks into treatment. The utility of APT CEST acquisition at 1.5T was examined in a
prospective study (n = 51) by Chan et al. (2021), who found significant differences in quantitative
CEST parameters in patients who developed tumour progression within 6.9 months compared to
those with late tumour progression.'** These findings were supported by Regnery et al. (2018), who
found APT CEST imaging to yield significant predictors of early progression at 7T.'*

An overview of the different biomarkers and corresponding advanced MR techniques is given in
Table 1.

Biomarker Reported time of

observed alterations

Physiological process

seen prior to relapse

Kinetic parameters DCE-MR imaging Vascular leakiness n/a
and CBV
rCBV DSC Angiogenesis 4 — 9 months
VSI DSC (gradient and spin ~ Vasodilatation 1 month

echo acquisition
CMRO, gBOLD and ASL Oxygen consumption 6 months
ADC DWI Cellularity 3.0 — 3.2 months
Anisotropic diffusion DTI Invasiveness n/a
Cho/INAA MRS Metabolism 4 — 5 months
Amide concentration APT CEST Cell proliferation 6.9 months

Table 1: An overview of the advanced MR biomarkers that have potential to visualize glioblasto-

ma infiltration and predict regions of future recurrence.
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4.4 Understanding glioblastoma development

Progression of glioblastoma is associated with hypoxic tumour microenvironment that is known to
exist within glioblastomas. At cellular level the glioblastoma stem-like cells (GSC), a specific sub-
population of cells that display principal stem cell properties like self-renewal and differentiation,
thrive in harsh microenvironmental niches. 1% Hypoxia and hypoxia-inducible factors (HIFs) play
a critical role in creating the microenvironment that promotes cellular interactions and signaling
pathways required for the survival and self-renewal of GSCs.'® As GSCs are highly resistant to
radiotherapy and chemotherapy, it is believed that survival of GSCs play a major role in the de-
velopment of recurrence after treatment.!”-152

Hypoxia is commonly observed in solid tumours, being a natural consequence of increased oxy-
gen diffusion distance due to tumour expansion. In the early seventies, Folkman et al. (1971) first
proposed that angiogenesis is vital for the progression of solid tumours beyond a size of a few mm?,
as tumour expansion demands an increase in supply of oxygen and nutrients.'”® Emerging evidence,
however, shows that another mechanism called vessel co-option, can act as an alternative for tu-
mour blood supply.** Vessel co-option is a process in which pre-existing vasculature is hijacked by
tumour cells that form cuffs around microvessels. In a preclinical study, Holash et al. (1999) first
demonstrated vessel co-option in gliomas to precede angiogenesis by up to 4 weeks (see Fig. 21).1%
In this study, vessel co-option was shown to be associated with an upregulation of angiopoietin-2
(Ang-2), a growth factor that belongs to one of the main pathways involved in angiogenesis. The
Ang-2 overexpression was associated with vascular endothelial cell apoptosis and vessel regres-
sion, which occurs in Ang-2 overexpression in the absence of vascular endothelial growth factor
(VEGF).""%158 Subsequently, this led to a temporary avascular tumour with increasing hypoxia,
which in turn promotes induction of VEGF, a growth factor that promotes migration and proli-
feration of endothelial cells and stimulates sprouting of new blood vessels. This marks a switch
from vessel co-option as the preferred mechanism of vascularization to angiogenesis. The process of
angiogenesis will remain dominant due to the continuous presence of hypoxia and eventually lead
to an abnormal vascular network with dilated vessels, abnormal perfusion and excessive leakiness.
In addition to angiogenesis, it is believed that the hypoxic switch promotes another mechanism
for neovascularization: vasculogenesis.'® This process involves the mobilization, differentiation
and recruitment of circulating bone marrow-derived cells for the de novo formation of tumour
vasculature.

Vessel co-option (black arrow) involves organization of tumour cells into cuffs around normal
microvessels. [Adapted from Holash et al.'%]
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Glioblastoma cells can adopt and switch between an infiltrative phenotype, where cells migrate
in a saltatory fashion, and a proliferative phenotype resulting in local tumour growth.'® When a
proliferative phenotype is adopted, altered metabolism in glioblastomas can result in rapid cell
proliferation. In normal differentiated cells glucose is metabolized into pyruvate, which subse-
quently enters the tricarboxylic acid cycle to generate adenosine triphosphate (ATP) through a
process called oxidative phosphorylation. ATP production is required for ATP hydrolysis, in which
crucial energy is released for numerous cellular processes. Oxidative phosphorylation maximizes
ATP production (36 mol ATP / mol glucose), with minimal production of lactate. However,
when oxygen is limited, oxidative phosphorylation cannot occur and anaerobic glycolysis results
in inefficient ATP production (2 mol ATP/ mol glucose) and the production of large amounts of
lactate.’! Warburg et al. (1927) observed that malignant cells tend to convert a majority of
glucose to lactate, regardless of the presence of oxygen, resulting in less efficient ATP production
(4 mol ATP / mol glucose) when compared to oxidative phosphorylation.'? This process is called
aerobic glycolysis or the Warburg Effect and is also observed in glioblastomas.'® Although it is
hypothesized that aerobic glycolysis can be beneficial for rapid cell proliferation due to the
creation of additional cellular components (e.g. nucleotides, amino acids, and lipids) along with
the production of ATP, a conclusive explanation for aerobic glycolysis in cancer cells has remained
elusive.'®!

4.5 Discussion

This literature review explored the potential of advanced MR imaging to visualize microscopic
tumour infiltration and predict future areas of relapse in patients with glioblastoma. Studies using
various techniques that visualize tumour growth, vascularization and hypoxia show that advanced
MR biomarkers can precede morphologic changes on conventional MR imaging and could be the
initial step towards personalization of radiotherapy planning.

Although studies on multiple techniques have shown promising results, the integration of
advanced MR imaging with radiotherapy planning in clinical practice remains limited. Careful
consideration is taken regarding the introduction of these techniques into clinical practice, as it
remains challenging how to incorporate the additional information resulting in either improved
local tumour control or reduced radiation-induced toxicity.

Hypoxia and oxygen metabolism showed to be significantly altered approximately 6 months
prior to tumour progression being visible on conventional MR imaging.!”® Including this biomar-
ker in radiotherapy planning can provide early information on future sites of relapse compared to
other biomarkers reviewed in this paper. As seen in Fig. 19, the oxygen tension and CMRO, show
a turning point at 90 and 60 days before recurrence, respectively. This switch could be an indi-
cation of the Warburg effect, in which aerobic glycolysis becomes dominant and cell proliferation
is upregulated. This is in concordance with findings of DWI trials that evaluated progression-free
survival; significant hypercellularity was reported at a median of 3.0 or 3.2 months prior to re-
currence.'? 1% Ag a switch is observed during the course of tumour development and radiotherapy
planning is performed on a single time-point, sole information on CMRO, or oxygen tension can
result in overlooking potential sites of relapse. Depending on the time of acquisition the oxygen
consumption could appear normal after the Warburg effect has become dominant.

A multiparametric approach, where multiple biomarkers were included, was shown to be supe-
rior to single-parameter predictive models.!!% 16166 Tnclusion of biomarkers of perfusion-weighted
imaging in addition to oxygenation could allow for a better understanding of the pathological pro-
cesses in a region. Pattern of failure analysis showed that regions with increased perfusion acquired
with DCE-MR imaging (and hypercellularity acquired with DWI) is likely to progress, however,
the majority of failures were seen to occur at sites that did not display alterations on these MR
techniques.'® An increase in microvascular density can be seen 4 months before radiological recur-
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rence, indicating upregulation of hypoxia-induced angiogenesis. In the early stages of angiogenesis
it is believed that angiogenesis is dominated by the formation of smaller vessels, whereas the later
stages show transformation of these vessels into larger-lumen vessels.!”® Including both rCBV,
which correlates with microvascular density, and VSI with DSC can therefore provide complete
information on the angiogenic process that occurs in tumour progression.

Combining perfusion and oxygen biomarkers allows for early indication of future sites of relapse
while preventing misinterpretation due to the Warburg effect. A region with hypoxia or increased
CMRO, without altered perfusion can indicate vessel co-option or a temporary avascular state,
which is predictive for future upregulation of angiogenesis and relapse. When a region shows incre-
ased rCBV or VSI with normal CMRO,, a switch from an infiltrative phenotype to a proliferative
phenotype could have occurred.!® In this case angiogenesis is upregulated and aerobic glycolysis is
dominant indicating rapid cell proliferation and hence tumour growth.

In a preclinical study, Baker et al. (2014) showed that, in some cases, vessel co-option can
persist through to later stages, with the absence of the switch to angiogenesis for tumour vas-
cularization.'” As vessel co-option is not measurable through rCBV or vessel size, another bio-
marker might be needed to prevent misinterpretation of oxygen biomarkers. Tumour growth can
be directly or indirectly measured using various techniques. The Cho/NAA ratio was shown to
correlate accurately with tumour infiltration, however, the heterogeneous nature of glioblastomas
accompanied by a relatively poor signal-to-noise ratio and large voxel size of multi-voxel MRS
makes this technique less suitable for delineation. The presence of (micro)necrosis within a voxel
could result in a decreased Cho/NAA ratio. Techniques utilizing high resolution multi-voxel MRS
have been explored, however, an acquisition time of 19 min was required. Measurements of hyper-
cellularity with ADC mapping has been explored, showing significant hypercellularity to precede
future tumour recurrence by 3 months. White matter tracking and the inclusion of DTI informa-
tion for CTV delineation, however, showed rather disappointing results. Although APT CEST is
a relatively novel technique and the application of the technique in large controlled trials is not
vet explored, the studies presented in this review show promising results. Significant differences
between groups that developed early progression (within 6.9 months) and late progression indicate
the predictability for future sites of relapse to be superior to ADC maps. An additional benefit of
APT CEST for radiotherapy is its ability to distinguish true tumour progression from pseudo-pro-
gression, which is a post-radiotherapy phenomenon where damage to epithelial cells and increased
inflammation present itself similar to tumour progression on conventional MR imaging.! 168

4.6 Conclusion

The potential of advanced MR imaging for the visualization of microscopic tumour infiltration and
prediction of future relapse sites has been presented. Including information of oxygen (CMRO,
or oxygen tension), perfusion (rCBV and VSI), proliferation (APT) biomarkers in radiotherapy
planning could result in individualized CTV delineation, improved local tumour control and/or
reduced radiation-induced toxicity.
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In Chapter 4, the potential of advanced MR techniques and their corresponding biomarkers to
visualize microscopic tumour infiltration and high-risk regions of future relapse was explored. A
combination of advanced biomarkers CMRO,, VSI, rCBV and APT was hypothesized to be opti-
mal for visualization of tumour infiltration and early prediction of sites of future relapse. Within
the iGene study at the Erasmus MC, patients with gliomas underwent advanced MR imaging in
addition to conventional MR imaging. The data from four glioblastoma patients from the iGene
study was retrieved for this master’s project. As qBOLD-MR imaging was not incorporated in the
iGene scanning protocol, the biomarker CMRO, has been excluded from this project.

5.1 The iGene study

In the completed iGene study at the Erasmus MC (Rotterdam, the Netherlands), forty patients
undergoing standard therapy for newly-diagnosed gliomas received an adapted MR protocol
preoperatively. In addition to conventional MR sequences (i.e. structural MR imaging like T1
postcontrast), various advanced MR sequences (DWI, ASL, APT CEST and DSC-MR imaging
with simultaneous gradient and spin echo acquisition) were included in the protocol. An example
of the timeline of a patient’s trajectory in the iGene study is shown in Fig. 22.

For this master’s project, data from glioblastoma patients with advanced MR imaging was
required for the generation of a biological CTV based on advanced MR biomarkers. In Chapter 4,
various advanced MR biomarkers were reviewed regarding their applicability in radiotherapy plan-
ning for gliomas. A combination of the biomarkers CMRO,, VSI, rCBV and APT could provide
early information on alterations in oxygen consumption, angiogenesis and cell proliferation while
minimizing the risk of false negative results caused by the Warburg effect.

Eligible subjects from the iGene study were included for this master’s project. As qBOLD-MR
imaging was not included in the advanced MR protocol of the iGene study, CMRO, was excluded
as a biomarker for the biological CTV in this project. In this chapter, an overview is given of
the inclusion criteria, the approach for data retrieval and patient characteristics of the included
subjects.

Maximal Radictherapy
safe reseclion Temozolemide Temozolemide
Treatment o H o— - -
ow ~Bw ~12W ~16wW

MR acquisition -9 -:1) @ -9
! f f f

Pre-operative Pre-radictherapy Initial follow-up Follow-up

MR imaging MR imaging MR imaging MR imaging
(incl. advanced

MR imaging)

A typical timeline of a patient in the iGene study who received standard treatment for newly-

diagnosed glioblastoma. Advanced MR sequences were added to the protocol preoperatively, allowing
the creation of APT, VSI and rCBV maps. During the other timepoints, i.e. pre-radiotherapy and
follow-up, only structural MR imaging was included in the protocol.
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5.2 Inclusion criteria and data retrieval

Patients from the iGene study who were diagnosed with a glioblastoma, confirmed by histological
and molecular analysis, were included. Subjects were excluded when the patient did not receive
radiotherapy or had no follow-up data available.

From the included patients, the data required for this project was acquired. First, the structural
MR imaging and APT, VSI and rCBV maps from the preoperative MR session were retrieved.
Secondly, the imaging and delineations for radiotherapy planning were obtained. This included
the planning CT-scan, the structural MR imaging that was used as an aid for the delineations
and the delineations of the GTV, CTV, PTV and the organs at risk. Lastly, the structural MR
imaging from the MR session that showed first progression during follow-up according to the
RANO criteria, was retrieved.® The MR sessions that showed first progression during follow-up
was determined by an experienced neuroradiologist. A comprehensive overview of the retrieved
data is provided in Table 2.

Treatment time-point Imaging type Maps or delineations
Preoperative Conventional MR imaging T1 + gd, T2/FLAIR
Advanced MR imaging APT, VSI, rCBV
Pre-radiotherapy Planning CT scan CT
Conventional MR imaging Tl + gd, T2/FLAIR
Delineations of radiotherapy GTV, CTV, PTV and organs
at risk
planning
Follow-up Conventional MR imaging T1 + gd, T2/FLAIR

Table 2: An overview of the imaging and delineations required for this project.

5.3 Patient characteristics

Six patients from the iGene study were eligible; two were excluded as they did not receive radio-
therapy. Eventually, four patients matched the criteria for this project. A detailed overview of the
patient characteristics is given in Table 3.
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Patient 1 Patient 2 Patient 3
Age at diagnosis 65 30 60
Sex Male Male Male
Tumour location Left frontal lobe Right medial Right temporal

temporal lobe lobe

Resection/biopsy Resection Resection Resection
MGMT status Unknown Methyvlated Unmethyvlated
Time until progression 10 months 1 month 8 months
after finishing

radiotherapy

Patient 4
50
Male

Right temporal
lobe

Resection
Unmethylated

4 months

Table 3: Patient characteristics of the four glioblastoma patients who were included in this

project.
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Chapter 5 narrates the data retrieval of four glioblastoma patients who underwent advanced MR
imaging. From these patients, brain maps of the advanced MR biomarkers VSI, rCBV and APT
were created with in-house developed scripts. In this chapter, a custom pipeline that was required
to allow the introduction of the advanced MR biomarker maps in MIM Maestro® is presented.

6.1 Introduction

At the Department of Radiotherapy at the Erasmus MC Cancer Institute, fusion of the struc-
tural MR imaging to the planning CT and, subsequently, delineation of the target volumes and
organs at risk for radiotherapy planning of glioblastoma is performed in a software named MIM
Maestro® (MIM Software Inc.). MIM Maestro® provides a comprehensive set of tools for radiation
oncology, e.g. automatic (deformable) registration, standardized integration of positron emission
tomography or the calculation of dose-volume histograms.

Numerous imaging protocols that include advanced MR sequences have been developed, main-
ly for research purposes. Custom image analysis pipelines are frequently developed to generate a
brain map of an advanced MR biomarker from the raw image acquired with the advanced MR
sequence, e.g. a custom image analysis pipeline is used to create an APT map from APT CEST
imaging. The generated biomarker maps are frequently stored in a Neuroimaging Informatics
Technology Initiative (NifTT) format, which is commonly the file format of choice in neuroimaging
research.'® The NifTT file format is considered relatively simple and minimalistic making it more
suitable for image processing and analysis. In clinical practice, however, Digital Imaging and Com-
munication in Medicine (DICOM) has become the widely adopted standard for storage and trans-
mission of medical imaging.'™ The DICOM standard groups and compresses a substantial amount
of information into data sets resulting in the integration of imaging with numerous embedded tags.
These tags contain information not only of the image data itself, but also patient specific data, e.g.
date of birth or gender. MIM Maestro® only allows the introduction of imaging in DICOM format.
As the imaging of the advanced MR biomarkers investigated in this project is stored in NifTI
format, a conversion has to be performed. There is no standardized approach for a NifTT to
DICOM conversion; the optimal approach depends on the purpose of the conversion. Different
scanner manufacturers extend the DICOM standard differently resulting in incompatibilities
between software that has been designed to work with only one particular subset of DICOM stan-
dards.'™ Depending on a specific software and its built-in DICOM standard, a DICOM image can
appear erroneous displaying orientation flips or loss of data. Therefore, for this project, a custom
conversion is required that can convert the advanced MR biomarker images to a DICOM standard
that is compatible with MIM Maestro®.

6.2 Methods

A custom Python script was created that had the aim to convert NifTT files to the DICOM stan-
dard compatible with MIM Maestro®.

6.2.1 DICOM tags

The biomarker images (the APT, VST and rCBV maps) were derived from raw advanced MR ima-
ging using custom image analysis pipelines. Whereas the biomarker images were stored in NifTI
format, the raw advanced MR images were stored according the DICOM standard. In the custom
Python script, specified DICOM tags from the raw advanced MR images were copied and linked
to the biomarker maps. Additionally, some tags were newly created. These DICOM tags had to be
selected cautiously, as copying all DICOM tags or omitting specific tags would prohibit successful
conversion.
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6.2.2 Introducing a scaling constant

Furthermore, the DICOM standard does not allow the signal intensity of voxels to have
non-integer values. The signal intensities of the voxels in the advanced MR images consist of point
values; conversion to the DICOM standard would round signal intensities resulting in the loss of
detailed information. An example of details of imaging data being lost due to the conversion is
shown in Fig. 23. A common workaround for this issue is scaling of the NifTI image before con-
version. Interpretation of imaging relies mainly on contrast between voxels rather than the signal
intensity of voxels itself. It is with the information of surrounding voxels that conclusions can be
drawn regarding diagnosis and treatment effects. By scaling the signal intensities of each voxel
according Fq. 1, an image can be created with improved details when rounded while maintaining
similar spatial contrast. Imagine two adjacent voxels in a NifTT image with signal intensities 1.342
and 1.145. Conversion to DICOM would round the signal intensities to integers, resulting in both
voxels having a signal intensity of 1. By scaling the signal intensities before conversion, e.g. with
a factor of 100, the voxels in the NifTT image would have a signal intensity of 134.2 and 114.5,
respectively. Now, conversion to DICOM will again round the signal intensities to integers, but
due to the scaling the voxels will have distinct signal intensities of 134 and 115. By introducing a
scaling constant, the conversion to DICOM can be realized without the loss of significant spatial
contrast. In the custom Python script for the conversion of the biomarker maps to DICOM, sca-
ling constants were introduced before transforming all point values to integers. To find a suitable
scaling constant for each biomarker, segmentations were made of the brain on the three biomarker
maps of all patients. The mean signal intensity of each biomarker was calculated to identify the
order of magnitude of the signal intensities of each biomarker. Based on these findings, a suitable
scaling constant was chosen.

The cursor is pointed at a voxel with signal intensity 1.217 in the original NifTI image of an
rCBV map (a). Direct conversion of the NifTI image to the DICOM standard would result in
losing detailed information, as the DICOM standard only allows vozels to have integers as signal
intensities. The same vozel in the converted DICOM image, therefore, is rounded and has a signal
intensity of 1 (b).
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I?’I(irjlk] zfﬂ(iljlk)*c Eq. 1

Eq. 1: A new image (In) is created by multiplying the signal intensity of each voxel in the NifTI
image (lo) by a scaling constant (C).

6.2.3 Validation strategy

Validation of the conversion was done by loading the output, i.e. the biomarker maps in the
DICOM standard, of each patient into MIM Maestro®. Visual examination of the imaging in
MIM Maestro® was performed to assess the presence of potential orientation flips. Additionally,
a voxel-wise analysis that compared the input NifTT image and the output DICOM image was
conducted in Python. Each voxel in the output image should have had the same signal intensity
as the (scaled) input image to pass.

6.3 Results

The conversion of the biomarker maps to the DICOM standard of MIM Maestro® was performed
for all four patients.

6.3.1 Creation of the DICOM header

Numerous DICOM tags were either copied from the raw advanced MR DICOM image or newly
created for the creation of a DICOM header for the biomarker maps. Several crucial DICOM tags
included Patient Name (0010,0010), Patient ID (0010,0020), Image Orientation (0020,0037) and
Frame of Reference UID (0020,0052). A complete overview of the DICOM tags that were copied
or newly created is given in Appendiz A.

6.3.2 Image-processing before format conversion

The mean signal intensity within the brain segmentations was 0.0205, 0.0244 and 1.5655 for APT,
VSI and rCBYV, respectively. The mean signal intensities per patient can be found in Appendiz B.
APT signal intensities have been frequently reported in percentage [%]| rather than the relative
value.'t: 0 However, multiplying the APT signal intensities with 100 [%] is not enough to allow
proper distinction when the intensities are rounded to integers. Therefore, the scaling constant for
APT maps is set at 100.000 combining the notation of signal intensity in percentage and additio-
nally multiplying by 1.000. The signal intensities of VSI indicate the vessel size diameter in mm.
With a scaling constant of 1.000, VSI will be displayed in pm rather than mm. Lastly, rCBV does
not have a unit; its scaling constant is set at 1.000 to ensure proper distinction when rounded. An
overview of the scaling constants for each biomarker is given in Table 4.

6.3.4 Validation

All converted biomarker images (12/12) were loaded in MIM Maestro® successfully. Visual exami-
nation showed no orientation flips in all cases. An example of the advanced MR biomarker maps in
the DICOM standard is shown in Fig. 24. Voxel-wise comparison between the input NifTI image
after scaling and the output DICOM image of all biomarker maps revealed the conversion to create
identical images in all cases (100%).
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Rounded signal
intensity after scaling
APT 0.0205 100.000 2050
VsI 0.0244 1.000 24
rCBV 1.5655 1.000 1566

Table 4: Scaling constants applied for the biomarkers.

(Advanced) MR imaging of one of the included patients acquired preoperatively. The T1 postcon-
trast (a) and converted APT (b), VSI (¢) and rCBV (d) maps show similar orientations in MIM
Maestro®. Note that the maps of the advanced MR biomarker maps only show information within
the brain. This is part of the image analysis pipeline that is used to generate the biomarker maps
from the raw MR data. As the converted advanced MR biomarker maps share the same value for
Frame of Reference UID (0020,0052) as the T'1 postcontrast, these images are linked to each other.

6.4 Limitations

The selection of scaling constants for each biomarker was based on improving the details after
conversion while maintaining simplicity to convert signal intensities to meaningful measures. For
example, the VSI scaling constant was chosen at 1000. Consequently, the majority of rounded
signal intensities after conversion had an order of magnitude of 1 (i.e. within the range of 10! and
10%). The other two biomarkers, APT and rCBV, had signal intensities with an order of magnitude
of 3 (mostly ranging between 10° and 10"), meaning more detailed information. Although a higher
order of magnitude would provide more details, the value could become less intuitive to interpret.

6.5 Conclusion

In this chapter, a successful format conversion of the advanced MR biomarkers maps is presented.
This conversion allows the integration of APT, VSI and rCBV maps in MIM Maestro®) for radi-
otherapy planning.
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In Chapter 5, an overview was given of the collected data for this project. As the imaging was
acquired at different timepoints, image registration was performed in MIM Maestro®. In this chap-
ter, the procedure for the registration of the imaging is described.

7.1 Introduction

For this project, imaging from all four patients was retrieved at three different timepoints. First,
the (converted) imaging from the MR session that included the advanced MR sequences was
performed preoperatively. The second timepoint was pre-radiotherapy, where a planning CT (in-
cluding radiotherapy delineations) and structural MR imaging was acquired. Lastly, the structural
MR imaging of the follow-up session that showed first progression was retrieved. To compare the
biomarker maps with the GTV, CTV and RVs, image registration was performed with the aim to
transform all sets of data to the same coordinate system.

7.2 Registration

The T1-weighted postcontrast MR image from the preoperative, pre-radiotherapy and follow-up
session were rigidly registered to the planning CT-scan using the fusion tool in MIM Maestro®.
A radiation oncologist checked the registration and performed manual rigid correction if deemed
necessary. Within each MR session, the images are co-registered, meaning they share the same
frame of reference as the T1-weighted postcontrast MR image. Therefore, the other images, e.g.
the advanced MR biomarker maps, are automatically registered to the planning CT-scan as
well. A schematic overview of the registrations is given in Fig. 25. Finally, the registrations were
adjusted (if necessary) and approved by another radiation oncologist.

T1 + gd Planning CT T1 + ed
Structural T2 (incl. delineations) T2 Structural
MR imaging MR imaging
FLAIR FLAIR

Advanced
MR imaging

T1 + gd
T2
FLAIR

Structural
MR imaging

An overview of the three timepoints and the transformations that were applied.
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7.3 Discussion

The registration was performed for the imaging of all four patients and required manual rigid
correction in all cases. As glioblastoma can grow rapidly and surgery can cause significant changes
in the morphology of the brain, registration was challenging (see Fig. 26). The option for defor-
mable registration was explored, however, did not improve the outcome. Ideally, the advanced MR
imaging was acquired pre-radiotherapy to minimize changes within the brain. In future studies
that focus on introducing advanced MR techniques for radiotherapy planning, the acquisition of
the advanced MR imaging should be done close to the planning CT acquisition. Now, discrepan-
cies might occur between the high-risk regions on the preoperative advanced MR imaging and
delineation of the biological CTV due to suboptimal registration. Nevertheless, the registrations
performed for the four patients were found to be acceptable by two radiation oncologists.

A fusion of the preoperative T1-weighted postcontrast MR image to the planning CT scan (pre-
radiotherapy) of one of the patients. The registration is suboptimal due to morphological changes
within the brain after surgery (brain shift); correction of these changes is infeasible with rigid
registration only.







47

With the introduction of the biomarker maps in MIM Maestro®, the presence of increased cell
proliferation, vasodilatation and microvascular density can be assessed. As explored in Chapter 4,
these processes can precede morphological changes on conventional MR imaging and indicate sig-
nificant tumour infiltration that is likely to develop into progression during follow-up. Therefore,
a biological CTV would consist of the conventional GTV and regions with increased cell prolife-
ration, vasodilatation and microvascular density. As these advanced MR biomarkers maps are not
yet well-established in clinical practice, it can be difficult to interpret the advanced MR imaging
and create a segmentation of the high-risk regions that are to be included in the biological CTV.
In this chapter, a segmentation algorithm is introduced that can provide an initial segmentation
of high-risk regions to aid in the delineation of the biological CTV.

8.1 Introduction

The vast majority of recurrences of glioblastomas are observed to occur local or close to the
GTV.56 Therefore, the hypothesis arises that hyperintense regions on the biomarker maps close
to the GTV are more likely to contain significant tumour infiltration, whereas hyperintense regions
further away could have other causes for the increased signal intensity. With this hypothesis, set-
ting a threshold value within a margin from the GTV comes to mind for automatic segmentation
of high-risk regions for future recurrence.

The biomarkers APT and VSI are derived using relatively novel techniques; therefore, research
on optimal cutoff values to distinguish true tumour infiltration from healthy brain parenchyma is
limited. For rCBV, numerous different cutoff values have been proposed.!*>*17 1% The broad range
of values is a result from variations in techniques and image analysis pipelines at different institu-
tes. An optimal cutoft value for rCBV (and APT and VSI) derived with the MR techniques and
pipelines used in the Erasmus MC has yet to be investigated.

Nonetheless, closer visual examination of the biomarker maps does reveal suspicious regions
within or close to the GTV (see Fig. 27). As stated in Chapter 6, the interpretation of imaging
relies mainly on context provided by contrast
between voxels rather than voxel signal inten-
sities itself. Although the imaging of only four
patients is available in this project, a threshold
value specific for these images could be propo-
sed that covers the regions that appear hype-
rintense visually. However, with thresholding
comes another problem as spatial contrast is
also seen in the healthy brain, particularly
on VSI and rCBV maps. Arteries, for exam-
ple, can appear hyperintense on these maps
as well (see Fig. 28), making it difficult to
only segment suspicious regions. Introducing
an additional threshold or automatic tools to
segment the arteries could be a viable soluti-
on, however, thresholding in general might not
be the best approach for creating a biological
CTV. It can be a useful tool for segmentation An APT map of a patient with a glioblas-
of the high-risk regions, but it is important to toma in the right frontotemporal lobe. The
be mindful of the purpose of a CTV. It defines GTV was delineated on conventional MR
the volume that should be targeted with ioni-  imaging. The APT map shows hyperin-
zing radiation and, ideally for VMAT, would tensity within and adjacent of the GTV,
have a convex shape to allow sufficient target indicating increased cell proliferation (pink
coverage while limiting harm to surrounding  arrow).
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The rCBV map of the same patient shown

in Fig. 24. Structures that are present in the
healthy brain can also be the cause of hype-
rintensity on these maps. The right middle
cerebral artery (blue arrow) appears highly
hyperintense. Although less profound, close to
the tumour the rCBV seems to be increased as
well (pink arrow).

Around the conventional GTV, wvoxels that
were within a range of 1.5 cm from the GTV
and had signal intensities above a chosen
threshold were segmented as high-risk regions
(pink contour). An additional threshold was
selected to exclude voxels that were most like-
ly included due to vascular structures rather
than tumour pathophysiology. The irreqular
shape of the contour can complicate radiothe-
rapy planning.

tissue. Thresholding does not take this aspect into account, as it is solely based on signal intensity
of the voxels. The segmentations are less suitable for radiotherapy planning due to its complex

shapes (see Fig. 29).

An image segmentation method that might be more suitable for this project is region growing.
This approach examines neighbouring voxels of an initial seed point and determines whether
voxels should be included to a segmentation based on a set of parameters.'” The advantage of the
region growing algorithm is that its segmentation is expected to be more appropriate for radio-
therapy planning. Additionally, as glioblastomas frequently recur locally, this algorithm fits this
tumour type well as it indirectly takes distance into account.

8.2 Methods

The region growing algorithm incorporated in MIM Maestro® was used for this project.

8.2.1 The region growing algorithm

The algorithm requires three input parameters, the location of an initial seed point and a defined
box as region of interest. The seed point is the voxel from which the algorithm will start growing.
Based on the input parameters, i.e. a lower and upper threshold value and a tendril diameter,
voxels adjacent to the seed point will be included in the growing contour. The algorithm searches
within the defined box for voxels that are within the specified signal intensity range and are con-
nected to the seed point by a path consisting of other voxels within the specified intensity range.
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Tendril Diameter - 10mm or less Tendril Diameter - greater than 10mm

d ]

The tendril diameter determines the tolerance for protrusion. Examples of three different shapes
(a,b,c) with a link of 10 mm are given.

The tendril diameter prevents the contour from growing to neighbouring voxels when any dimen-
sion of contiguous voxels, as a group, is narrower than the tendril diameter. A larger value for the
tendril diameter is more restrictive, and will, in general, result in a more convex contour shape.
An illustrative explanation of the tendril diameter is given in Fig. 0.

8.2.2 Input parameters

Although optimal cut off values have yet to be explored, suspicious regions can be seen on the
advanced biomarker maps. On each biomarker map a seed point was chosen manually within the
suspicious region for each patient for the region growing algorithm. The box for the region of
interest covered the entire brain in all cases. In an iterative manner, input parameters were selec-
ted that covered the suspicious region best for all four patients. Additionally, smoothening and
morphological operations to fill holes were applied.

8.3 Results

The following input parameter values for each biomarker were found to cover the suspicious regi-
ons adequately in all four patients (see Table 5 - 7). An example of the APT high-risk contour in
one patient is shown in Fig. 31.



APT value in MIM APT value [%]
Maestro®

Lower threshold value 1 800 1.8

Upper threshold value 4 000 4.0

Tendril diameter 20 n/a

Fill holes Strong

Smoothening Enabled

Table 5: Input parameters selected for region growing of the high-risk contour on APT.

VSI value in MIM Maestro® VSI value [mm]

Lower threshold value 13 0.013
Upper threshold value 42 0.042
Tendril diameter 12 n/a
Fill holes Strong

Smoothening Enabled

Table 6: Input parameters selected for region growing of the high-risk contour on VSI.

rCBV value in MIM rCBV value [
Maestro®

Lower threshold value 850 0.85

Upper threshold value 3200 3.2

Tendril diameter 12 n/a

Fill holes Strong

Smoothening Enabled

Table 7: Input parameters selected for region growing of the high-risk contour on rCBV.

8.4 Discussion

In this chapter, region growing is introduced as an assist for the delineation of the high-risk regions
on the advanced MR biomarker maps. There are some limitations. The values for the input pa-
rameters of the algorithm were chosen based on visual coverage of hyperintense regions. This was
an iterative process; however, a systematic approach that would assess different combinations of
input parameters would be more accurate. Moreover, as the ultimate goal is to identify high-risk
regions of future relapse, the systematic approach should have the aim to find the combination
that covers the RV rather than hyperintense regions on the biomarker maps. Further examination
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The seed point (green cursor) was selected ma-
nually on the APT map. From there, the region
growing algorithm was initiated with the input
parameters provided in Table 5. The pink contour
is the outcome of the algorithm that indicates the
high-risk region for future recurrence based on
APT information.

of optimal values for the input parameters
has been excluded deliberately from this
project, as this would have been based on
only four patients. Future research should
therefore include a larger cohort with acqui-
sition of advanced MR biomarker maps to
perform adequate parameter tuning.
Furthermore, region growing is a seg-
mentation method that will not extend ex-
tremely far beyond the GTV. Therefore, if
a first recurrence occurs distant, it is less
likely to be included by the region growing
algorithm. Nonetheless, the vast majority
of recurrences occur within or close to the
GTV. That is why the standard CTV yields
a margin of 1.5 cm around the GTV. In ad-
dition, it is important to keep in mind that
the purpose of the region growing algorithm
is to provide an initial delineation. It is up
to the radiation oncologist to customize the
generated contours if deemed necessary.
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In Chapter 8, a region growing algorithm was introduced with the aim to assist in delineation of
high-risk regions on the advanced MR biomarker maps. In this section, a semi-automatic workflow
is presented that allows the generation of a biological CTV based on the high-risk regions contou-
red by the region growing algorithm.

9.1 Introduction

As this is the first time these advanced MR biomarker maps are introduced for radiotherapy plan-
ning in the Erasmus MC Cancer Institute, it can be difficult to fully understand the information
the advanced MR imaging provides. This will come with further research and experience with
these images. To ensure an intuitive and robust approach for the generation of a biological CTV,
a workflow has been created in MIM Maestro®. This workflow incorporates automated seed point
selection to ensure a suitable initial seed point is selected.

9.2 Seed point analysis

The region growing algorithm requires the selection of an initial seed point from which the algo-
rithm will grow a contour. The seed point is a single voxel and must meet a set of requirements to
ensure the algorithm to operate properly. Hypothetically, voxels have two major properties that
can influence their suitability for becoming a seed point: The signal intensity and the location.
Automatic seed point selection removes the possibility for choosing a wrong seed point. A seed
point analysis is conducted to assess the requirements a voxel must have to be suitable as an initial
seed point and to determine an optimal approach for automatic seed point selection.

9.2.1 Methods

It is hypothesized that a voxel must have a suitable signal intensity and location to succeed as
seed point. First, the signal intensity has to be within the intensity range of the algorithm, i.e. the
lower and the upper threshold. If the initial point falls outside the intensity range, the algorithm
will fail. Secondly, the location has to be carefully chosen. The center of the GTV comes to mind,
however, the voxel in the center of the GTV might have an insufficient signal intensity. This could
be caused by noise or a resection cavity. Nonetheless, as the majority of recurrences occur locally,
it is logical to have a seed point located within the GTV.

For the biomarker maps of each patient, a segmentation within the GTV was made of all sui-
table voxels based on signal intensity. For APT maps, for example, the lower and upper threshold
used in the algorithm were 1800 and 4000, respectively. Within the GTV delineation, only voxels
within that intensity range were included as possible seed points. Subsequently, the median signal
intensity was found. Voxels with this specific signal intensity were selected as seed points for the
seed point analysis. The median signal intensity is chosen as it is assumed that adjacent voxels
have an intensity close to the median signal intensity. Thus, adjacent voxels have a higher proba-
bility to be included by the algorithm.

From the voxels with a median signal intensity, high-risk contours were created using the re-
gion growing algorithm and the input parameters described in Chapter 8. The generated contours
from each seed point were compared to evaluate the effect of the location on the outcome of the
algorithm. The amount of different volumes was explored; volumes were considered similar if the
volumes had a dice similarity coefficient (DS) higher than 0.9. The volume that visually covered
the high-risk region best was marked. Subsequently, each seed point was labelled with its corres-
ponding volume. The Euclidean distance from each seed point to the GTV center was calculated
to assess the effect of proximity to the GTV center on generated volume.



54

9.2.2 Results

For each patient, region growing was performed for all selected seed points on the three biomar-
ker maps. An example of the generation of volumes on an APT map in the seed point analysis is
shown in Fig. 32. In some cases, all seed points had the same outcome, e.g. the same volume or no
volume. In other cases, seed points at different locations generated different outcomes. The outco-
mes for region growing on the APT maps is given in Table 8 (a similar overview for VSI and rCBV
can be found in Appendiz C). In all cases (i.e. for each biomarker of each patient), the majority
of seed points generated the volume that was marked to cover the high-risk regions best. Volumes
that were considered similar (DS > 0.9) had a DS of 1.0 in all cases, indicating 100% similarity.

Number of seed Generated volumes Intervolume DS
points
1 2746 55 Vol. 1 (n=55)*
2 2508 134 Vol. 1 (n=102)* DSven verz =
0.033
Vol. 2 (n=15)
No volume (n=17)
3 2625 122 Vol. 1 (n=107)* DSvan voiz =
0.038

Vol. 2 (n=1)

No Volume (nzlri)

4 2410 109 No volume (n=109)*

“Volumrle that visually covers the suspicious region best.

Table 8: An overview of the distribution of volumes on APT maps created during the seed point
analysis.

Evaluation of the seed point locations and the corresponding volumes showed that seed points that
had a median signal intensity and were located closest to the GTV center, generated the volume
that covers the hyperintense region on the maps in 100% of the cases. The evaluation of the seed
point locations for APT is shown in Fig. 33. The evaluation for VSI and rCBV are included in
Appendiz D.

9.2.3 Discussion

The seed point analysis revealed the feasibility of automated seed point selection. A voxel that has
a median signal intensity of the voxels within the intensity range of the algorithm and is located
close to the GTV center, is suitable as initial seed point and will generate a contour that covers the
suspicious region on the advanced MR biomarker map. Seed points that generated an unwanted
volume were mostly seen at the far edge of the GTV, indicating that the algorithm in these cases
does not cover the central part.
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Histogram for: APT_1.8-<4%
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The GTV (green contour) is located in the right frontotemporal lobe (a). A delineation is created of
possible seed points within the GT'V (blue contour) based on the intensity range, i.e. 1800 — 4000
for APT (b). From these voxels, the median signal intensity (i.e. 2625) is found (c). All possible
seed points with a signal intensity of 2625 (pink seeds) are selected and used as initial seed point for
the region growing algorithm (d). From 122 seed points, the algorithm genmerated the same volume
(pink contour) from 107 different seed points (e), a different volume (cyan contour) from 1 seed
point (f) and no volume from 14 seed points (brown seed) (g).
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I Volume 1 (n=102)

5 Vol 1 (n=55) = [ Volume 2 (n=15)
Patient 1 {n=55) | vciume 1 (r-55) Patient 2 (n=134) [ No volume (n=17)

Distribution of seedpoints [%]
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Distance from GTV center [cm] Distance from GTV center [cm)
Fig. 33

The z-axis describes the distance of the seed points to the GTV center, whereas the y-azis describes

the distribution of labelled seed points. In all four patients, it is shown that the seed points closest
to the GTV center correspond to the marked volumes

Although this seed point analysis was performed on only four patients, all twelve cases (3 biomar-
kers per patient) showed the same results. It is important note that these advanced MR biomarker
maps were acquired before surgery. In future research, it should be investigated if automatic seed
point selection is also feasible by choosing a suitable seed point closest to the GTV center after sur-
gery. Automatic seed point selection has the advantage of providing a robust and standardized ap-
proach for the generation of a biological CTV by minimizing inter- and intra-observer variations.

9.3 A semi-automatic workflow

MIM Maestro® offers the possibility to create workflows by automating step-by-step processes
that involve complex, interactive analysis, displays and image-processing. Automated workflows
can improve user-friendliness, ensure consistency and minimize the margin for human error. A
semi-automatic workflow was created for the generation of a biological CTV in MIM Maestro®.

The workflow relies on the contouring of high-risk regions on APT, VSI and rCBV maps using
a region growing algorithm. Before the workflow can be initiated, the advanced MR imaging has
to be already registered to the planning CT-scan. In addition, a delineation for the GTV has to
be already created. Only then, the workflow can be initiated. First, on the APT map a suitable
initial seed point in the GTV for region growing is automatically found and selected as a seed
point for region growing. Now, the radiation oncologist can enter the input parameters for the
region growing algorithm. Custom templates for each biomarker have been created and can be
used to select a specific combination of input parameters to limit the chance of human error and
improve workflow efficiency. Thereafter, a checkpoint is reached where the radiation oncologist
can adapt the contour on the biomarker map if deemed necessary. This process is repeated for the
biomarkers VSI and rCBV, eventually yielding three contours of high-risk regions based on the
advanced MR biomarker maps. The last part of the workflow combines the high-risk regions with
the GTV to create a delineation of the biological CTV. A step-by-step user’s manual is provided
in Appendiz E.
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After the semi-automatic workflow, manual adjustment of the biological CTV can be performed
to adjust for organs at risk or anatomical barriers. This is similar to the conventional approach
for CTV delineation. Thereafter, the PTV can be created. A schematic overview of the workflow
is shown in Fig. 34.

Registration advanced MR imaging to planning CT

Delineation of GTV

Automated selection of initial seed point

Definition of region of interest

Selection of the input parameters

Manual adjustment of the created contour

Automated selection of initial seed point

Definition of region of interest

Selection of the input parameters

Manual adjustment of the created contour

Automated selection of initial seed point

Definition of region of interest

Selection of the input parameters

Manual adjustment of the created contour
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Biological Unification of GTV and high-risk contours on APT,
CTV VSI and rCBV

Radiotherapy Adjustment for anatomical barriers and organs at risk

plalllllng Creation of the PTV

The semi-automatic workflow in MIM Maestro® consists of four major steps.
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9.4 Discussion

A semi-automatic workflow in MIM Maestro® is presented that creates an initial biological CTV
delineation based on a region growing algorithm. The workflow incorporates checkpoints to allow
interaction between the user during the creation of the biological CTV and only contains tools and
functionalities from MIM Maestro® to ensure compatibility with the software. The latter conside-
ration does have its drawback: The adaptability of functionalities and tools in MIM Maestro® is
restricted, meaning possibilities for modifications are limited. MIM Maestro® does offer the option
to create custom extensions using Java or Matlab programming languages. Extensions provide
the freedom to perform image analyses or-processing otherwise not available in MIM Maestro®.
Nevertheless, the semi-automatic workflow presented in this chapter works properly and does not
require custom functionality. An extension, in this project, would only be beneficial if further
research requires complex functionality not yet available in MIM Maestro®. The downside of the
use of extensions in MIM Maestro® is the necessity of additional software and adequate frontend
communication, complicating the workflow and reducing user-friendliness. MIM Maestro® offers
numerous tools for image analyses and image processing, making the use of custom extensions in
this project unnecessary.
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With the data of four patients and the automated workflow described in Chapter 9, the added
value of the biological CTV was explored. A remarkable reduction in size of the CTV was obser-
ved, while maintaining adequate coverage of the RVs.

10.1 Introduction

With the introduction of advanced MR, imaging, the opportunity arises to personalize CTV de-
lineation. Advanced biomarker maps provide additional information on tumour infiltration and
high-risk regions of future relapse. These suspicious regions indicate altered physiology and encom-
passing these regions in addition to the GTV can produce a biological CTV. The introduction of a
biological CTV can result in improved coverage of true tumour tissue while sparing more healthy
tissue. At the moment, the typical CTV margin at the Erasmus MC Cancer Institute consists of a
1.5 cm expansion of the GTV. Generally, this margin is set in every direction due to the lack of in-
formation on tumour infiltration. Assuming the biological CTV only covers significant tumour tis-
sue, a reduction in target size is expected compared to the conventional CTV. This can eventually
lead to reduced radiation toxicity and thus improved quality of life. Furthermore, dose constraints
for organs at risk can lead to the decision to underdose the target as the expected radiation toxici-
ty could be too severe. With a biological CTV, there is a probability that the anticipated dose in
organs at risk does not exceed the dose constraints, while it would in a radiotherapy plan with the
conventional CTV. This could potentially lead to improved survival for this group of glioblastoma
patients. Additionally, the advanced MR biomarker maps could provide novel insights in viable tu-
mour tissue beyond the 1.5 cm margin. Including these regions to the biological CTV could result
in improved coverage of tumour tissue and thus improved overall survival.

In this research, the aim was to explore the potential of a biological CTV that incorporates
information from APT, VSI and rCBV maps for improved radiation treatment of glioblastomas

10.2 Methods

The four patients previously described in Chapter 5 were included. The semi-automatic workflow
described in Chapter 9 was used to generate a biological CTV; manual adjustments during the
workflow were prohibited. The input parameters for the region growing algorithm were similar to
those reported in Chapter 8.

The size of the conventional CTV and the biological CTV were compared to assess the po-
tential to reduce the risk on radiation toxicity. Furthermore, the tumour coverage by the GTV,
biological CTV and the conventional CTV were compared by analysing the pattern of failure. The
RV was delineated (by a radiation oncologist) on the MR imaging that first showed progression
according to the RANO criteria.® Coverage of the RV could estimate the potential of the biological
CTV to cover tumour infiltration.

To assess the resemblance of the contours of the individual biomarkers, the DS between the
contours were calculated. Similar contours could imply that inclusion of only one of the maps is
feasible, as the other maps would not provide any additional information. Furthermore, the RV
was divided to evaluate the amount of coverage by each individual biomarkers. Delineations were
made that classified the RV in three groups:

1. Covered by the GTV.
2. Covered by the biological CTV, but not the GTV.

3. Not coverd by the biological CTV.
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The second group was separated further into the following groups:
2a. Covered by the contour of APT only.
2b. Covered by the contour of VSI only.
2c. Covered by the contour of rCBV only.
2d. Covered by the contours of APT and VSI.
2e. Covered by the contours of VSI and rCBV.
2f. Covered by the contours of APT and rCBV.

2g. Covered by the contours of APT, VSI and rCBV.

The separation and DS could provide insights into the potential of individual biomarkers to cover
tumour tissue beyond the GTV.

Lastly, to estimate the performance of the semi-automatic workflow, a radiation oncologist
manually delineated suspicious regions on the APT, VSI and rCBV maps without prior knowledge
of the RV and the biological CTV generated by the workflow. The suspicious regions delineated
by the radiation oncologist were united with the GTV to create a manually delineated biological
CTV. This CTV was compared with the biological CTV generated by the semi-automatic work-
flow in terms of size and coverage of the RV to evaluate the performance of the semi-automatic
workflow.

10.3 Results

The biological CTV for all four patients were created in MIM Maestro® using the semi-automatic
workflow (see Fig. 85). In all cases, the biological CTV was different from the conventional CTV.
Furthermore, the RVs were delineated on the follow-up imaging.

10.3.1 Comparison between the biological CTV and the conventional
CTV.

The biological CTV was smaller than the conventional CTV in all cases (see Fig. 36). The
observed size reduction was 82.6%, 56.7%, 58.8% and 65.1% for patient 1, patient 2, patient 3
and patient 4, respectively. In patient 4, the biological CTV was identical to the GTV, as the
region growing algorithm did not identify suspicious regions on the APT, VSI and rCBV maps.
A complete overview of the volume sizes is given in Appendix F.

In all four cases, the coverage of the RV by the biological CTV was smaller compared to
the coverage by the conventional CTV. The biological CTV covered more than 95% of the RV in
three of the cases. In patient 3, the coverage by the biological CTV was 57.3%. A comprehensive
overview of the coverage by the GTV, biological CTV and conventional CTV is shown in Table 9.
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— Biological CTV

The semi-automatic workflow generated a biological C'TV different from the conventional CTV in
all four subjects, i.e. patient 1 (a), patient 2 (b), patient 3 (c¢) and patient 4 (d). The contours are
displayed on the T1-weighted MR image postcontrast that was used for radiotherapy planning and
thus delineation of the GTV and the conventional CTV.
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Size comparison of the CTVs
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A size comparison of the biological C'TV and the conventional CTV of each patient. The generated

biological C'TV is smaller in every patient.

Patient RV RV RV coverage by RV coverage Time until
coverage coverage by conventional difference between progression
by GTV  biological CTV [%] biological and after finishing
[%] CTV |%] conventional CTV radiotherapy

[%] |months]

1 93.1 05.1 100 4.9 10

2 73.5 05.2 96.9 1.7 1

3 46.6 57.3 94.3 37.0 8

4 95.4 05.4 99.3 3.9 4

Table 9: An overview of the coverage of the RV by the GTV, biological CTV and the

conventional CTV.

10.3.2 Analysis of the individual biomarkers.
Patient 1 had a biological CTV solely based on an APT contour, as the region growing algorithm
found no suspicious regions on the VSI and rCBV maps. For patient 4, the biological CTV was
similar to the GTV, as no contours were created on any biomarker map. The biological CTV of
patients 2 and 3 were created from contours of all three biomarkers.

The DS between the contours from APT, VSI and rCBV maps were calculated for patients
2 and 3. The similarity was highest between the VSI and rCBV contours with a DS of 0.75 for
patient 2 and a DS of 0.72 for patient 3. The DS between APT and VSI and APT and rCBV can
be found in Appendiz G.

In all cases, the majority of the RV was within the GTV. In patients 2 and 3, the RV outside
the GTV was better covered by the APT and rCBV contours compared to the VSI contour. An
example of the distribution of the RV coverage is given in Fig. 37 and Fig. 38. A comprehensive
overview of the coverage of each biomarker is given in Appendiz H.
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Distribution RV

m APT m APT + VSI m APT + VSI + rCBV
VSl VSI + rCBV = Not covered
rCBV = APT + rCBV Inside GTV

A pie chart of the distribution of the RV coverage of Patient 2.

APT APT + VSI APT + VSI + rCBV
B vsi B vsi +rcBV Not covered
B rcev M ArpT+rcBV M Inside GTV

An overlay of the distribution of the RV on the T1-weighted postcontrast MR image of Patient 2.
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10.3.3 Comparison of the
biological CTV generated
with the workflow and manual
delineation.

For each patient, a manual biological CTV
was created by combining the GTV with the
high-risk regions manually contoured by the
radiation oncologist (see Fig. 89). The DS of
the manual biological CTV and the biological
CTV created by the semi-automatic work-
flow ranged between 0.76 — 1.00. Varying per
patient, the size of the manually delineated
biological CTV was either smaller or larger
than the biological CTV created with the
workflow (see Fig. 40). Improved coverage
also varied per case. The observed difference
of the coverage was never larger than 5%; a Biological CTV (workflow) =—
detailed overview of the coverage per case is
provided in Appendiz I.

Fig. 39
The three CTVs on a T1-weighted post-
contrast MR image of patient 3.

Comparison of CTV size

300 M Biological CTV (Workflow)
Biological CTV (Manual)

250 M Conventional CTV
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)
=
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=
0
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30 I
, M
1 2 3 4
Patient

A comparison of the size of the three CTVs per patient.
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10.4 Discussion

In this chapter, the potential of advanced MR imaging and a biological CTV for improved radi-
otherapy for patients with glioblastomas is explored. The biological CTV that was created with
a semi-automatic workflow in MIM Maestro®), showed a considerable reduction in size of the
clinical target volume when compared with the conventional approach. In three of the four cases,
the coverage of the RV by the biological CTV remained higher than 95%, indicating that the
biological CTV would encompass pattern of failure adequately. In the other case, Patient 3, the
coverage worsened considerably. It is important to note that the RV in this patient was extremely
large when compared to the other patients (see Fig. 41). The RV was almost twice the size of the
GTV, while the RV in the other patients was abundantly smaller than the GTV. The observation
of a relatively large RV could be caused by the fact that follow-up MR imaging had to be delayed.
During follow-up, the patient’s MR acquisition had to be terminated early due to the patient’s
clinical condition and thus be delayed. As glioblastomas are highly aggressive, the RV could have
grown in size during the time the patient had to wait for new acquisition. As the biological CTV
is significantly smaller than the conventional CTV, it is expected that the coverage of a RV that
had the time to rapidly grow to a large volume, would be superior by a larger conventional CTV.
Nonetheless, the other cases showed the potential of proper coverage by a biological CTV that

significantly reduces the size of the target volume.

The T1-weighted postcontrast MR image of Patient 3 shows a large contrast-enhancing RV (orange
contour). The motion artefacts visible on this image are partially a result of the patient’s clinical
condition.
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The time discrepancy between the advanced MR imaging acquired preoperatively and the radio-
therapy delineations pre-radiotherapy could have caused spatial misalignment of the contours of
high-risk regions. In some cases, mass effect or post-surgery brain shift made registration challen-
ging. The possibility of deformable registration was explored, however, opted against after care-
ful consideration with various experts. The rigid registration of the imaging was performed and
supervised by two radiation oncologists to minimize the deviation caused by the time discrepancy.

The analysis of the contours of the individual biomarkers showed that the biomarkers APT,
VSI and rCBV provide supplemental information for the biological CTV. Overlap in hyperintense
regions on APT maps and hyperintense regions on vascular biomarker maps has not yet been
explored in other research. Here, it is shown that these biomarkers individually highlight different
regions around the GTV. Glioblastomas are notorious for their heterogeneity; the observation of
different biomarkers providing important information fits this principle.!™ ™

The APT, VSI and rCBV maps do not provide information on the whole brain. A region of
interest had to be selected during the acquisition, causing imaging in craniocaudal direction of the
brain beyond the tumour not to be imaged in the patients included in this project (see Fig. 42).
As the conventional CTV requires a 1.5 cm expansion of the GTV in every direction, it could be
that the biological CTV does not include information on microscopic tumour infiltration in the
craniocaudal axis as it is not visualized. Expanding the region of interest of MR image acquisition
could be possible, but requires sacrifices on other criteria, e.g. the slice thickness or acquisition
time. This should be done in careful consideration with both radiation oncologists and MR physi-
cists to include all involves factors. The outcomes of this project were promising, however, might
be improved by finding an optimal region of interest for image acquisition.

A sagittal view of a VSI map of Patient 3. The region of interest was selected to ensure the gross

tumour could be visualized in its entirety.
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This project only included four patients, making a systematic approach for parameter tuning not
practical. Instead, an iterative approach was chosen to visually find the input parameters for the
region growing algorithm. This approach did yield information on how changes to the input para-
meters would affect the contouring of high-risk regions. The lower and upper threshold define the
intensity range of the contour, making it feasible to exclude regions with normal physiology (like
arteries). The tendril diameter is important to create conform delineations suitable for radiothera-
py planning. Lower tendril diameters are less restrictive and thus result in a less spherical shape,
making it more suitable for maps like VSI and rCBV: Exclusion of structures like arteries make it
more difficult to create convex delineations, as vasculature is present throughout the whole brain.
The input parameters that were chosen in this project have been a good starting point. With these
input parameters, the region growing algorithm showed similar results regarding size and coverage
of the RV compared to manual delineation of a biological CTV. Yet, the possibility for an optimal
combination of input parameters should be explored.

Future research should therefore focus on exploring optimal input parameters for the
semi-automatic workflow and further validation of the biological CTV in a larger cohort of pa-
tients. Further exploration of the coverage of the RV by the biological CTV could provide more
evidence on the potential of personalized radiotherapy planning for glioblastomas. Ideally, a
prospective study would be initiated that includes twenty-five glioblastoma patients who are to
undergo standard therapy. This research is still in an early phase as the optimal input parameters
have yet to be determined. Additionally, the incidence of glioblastoma is low, making inclusion dif-
ficult.'” With the hypothesis that the algorithm works best on patients with local recurrences and
assuming that approximately 10% of the recurrences are non-local, inclusion of twenty-five sub-
jects would include twenty patients with local recurrences.® % Advanced MR acquisition should be
done pre-radiotherapy instead of pre-operatively to minimize discrepancies caused by post-surgical
effects. Follow-up should be done every 2 months, due to the fast growth rate of glioblastoma.!™
Before initiation of the study, possibilities should be explored with MR physicists to expand the
region of interest of the advanced MR images with the goal to better visualize microscopic tumour
infiltration along the craniocaudal axis. Additionally, as proposed in Chapter 4, the inclusion of
CMRO, could be promising to further improve the biological CTV.

10.5 Conclusion

In this chapter, the potential of advanced MR imaging for improved radiotherapy of glioblastoma
was highlighted. The possibility arises for improved quality of life and improved tumour control
due to the large reduction of the CTV while maintaining adequate coverage of the RV. Not only
can advanced MR biomarkers be a promising tool to visualize tumour infiltration when it is pre-
sent, it also provides additional information when altered physiology around the GTV is absent.
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11.1 Introduction

At Aarhus University Hospital (Aarhus, Denmark), the utility of DTI is investigated to perso-
nalize CTV delineation of glioblastoma. As described in Chapter 4, DTI is an MR technique
that utilizes the tensor of water diffusion to define the WMTs.!" Various pathology studies have
shown that glioma cells preferentially spread along the WMTs, highlighting the potential of DTI
to predict tumour infiltration.!® 17 In a phase 0 study by Trip et al. (2019), forty glioblastoma
patients were included at Aarhus University Hospital to evaluate the potential of integrating DTI
into radiotherapy planning of glioblastoma.'® With an in-house developed tumour growth model
that incorporated DTI information, DTI-based CTVs were generated for the forty glioblastoma
patients. The coverage of recurrences by the DTI-based CTV was worse overall, but a marginal
improvement in coverage of satellites was observed. This study shed light on the potential of DTT
to cover distant recurrences.

Only few research groups have explored the possibility to integrate advanced MR imaging
with CTV delineation to improve radiotherapy of glioblastoma. Although the MR technique and
approach investigated at Aarhus University Hospital are different from the ones examined in this
master’s project, exchanging knowledge could be beneficial to understand future directions and
important considerations. Accordingly, a visit was made to Aarhus University Hospital with the
aim to learn about the ongoing research on gliomas in Denmark and foster future collaborations.
In addition, a project was initiated with the aim to explore the potential of improving the in-house
developed tumour growth model to cover future satellites. Trip et al. (2019) used an isovolumetric
approach to generate two DTI-based CTVs that incorporated a different weighting for anisotropy
(v)."2 A higher y means a higher presumed probability of tumor spread along WMTs; the two
DTI-based CTVs were generated with a y=0 and y=20. An increased understanding of the rela-
tionship between input variables in the model and the generated biological CTV can be valuable
for future research that aims to include DTI information to visualize tumour infiltration. In this
project, different combinations of input parameters for the tumour growth model were examined
to explore the potential of improving the tumour growth model for coverage of distant recurrences.

11.2 Methods

As part of a short-term scientific mission funded by the COST Action (CA18206), a two-week
visit at Aarhus University Hospital was conducted. First, the concepts of the in-house developed
tumour growth model were explored. This included acquiring a basic understanding of the ma-
thematical model and the approach for DTI-based CTV delineation. Subsequently, DTI-based
CTVs were generated with different combinations of input parameters to explore the potential of
optimization of the tumour growth model. From the same cohort as described in Trip et al. (2019),
patients who developed satellites during follow-up were included for this project.’®* Patients who
presented themselves with multifocal disease before therapy were excluded. Segmentations were
made of the satellites; when a patient developed multiple satellites, the satellites were delineated
separately from each other. Additionally, segmentations of the gray matter, white matter, cere-
brospinal fluid and anatomical boundaries (i.e. falx cerebri, tentorium cerebelli and brainstem)
were obtained. The varying input parameters were y and the white matter diffusion coefficient
(D,). The diffusion coefficient of gray matter (D,) was kept constant; a higher D compared to D,
would model reduced gray matter infiltration meaning tumour infiltration is more likely to grow
into white matter. The assumption was made that tumor cells did not spread into cerebrospinal
fluid or through the anatomical boundaries. In the included patients, DTI-based CTVs with com-
binations of the following input parameters were generated: D_ = [0.2, 2, 10, 20, 50, 100, 150, 200]
and y = [0, 5, 10, 15, 20, 25, 50]. Hence, for each patient, 56 DTI-based CTVs were generated.



71

The coverage of the satellites by the DTI-based CTVs were evaluated for each patient and com-
pared to the coverage by the conventional CTV to assess the added value of integration of DTI
information for CTV delineation of glioblastoma.

11.3 Results

11.3.1The concepts of the tumour growth model

By extending the Fisher-Kolmogorov mathematical model with DTI information, Trip et al.
(2019) used a comparable approach as Unkelbach et al. (2013) for creating a tumour growth mo-
del that includes information on the WMTs.!*2 1™ The Fisher-Kolmogorov mathematical model is
based on a partial differential equation that estimates the spatial distribution of tumour cells in
normal appearing regions of the brain. In this model, the tumour cell density drops exponential-
ly with distance from the visible GTV. By extending the model with information acquired with
DTI, the tumour cell density is not only determined by the distance from the GTV. D_ and Dg
are scaling coefficients for white and gray matter diffusion, respectively. A D/ D, ratio higher
than 1 models infiltration to grow more easily into white matter tissue. The v, i.e. the anisotropy
weighting parameter, indicates the degree of tumour infiltration that follows the WMTs. A higher
v would mean a higher presumed probability of tumor spread following the direction of the WMTs.
Additionally, the tumour growth model assumes that infiltration cannot grow through anatomic
boundaries or into the ventricles (cerebrospinal fluid). With these input parameters, the tumour
growth model can mathematically construct a tumour cell density map. This map can also be
perceived as a tumour probability map. The probability of a specific voxel to contain tumour tis-
sue depends on the distance from the GTV, in which segmentation it resides (white matter, gray
matter, cerebrospinal fluid or an anatomic boundary) and the direction of the WMTs. The tumour
probability of voxels within the GTV is 100%, whereas the probabilities in the cerebrospinal fluid
and anatomic boundaries is presumed to be 0%. The shape of the CTV is modified to match an
isoline of the simulated tumour probability while the total volume is kept identical to volume of
the conventional CTV.

11.3.2 Examining different combinations of input parameters

From the forty glioblastoma patients, eleven patients had developed satellites when progression
was observed for the first time after treatment. Six patients had multifocal disease pretreatment
and were excluded, resulting in further analysis to be performed on the remaining five patients.
From these five patients, four patients had developed one satellite and one patient had developed
two satellites.

In three satellites (from three patients), no difference was seen between the coverage of the
satellite by the conventional CTV and the DTI-based CTV created with any combination. The
satellite was either too far (0% coverage by any CTV) from or too close (100% coverage by all
CTVs) to the GTV. Coverage of the remaining three satellites were better for the DTI-based CTV
compared to the conventional CTV. The optimal combination of input parameters varied per sa-
tellite. One of the satellites was covered by the optimal DTI-based CTV for 65% compared to 0%
by the conventional CTV. The input parameters for this DTI-based CTV were D _ = 20 and y =
50. As can be seen in Fig. 43, the satellite occured on the contralateral side of the GTV. The other
two satellites showed improved coverage by a DTI-based CTV with the optimal combinations of
D_ = 200, y = 50 (6% improved coverage compared to the conventional CTV) and D_ = 0.2, y =
50 (25% improved coverage compared to the conventional CTV).
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On T1-weighted MR imaging acquired before radiotherapy, a glioblastoma (primarily located in the
left parietal lobe) can be seen (a). Vozels within the GTV assigned 100% probability on the tumour
probability map (b). Note that a high probability can also be observed in the contralateral side of the
brain. This is most likely due to the WMTs that cross the corpus callosum. On follow-up imaging,
a satellite (light blue arrow) can be seen aside from the recurrence that occurs locally (c). 65% of
this satellite was covered by the DTI-based CTV (Dw = 20, y = 50), whereas the conventional CTV
did not cover part of the satellite (d).
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11.4 Discussion

In this chapter, the tumour growth model developed at Aarhus University Hospital was revisi-
ted to explore the possibility for optimization. As the combinations of input parameters for the
DTI-based CTV that covered the satellites best, varied per satellite, it is difficult to state an op-
timal combination. Nonetheless, the best coverage was observed in DTI-based CTVs with either
a high value for D_ or for y. This highlights the potential of DTI to predict the location of future
satellites. The satellite that was shown in Fig. 43, was located on the contralateral side of the
GTV; presumably, WMTs passing through the corpus callosum allowed for a major improvement
of coverage by the DTI-based CTV. The high value for y consolidates this presumption.

Only three satellites showed differences in coverage when using different combinations, the
other satellites were either too close to or too far from the GTV. This small sample size limits
the search for optimal input parameters for the tumour growth model. Therefore, future research
should focus on finding optimal parameters in a larger cohort. Furthermore, the DTI-based CTVs
created in this project had the same volume as the conventional CTV. With an isovolumetric
approach, the opportunity arises to test the hypothesis that satellites would develop along the
WMTs. When a DTI-based CTV were to be adapted in clinical practice, however, an isovolume-
tric approach would not be logical. Instead, the CTV delineation would preferably be generated
based on the probability of voxels to be tumour tissue. Therefore, exploring optimal cutoff values
of the tumour probability for inclusion in the DTI-based CTV could waive the isovolumetric ap-
proach and should be investigated in future research. Lastly, Trip et al. (2019) observed that local
recurrences were covered worse by the DTI-based CTV compared to the conventional CTV.1¥? As
DTI-based CTV incorporates information from DTI and thus is more likely to grow along WMTs,
the shape will be less convex and, therefore, it is anticipated that a DTI-based CTV would cover
local recurrences less. As the vast majority of glioblastoma recurrences occur locally, DTI would
be less suitable as an advanced MR technique for all glioblastomas.®*% Nevertheless, this chapter
highlights the potential of DTI-based CTV delineation for those cases where satellites would occur
after treatment. Future research should focus on identifying key characteristics of patients who
had developed satellites during follow-up. Incorporating DTI information could be beneficial for
this specific subgroup and potentially result in improved tumour control.

Revisiting the tumour growth model at Aarhus University Hospital has shed light on DTI
and its value for CTV delineation of glioblastomas. The difference in approach for biological CTV
delineation between Aarhus University Hospital and the one proposed in this master’s project can
be explained by the difference in information the MR techniques provide. The biomarkers inves-
tigated in this master’s project (i.e. APT, VSI and rCBYV) directly provide information on the
presence of pathophysiological processes, e.g. hyperintense regions on APT imaging can indicate
increased cell proliferation. With DTT, the location (and direction) of WMTs can be assessed. As
image-guided biopsy studies have shown that glioblastoma infiltration preferentially grows along
the WMT5, the research group at Aarhus University Hospital opts for a tumour growth model that
assumes a higher tumour probability along WMTs.12% 177
As the presentation of glioblastomas is extremely diverse, there might be no ideal combination
of advanced MR techniques for CTV delineation of all glioblastomas. This short-term scientific
mission has shed light on the importance of identifying different advanced MR techniques for
different subgroups.
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Glioblastomas present themselves highly heterogeneously; therefore, a better understanding of
their pathophysiology is crucial for personalized treatment. The integration of molecular biomar-
kers in the classification of gliomas in 2016 shows the complexity of diagnosis and management of
these malignancies.? Due to the poor prognosis of these patients, further efforts to improve survi-
val or quality of life should be made. In this project, advanced MR techniques that visualize cell
proliferation, vasodilatation and increased microvascular density, have shed light on the potential
of adding information on pathophysiological processes to the current treatment of glioblastomas.
Further research on the generation of the biological CTV and clinical outcomes are required to
adapt advanced MR imaging into clinical practice.

In the future, personalized radiotherapy could be achieved with advanced MR imaging. As de-
scribed in Chapter 4, the biomarkers explored in this project have great potential for the majority
of glioblastoma patients. Other biomarkers, however, could provide additional information when
looking at specific subgroup. Due to the heterogeneous patient group, personalized radiotherapy
planning might require personalized advanced MR acquisition. Patients who have a better progno-
sis, e.g. younger age or with MGMT methylation, might benefit more from the addition of DTT in-
formation as they might be more prone to developing distant recurrences. rCBV is observed to be
lower in non-enhancing gliomas than in contrast-enhancing gliomas.'™ Future insights might state
that vascular biomarkers do not provide significant information for non-enhancing glioblastomas
and, therefore, should not be included in the advanced MR protocol for these patients.

It is important to gain a better understanding of the pathophysiology in different subgroups
and which advanced MR biomarkers could be beneficial to include for these patients. As different
institutes have expertise on different advanced MR techniques, international cooperation is impe-
rative. Advanced MR technology has great potential to alter the course for glioblastoma manage-
ment and could eventually lead to a better prognosis for this devastating disease.






77

The aim of this master’s thesis was to take an initial step towards integration of advanced MR
imaging into radiotherapy planning of glioblastomas. The infiltrative nature of glioblastomas
require the conventional CTV to be defined as a 1.5 cm expansion of the GTV. With advanced MR,
maps of the biomarkers APT, VSI and rCBV, the hypothesis arose that hyperintense regions on
these maps indicate microscopic tumour infiltration and could be used to create a biological CTV.
In this project, a workflow is presented that incorporates the advanced MR imaging into
MIM Maestro® and semi-automatically creates a biological CTV. Analysis of the biological CTV
showed a considerable size reduction and adequate coverage of the RV.
In conclusion, the advanced MR techniques and the presented workflow show great potential for
personalized radiotherapy of glioblastomas and should be further investigated. The introduction of
advanced MR imaging into clinical practice could eventually lead to improved local tumour control
and reduced radiation toxicity for patients with glioblastoma.
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Appendix A: DICOM Header for format conversion

DICOM Tag DICOM Attribute Copied/newly created
0008, 0008 Image Type Copied

0008, 0012 Instance Creation Date Mewly created
0008 0013 Instance Creation Time Mewly created
0008, 0020 Study Date Copied

0008, 0021 Series Date Mewly created
0008, 0030 Study Time Copied

0008, 0031 Series Time Mewly created
0008, 0050 Accession Number Copied

0008, 0060 Madality Copied

0008 103e Series Description Mewly created
0010 0010 Patient Name Copied

o010, 0020 Patient ID Copied

0010, 0030 Patient Birth Date Copied

0018, 0050 Slice Thickness Copied

0020, 000d Study Instance UID Copied

0020, 000e Series Instance UID Mewly created
0020, 0010 Study ID Copied

0020, 0011 Series Number Mewly created
0020, 0013 Instance Mumber Mewly created
0020, 0032 Image Position (Patient) Mewly created
0020, 0037 Image Orientation (Patient) Mewly created

0020, 0052

Frame of Reference UID

Copied
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Appendix B: The mean signal intensities of the biomarkers

Patient 1 Patient 2 Patient 3 Patient 4 Mean
APT 0.0172 0.0218 0.0206 0.0224 0.0205
Vsl 0.0361 0.0206 Q.o202 0.0125 0.0224
rCBV 1.722 1.645 1.053 1.802 1.5655




Appendix C: Seed point analysis: VSI and rCBV volumes

Table C1: An overview of the distribution of volumes on VSI maps created during the seed point

analysis.
Patient Median signal Mumber of seed | Generated volumes Intervolume DS
intensity (V51) points

1 242 B9 Mo volume [n=89)*

2 21.2 185 Vol. 1 {n=157)* DSyeinvaiz = 0.035
Wol. 2 (n=20)
Mo volume (n=8)

3 20.0 174 Vol. 1 {n=142)*
Mo Volume (n=32)

4 206 76 Mo volume (n=76)%

Table C2: An overview of the distribution of volumes on rCBV maps created during the seed point

*olume that visually covers the suspicious region best.

analysis.
Patient Median signal | Number of seed | Generated volumes Intervolume DS
intensity (rCBV) | points

1 1558 17 Vol 1 (n=2)*
Mo volume (n=15)%*

2 1536 60 Wvel. 1 (n=58)*
Mo velume (n=2)

3 1336 55 Vol 1 [n=31)® DSveizvalz = 0.003
Vol. 2 (n=5) DSvoinvaiz = 0.005
Wel. 3 (n=5) Do waia = 0,007
vol. 4 (n=1) DSyeizvaiz = 0.009
Mo volume (n=13) DSyeizvala = 0.003

DSvoiz,vae = 0,007

4 1496 29 vol. 1 {n=2)

Mo volume (n=27)%

*olume that visually covers the suspicious region best.
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Appendix D: Seed point analysis: Seed point distance VSI and rCBV

Fig. D1: Evaluation of the distance and distribution of seed points and their corresponding volu-
mes for VSI. The x-axis describes the distance of the seed points to the GTV center, whereas the
y-axis describes the distribution of labelled seed points.
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Fig. D2: Evaluation of the distance and distribution of seed points and their corresponding volumes for
rCBV. The x-axis describes the distance of the seed points to the GTV center, whereas the y-axis describes
the distribution of labelled seed points.
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Appendix E

User’s manual

Semi-automatic workflow for the generation of a
biological CTV.

In this user’s manual, a step-by-step guide is provided that explains how the workflow in MIM
Maestro® can be used to generate a biological CTV that incorporates information from advanced MR
imaging. The workflow BioCTV_aMRI creates a biological CTV based on high-risk regions detected on
biomarker maps of amide proton transfer (APT), vessel size imaging (VSI) and relative cerebral blood

volume (rCBV). Before initiation of the workflow can be initiated, it is important that the advanced
MR biomarker maps have been introduced in MIM Maestro® and registered to the planning CT.
Additionally, a GTV delineation should already be available.



1. Preparation in MIM Maestro®

Goal: Prepare the set-up for running the semi-automatic workflow.

a

() Patients » @B ? O A &

Search Patient Data - 4149 285 Actions C

g 4 | aunch Workflow

Search Results - I

=% Name, Patient D

BioCTV_P12

1. Open MIM Maestro® and select the patient with advanced MR biomarker maps in Search
Results (A).

2. Make sure the correct session is selected as Current Session in the Sessions Overview (B). In a
correct session, the GTV is already delineated and registration of the TIGD_aMRI from the
advanced MR imaging session towards the planning CT has been performed.

Note: As the advanced biomarker maps are co-registered to the TIGD_aMR| @—®,
registration of the TIGD_aMRI to the planning CT O—® will ensure the biomarker

maps to be registered to the planning CT as well.

3. Select BioCTV_aMRl in the Actions bar (C) and select Launch Workflow.



2. Image assignment

Goal: Assign the images to the Targets in the semi-automatic workflow.

& Confirm Selectians X

" . 2018-09-10 10:22:03.605 Schedel 1.5 H2ls
CT CT_planning

MR 182 slices 2021-06-14 13:06:23.000 VSI_aMRI
MR VSI_aMRI ot avmr B
— I-';u_dﬁ!&;
MR 182 slices 2021-06-14 13:04:24.000 xrCBV aMRI
MR rCBV_aMRI R -
— PCEV aMRI
MR 364 Slices 2021-06-14 15:08:42.000 APT aMRT

APT_aMRI

MR APT_aMRI

corfirm Q) Cance

1. Check if the imaging assigned to the target is correct in the window Confirm Selections.

Note: The workflow will automatically recognize the images most of the time and
assign it to the corresponding Target. Manual adjustments might be needed when,
for example, two CTs are available.

2. Select Confirm when the images are assigned correctly to the corresponding Targets.

Important: In the next step, the APT map will be shown. It is important to not scroll through the

image yet as the workflow will automatically select an important voxel for the following step. If the
slice has been changed, please go to Step A before continuing to Step 3.



3. Contouring on the biomarker map.
Goal: Create a contour for the high-risk region on the biomarker map.

Note: The images shown in this section are for the contouring of APT only. The steps for contouring on
the VSI and rCBV map are similar to the steps below.

BEe @y » OQ=.7‘"'A\.£:

Contours MRAC A

4B BioCTV_aMR|

Series to Contour _aMRI
aMRI

orkflow In Progress: BIoCTV_aMRI

Step20of 11  Launch Workflow

er+10mm

Note: An APT map is loaded and the cursor points towards a specific voxel within the GTV (dark blue
contour). This is the automatically selected seed point for the region growing algorithm that will
delineate the suspicious region on the map. If the slice has been changed (e.g. after scrolling), go to
Step A before continuing.

Note: In Notifications (D), an overview is shown of the progress in the workflow.

Note: In the Mode Tools (E), a vast amount of new contours have been created for this step, but will
be deleted when this step is finished.

1. Select Start Region Grow at Localization Point - (F).



\ BN Q=¥ L ¢ a R

2. Drag the Region of Interest Box (G) in such way that it covers the entire brain in all three
views.

Note: The seed point for the region growing algorithm has now already been selected.
Therefore, it is possible to scroll through the three views to ensure the entire brain is
covered.

Note: As can be seen on the sagittal and frontal view, the APT map does not show the entire
brain in craniocaudal direction. This is a result of the advanced MR technique requiring a
volume of interest.

3. Select Region Grow Settings ﬂ (H).

Note: If the Region Grow Settings window does not pop up, it might be required to manually open
the Notifications bar (I).



A

4. Inthe Region Grow Settings (J), choose the preferred input parameters (e.g. the ones
proposed in Chapter 8.3) and select OK.

a MIM 714 = =] X
(X) Ppatients BEe QAN P=®~ 8l ¢ & ]

Contours . = A

lect a Series to Contour

o

CT_planning

& Contours

© Dose

DIR QA

+

o
=

Hard Edge

HU

5. Select Finish Region Grow (K) and click Done.

Note: By selecting Save Region Template, the chosen input parameters can be stored in a template to
improve time-efficiency. In Step B, the process of region growing using templates is explained.



A

6. Manual adjustment of the APT_contour (light blue) can be performed in this step. The user
can opt to include or exclude regions using tools in Mode Tools (L), e.g. with 2D Brush.

7. When the high-risk region of the APT contour is accepted, select Resume Workflow in the
Notifications bar (M).

a MIM 714 T - o X
HEe QAN P=®¥ [ 4 & :

Contours A v 6 e
Select a Serles to Contour ¢

D

Mode Tools

PET Bige

se & Contours

+ DR QA

Q
s

Hard Edge

HU

8. Repeat the steps from Step 3 (1 - 7) on the VSI map.
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9. Repeat the steps from Step 3 (1 - 7) on the rCBV map.



4. Biological CTV generation
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A biological CTV has been automatically created by union of the GTV, APT _contour, VSI_contour and
rCBV_contour.

1. On the conventional MR imaging (T1-weighted, T2/FLAIR), the user can now further adjust
the Bio_CTV for anatomical barriers or organs at risk as would be done in the conventional
workflow.



A. Readjusting the cursor to the seed point location

Goal: To manually redirect the cursor to the correct seed point location for region growing.

Note The images used in this section show the APT maps. The steps to readjust the cursor for
VSl and rCBV are similar as the steps presented in this section.

a MIM 714 T = o X
! L BEeENN =M AL ¢ @ R
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This step shows how to readjust the cursor to the automatically selected seed point if the slice has
been changed (e.g. after scrolling). As can be seen on the sagittal and frontal view of the example
above, the cursor has been moved in craniocaudal direction (N).
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1. Inthe Contour overview (0), find and select the contour named
APT Seedpoint_for Region_Growing.

Note: On the VSI or rCBV map, select VSI_Seedpoint_for Region Growing or
rCBV_Seedpoint_for_Region_Growing, respectively.

2. Select Localize to Contour Centroid . (P).

@ MIM 714 R - o X
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A e
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In the Contour overview (Q), select APT _contour.
Note: On the VSI or rCBV map, select VSI_contour or rCBV_contour, respectively.

Now, the cursor point at the correct seed point and the user can continue with Step 3 (1)

Start Region Grow at Localization Point - (R).

After manual adjustment (if needed), the user can select Resume Workflow in the
Notifications bar to move on to the next step of the workflow.
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B. Using region growing templates

Goal: To use templates with fixed input parameters for region growing to minimize human error and
improve time-efficiency.

Step B can be used as an alternative for Step 3, but requires a region growing template to be already
saved (see Step 3).

3 MM 714 R - o X
! HEeERRN =™ F L ¢ & R

A e

Contour Setti

o
1. Select Load Region Growing Templates (S)

2. Inthe pop-up window (T), choose the fitting template (in this case APT).
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3. Dragthe Region of Interest Box (U) in such way that it covers the entire brain in all three
views.

Note: The seed point for the region growing algorithm has now already been selected.
Therefore, it is possible to scroll through the three views to ensure the entire brain is
covered.

Note: As can be seen on the sagittal and frontal view, the APT map does not show the entire
brain in craniocaudal direction. This is a result of the advanced MR technique requiring a
volume of interest.

4. Select Finish Region Grow (V) and select Done.

14
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Appendix F: Size comparison of the GTV, biological CTV and conventional CTV

Table F1: An overview of the (differences in) sizes of the GTV, biological CTV and conventional CTV.

Patient Volume GTV | Volume Volume Size Size reduction
[cc] biological CTV | conventional | difference of the CTV
[cc] CTV [cc] [ec] [2a]
1 216 311 178.3 147.2 B2.6
2 53.1 104.5 2414 136.9 56.7
3 56.0 899 2181 128.2 58.8
4 718 718 205.7 133.9 65.1
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Appendix G: Dice similarity coefficients of the individual biomarkers.

Table G1: An overview of the DS between the individual high-risk regions contoured by the region growing

algorithm.
Patient DSaprys DSapycey DSysiecay,
1 n/a n/a n/a
2 0.45 0.47 0.75
3 0.58 0.57 0.72
4 n/a n/a n/a
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Appendix H: Coverage of the recurrence volume by the individual biomarkers.

Table H1: The distribution of the RV for each patient.

Patient 1 Patient 2 Patient 3 Patient 4

1) GTV G3.0% 73.5% 45.6% 95.4%
2a) APT 2.0% B.1% 1.7% 0.0%
2b) vsi 0.0% 0.2% 1.0% 0.0%
2c) rCBV 0.0% 4. 4% 1.8% 0.0%
2d) APT + V51 0.0% 0.1% 0.3% 0.0%
2e) V&I + rCBV 0.0% 5.8% 0.8% 0.0%
2f) APT + FCEV 0.0% 2.5% 0.7% 0.0%
2g) APT + V5! + rCBV 0.0% 0.7% 4.4% 0.0%
3) Mot covered by the 5.0% 4 8% 42.7% 4.6%
biological CTV

Total rTV 100 100% 1005 100%

Table H2: The coverage of the individual biomarkers of the regions of the RV that go beyond the GTV. Note
that the total can exceed 100%; this is due to the possibility of regions that fall within multiple biomarkers.

Patient 1 Patient 2 Patient 3 Patient 4
APT 29 2% 43.0% 13.3% 0%
VEI 0% 25.4% 12.2% 0%
rCBY 0% 50.2% 14.4% 0%
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Appendix I: Validation of the region growing algorithm.

Table I1: Comparison of the coverage of the RV by the manually delineated biological CTV and the biologi-
cal CTV generated with the workflow.

Coverage biological CTV

Coverage biological CTV

(workflow) (manual)
Patient 1 05% 94%
Patient 2 05% 91%
Patient 3 57% 62%
Patient 4 05% 05%




