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1 Introduction

Gliomas are the most common primary brain tumors and originate from the glial cells in
the brainl. Initial diagnosis is often made using magnetic resonance imaging (MRI),
which enables rough differential diagnosis from other conditions. Despite advances in
surgery, radiotherapy (RT) and chemotherapy, the median survival of glioblastomas
(GBMs), the most malignant gliomas, is around one yearZ. However, some subgroups of
patients survive far longer than this, despite being given the same standardized
treatment. Although specific genetic biomarkers in surgical biopsy material are
associated with a better than average prognosis3, no established imaging biomarkers
exists to stratify patients with a better than average overall survival (0S) during

treatment.

Treatment response is assessed by changes in tumor volume on MRI. However, increase
in tumor volume during the first months after RT can be caused by both recurrent
disease and treatment related changes#*, two entities similar in appearance but with
large differences in OS. More advanced MRI methods are thus investigated to more
accurately reflect the pathologic heterogeneity of gliomas and for better prediction of

survivals.

Perfusion MRI (pMRI) are advanced MRI methods measuring the integrity of the blood
vessel, the cerebral blood flow (CBF) and the cerebral blood volume (CBV). The use of
pMRI has shown promise for glioma grading and early prognostics®. It is, however,
recognized that a lack of standardization of the advanced MRI methods is a main
hindrance for widespread clinical use and comparison of results between studies. In

addition, the timing of imaging varies greatly between studies, further complicating



comparison. An optimization and standardization of the pMRI sequences, timing of
imaging and analysis approach are warranted, hopefully leading to more accurate and
similar prediction of OS between cancer centers. Furthermore, better OS prediction will
help find candidates suitable for aggressive treatment at an early stage. Alternatively,
patients that will not benefit significantly from therapy could be spared from the severe

burden of receiving it in the last phase of their lives.

1.1 Gliomas

Gliomas are a subtype of the primary brain tumors from the glial cells in the brain and
consists of 30 % of all primary brain tumors and 80 % of all malignant brain tumors?.
Common symptoms of a brain tumor are headache, epileptic seizures, personality
changes and cognitive decline. A fast onset of symptoms may reflect rapid tumor growth
and increased severity of the disease. Gliomas are derived from astrocytic, ependydemal
or oligodendrial cells with astrocytic tumors accounting for two thirds of all gliomas®. A
considerable intra- and intergroup heterogeneity in gliomas exist’. They can be divided
in high-grade glioma (HGG) and low-grade glioma (LGG). HGGs are by far the most
frequent, accounting for around 80 % of all gliomas, and deadly®°. Incidence has been
steadily rising over the last 50 years with around 200 new cases of HGG diagnosed in

Norway annually?0.

1.1.1 Grading and classification of gliomas

Glioma grading was introduced in 1926 by the famous neurosurgeon Harvey Cushing
(1869-1939). The classification of gliomas was based fully upon the similarities between

the normal glia cells and presumed levels of differentiation as observed using the light



microscope. Molecular parameters were added to the histopathological features in the
recent updated World Health Organization (WHO) classification of tumors of the central
nervous system!l, The WHO grading system recognizes four stages, with increasing
stage index signifying increasingly aggressive tumor behavior, shorter survival, and
more rapid disease progression. WHO grade I and II are collectively known as LGG while
HGG includes grade III-1V. HGGs are also known as malignant gliomas. Of the grade IV
gliomas GBM is the most common type and the name GBM will hereafter be used for
grade IV tumors. GBMs are further divided in primary or secondary8. Primary GBMs are
lesions without clinical signs of a precursor lesion and secondary GBMs are derived from
grade II or grade III gliomas?. A flowchart of the classification of the most common

gliomas is shown in figure 1.

& Glioma ¢

Low-grade glioma High-grade glioma
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v v v v
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Figure 1. Flowchart of the most common gliomas in a hierarchical manor. The new classification of

gliomas using molecular markers is only shown for GBMs.



Histopathologic features of gliomas

The histopathological features of grade II gliomas are typically well-differentiated
tumors without signs of anaplasia. A higher degree of nuclear pleomorphy, increased
mitotic activity and increased cellularity is characteristic for both grade III gliomas and
GBMs. Signs of necrosis are pathognomonic of GBM, and a characteristic proliferated
microvasculature is seen around the necrosis exhibiting a glomerulus- or garland-like
appearance. Histological differentiation of primary and secondary GBM is almost
impossiblel2. Typical histopathological findings in some common glioma subtypes are

shown in figure 2.

Molecular markers

The most important molecular parameter in the classification of gliomas is mutations in
the gene coding for the enzyme isocitrate dehydrogenase (IDH)1113. Most gliomas are
now specified as either IDH-mutant, IDH-wildtype (i.e. no mutation of IDH) or “not
otherwise specified” (NOS)!L. IDH-mutations are found in 80% of grade II and III gliomas
and secondary GBMs, with a much lower percentage in primary GBMs. About 90 % of all
GBMs are IDH-wildtype and clinically defined as primary GBMs. IDH-wildtype GBMs are
predominantly found in patients older than 55 years of agell12, [DH-mutant GBMs are
typically seen in younger patients with a history of prior grade II or III gliomas. Inclusion
of molecular parameters in treatment algorithms is thought to have a significant impact
on prognosis!#4. The prognostic differences between grade II and grade III gliomas have
traditionally been considered highly significant!>. However, recent studies suggests a
more similar prognosis in IDH-mutated grade Il and grade III gliomas'¢. Furthermore,

proposals to treat IDH-wildtype grade Il and grade III tumors as GBMs have emerged14.



Thus, the status of IDH-mutation is significant for prognostics; however, optimal
therapeutic strategies to target the mutated subsets of gliomas are currently undecided.
In addition to IDH-status, a co-deletion of the short arm of chromosome 1 and long arm
of chromosome 19 (1p/19q co-deletion) is a molecular marker for grading of

oligodendrocytic gliomas!!. This marker is strongly suggestive for grade II and III

oligodendrogliomas, and is associated with improved survivall?.

Figure 2: Different glioma types shown with typical histopathological presentation. Grade Il diffuse
astrocytoma (a); Grade III anaplastic astrocytoma with increased pleomorphism and increased mitosis
(b); Grade II oligodendroglioma with typical chicken-wire pattern (c); GBM with increased atypical
mitosis (d). Courtesy of Dr. David Scheie, Rikshospitalet, Oslo University Hospital.



1.1.2 Treatment of high-grade gliomas

The standard treatment for HGGs gives a median survival time of 12-15 months for
GMBs and 2-5 years for grade III gliomas?18. The standard treatment is multimodal and
includes radical surgery, RT and chemotherapy. The prognosis of WHO grade II gliomas
is better than HGGs. However, they grow diffusely in the brain and are not considered

curable as they progress or become secondary GBMs over time.

Surgery

The diffuse infiltrative nature of gliomas makes removal of the whole tumor impossible.
Attempts to remove the entire tumor by hemispherectomy (removal of half the brain) in
the 1920s proved pointless as the tumor still recurred on the contralateral side later19.20,
Surgery is indicated in almost all patients with HGG at some time during the course of
the disease. Due to the subacute presentation and, often, continuous neurologic
deterioration at diagnosis, early surgery is preferable. Surgery prolongs OS and is
needed for histological diagnosis. In addition, symptomatic relief and increased quality
of life are known effects of surgery in HGG patients2l. The extent of surgical resection,
with preservation of eloquent neurologic function, is a known prognostic marker for OS.
A significant correlation between resection grade and OS has been reported with an OS
of 11.0, 9.3 and 2.5 months in complete resection (removal of 100 % of the contrast
enhancement (CE) seen on MRI), partial resection (less than 100 % of the CE on MRI)
and biopsy respectively?2. Several studies have found similar results?3-25. The extent of
surgical resection is, however, not clear. The terms “complete resection” and “gross total
resection” are used interchangeably in different studies. No visible tumor left at surgery,

no CE on the postoperative MRI or resection of more than 90% of the CE on
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postoperative MRI have all been used to define gross total resection. An OS benefit has
been described at 78% resection of the CE (12.5 months) and OS increased stepwise at
80%, 90% and 100% resections respectively (12.8, 13.8 and 16.0 months)?1. More
radical surgery by removal of the edema surrounding the CE has shown further benefit

in survival compared to only removal of the CE (20.7 vs. 15.2 months)?26.

Radiotherapy

The diffuse growth of gliomas leads to microscopic disease in the parenchyma of the
brain adjacent to the gross tumor. lonizing radiation damages the cancer cells leading to
cell death directly or by inducing genetic changes?’. All patients are offered RT and an
increased median OS from 4-5 months with surgery alone to 10-12 months was
demonstrated by adding postoperatively RT in the 7052829, These studies used whole-
brain radiotherapy due to the knowledge of the infiltrative nature of the disease and the
lack of image-based radiation planning technology?8. 70-90 % of all tumor recurrence
happens within a margin of 2-3 cm of the original tumor and localized (stereotactic)
radiation was in the 80s and early 90s shown to lead to decreased side effects and equal
0S compared to whole brain RT30. Standard dosage today is a total of one daily fraction
five times weekly for six weeks. Grade III gliomas receive 1.8 Gy each fraction and GBMs
receive 2.0 Gy for a cumulative dose of 54 Gy and 60 Gy respectively. This treatment
approach is based upon studies of three cohorts from the Brain Tumor Study Group
collected between 1966 and 19783132, where an increase in total radiation dose gave an
increase in median life span of 28 weeks for 50 Gy, 36 weeks for 55 Gy and 45 weeks for

60 Gy33. Increasing the dose beyond 60 Gy has not shown increased survival34.
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Chemotherapy

Chemotherapy in cancer treatment targets the rapid division and fast growth of cancer
cells35. Traditionally, nitrosoureas (e.g. lomustine) were used as a first line
chemotherapy adjuvant to RT in HGGs because of their excellent blood-brain barrier
(BBB) penetration properties. Early studies of nitrosoureas showed a small increase in
0S3637, In 2005 the alkylating agent temozolomide (TMZ) concomitant and adjuvant to
fractioned RT was shown to further increase OS in GBMs2. This treatment regime is
called the Stupp protocol. Combination treatment of TMZ daily and RT in doses as
described above with additional six cycles of adjuvant TMZ increased OS from a median
of 12.1 to 14.6 months. The six adjuvant TMZ cycles are currently offered starting four
weeks after completing radiochemotherapy. Each cycle consist of TMZ given daily for
five days followed by 23 chemotherapy-free days. GBMs with a methylated promoter in
the gene for the DNA enzyme O°-methylguanine-DNA methyltransferase (MGMT) are
particularly susceptible to TMZ3. No randomized controlled trials have investigated the
effect of further TMZ in patients responding to the first six cycles. Some centers practice
12 cycles in patients who otherwise tolerate the therapy and as many as 101 adjuvant

cycles have been reported38.

Treatment of recurrent glioma

Recurrence is inevitable even following radical surgery and radiochemotherapy, due to
the invasiveness of HGGs. Repeated surgery in recurrent GBMs lead to increased OS
from 8.6 to 18.4 months in a non-randomized, carefully selected sample3?. Re-irradiation
has been used with success in a cohort analysis, with a median survival of 21 months

after primary diagnosis of GBM#0. The effect of concurrent chemotherapy is more
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elusive*l. In MGMT promoter methylation the re-use of TMZ seems advantageous*2. In
the US and many European countries use of the anti-angiogenic monoclonal antibody
bevacizumab for recurrent disease has increased in the last years. Despite promising
initial results in phase II trials and impressive radiographic response344, no increase in
OS from bevacizumab was seen in a meta-analysis of all available trials*>. Several novel
treatment studies of recurring GBM use nitrosoureas in the control arm#4é. In this setting,
the nitrosoureas have shown comparable effect to novel agents*647, leading to increased
use due to its relative lower cost. Thus, nitrosoureas are the most widely accepted

chemotherapeutic agents for recurrent GBM48.

1.2 Magnetic resonance imaging

MRI is the preferred imaging modality in initial diagnostics and follow-up of gliomas. A
detailed description of MRI is beyond the scope of this thesis. The topic is described in

details in the many textbooks covering the field49.50,

1.2.1 Basics of magnetic resonance imaging

Magnetic resonance is based on the spin angular momentum (spin) properties of certain
atomic nuclei. Nuclei with non-zero spin absorb and re-emit electromagnetic radiation
when exposed to a magnetic field 5152, This phenomenon, known as nuclear MR (NMR),
reflects the fact that the interaction only occurs at a specific frequency which is
proportional to the strength of the magnetic field and the magnetic properties of nuclei
possessing spin. In MR, it is often the single proton nuclei of the hydrogen atom (1H)
which is utilized, due to the high natural abundance of hydrogen/water in the human

body. The proton can assume two distinct energy states when exposed to an external
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magnetic field; a low-energy state (parallel to the magnetic field) and a high-energy state
(anti-parallel to the magnetic field). In addition to the spin alignment, the spins rotate
around their own axis, called precession. In a steady-state condition, there is a slight bias
towards more spins on average being aligned with the external magnetic field, resulting
in a net magnetic moment from all spins aligned with the applied magnetic field. The
effects observed in MRI are readily explained in terms of classical physics since we are
observing the bulk effect of a very large number of spins. The collective effect of all
nuclear spins can then be described in terms of a single net magnetization (M) which
tends to be aligned with the static magnetic field (Bo) and precessing around the main
field axis with an angular frequency which is proportional to Bo. To observe this net
magnetization, the spin system needs to be disturbed from its equilibrium condition by
applying a second, much weaker magnetic field (B1) in a direction perpendicular to the
main magnetic field. This second field is applied in the form of radio frequency (RF)
pulses where the frequency of the RF pulses matches the precession frequency of proton
spins and is referred to as excitation. The disturbed magnetic signal is then detected by
conducting coils placed close to the body area of interest. The spin system returns to its
steady state energy state in a process called spin relaxation. This can be observed as a
gradual decay of the detected signal in the detector coils. Spin relaxation is described by
two separate (but not independent) processes referred to as T1i- and Tz-relaxation. T1-
relaxation (also called spin-lattice or longitudinal relaxation) refers to the gradual re-
alignment of the net magnetization vector along the axis of the main magnetic field
following the application of an RF-pulse excitation whereas T:-relaxation refers to the
gradual signal loss (as measured in the coil) as a result of slight variations in the
precession frequency of individual spins due to both interactions at the nuclear level but

also due to slight variations in the effective static magnetic field resulting in spatial
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differences in the frequency of precession and resultant loss of phase coherence in the

measured signal.

To spatially encode the NMR signal, additional position-dependent magnetic fields (field
gradients) are introduced so that the precession frequency of the measured
magnetization becomes position dependent. By also making the excitation RF-pulses
frequency selective, it is possible to selectively only excite spins at a certain spatial
position and further to decode the unique position of the NMR signals, by mathematical
analysis of the frequency- and phase information in the measured signals. To obtain
enough information to spatially encode the measured NMR signals, multiple RF-pulses
must be applied under different field gradient conditions, and this combination of
multiple RF-pulses under varying gradient conditions is referred to as a ‘pulse
sequence’. MR sequences can, at a top level, be characterized according to their
sensitivity to the two relaxation processes described earlier. Sequences designed for
optimal sensitivity to the Ti-relaxation process, T1-weighted (T1w) sequences, are best
suited for accurate delineation of anatomical structures whereas T2-weighted (T2w)
sequences are generally more sensitive to pathological processes (figure 3). This
differentiation is, however, not always clear-cut and a main challenge in MRI is to

identify the optimal MR sequence type and parameters for a given diagnostic indication.

MRI is a unique modality in that it combines high spatial resolution with excellent soft
tissue contrast in the brain. In addition to high resolution structural imaging, MRI can be
made sensitive to a large variety of biophysical properties. In particular, dynamic MRI
(rapid sampling of the imaging volume repeatedly) can assess tissue function and

hemodynamic properties by means of a large variety of different techniques, either
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involving the injection of a contrast agent (CA) or by using endogenous contrast

mechanisms. These methods are collectively known as functional MRI methods.

Figure 3: Structural MRI of a GBM in the right frontal lobe. T1w images before (a) and after (b) the

administration of a gadolinium based contrast agent (GBCA) are shown on the left side. T2w image (c) and
Fluid Attenuated Inversion Recovery (FLAIR) image (d) to the right. Note how the tumor appears dark on
the Tlw image before contrast (a) and the heterogeneous enhancement pattern after GBCA
administration with a mix of enhancing and non-enhancing regions (b). Periventricular high intensity
lesions are easier recognized in the FLAIR image compared to T2w image due to suppression of the T2w

high intensity cerebrospinal fluid signal.

1.2.2 Contrast agents in magnetic resonance imaging

Originally CAs in MRI were used in conjunction with structural imaging for improved
delineation of pathology>3. Experience from computer tomography (CT) showed that CE
helped in differentiation of edema and tumors in both the brain and the rest of the
body>%. In MRI, several paramagnetic ions (manganese (Mn), iron (Fe), chromium (Cr)
and gadolinium (Gd)) were investigated, and the first Gd-based CA (GBCA) was
approved in 1988 for clinical applications®>. A paramagnetic ion contains metal ions
with unpaired electrons that create a large magnetic moment, as the magnetic moment
of an electron is about 700 times larger than that of a proton. Unlike the iodine-based
CAs used in CT and X-ray, the CAs used in MRI are not directly visualized in the images,

but observed indirectly through their effect on T1-, or T;-relaxation times. Most clinically
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approved CAs are low molecular weight chelates with Gd used as the paramagnetic

ion®6, and all CAs mentioned in this thesis are GBCAs unless specified otherwise.

CAs induce both T1-, and Tz-shortening in tissue, and the imaging effect of this relaxation
enhancement depend strongly on the tissue properties, as well as on the MRI sequence
used®’. A linear relationship between T relaxation rate change and the CA concentration

is usually assumed, so that:

1
Ri=r=25" r[Gd] [1]

where Ti is the spin lattice relaxation time (unit s) at a Gd-concentration [Gd]
(unit mmol/L = mM) and T;(0) is the baseline T in tissue. R1 is the relaxation rate (unit
s'1) and r1 is the in vivo spin lattice relaxivity constant (unit mM-1 s-1) for the specific CA

used. The same relationship applies for T relaxation:

1
R, === no T 1,[Gd] [2]

where R is the relaxation rate, r; is the in vivo spin-spin relaxivity constant for
Gd, [Gd] is the concentration, T is the spin-spin relaxivity time and T»(0) is the baseline

T» in tissue.

In addition to the linear increase in R1 and Ry, transverse relaxation is further enhanced.
Susceptibility effects arise from the macroscopic effects of the bulk magnetic moment of
the CA, resulting in increased R>". This effect is not dependent upon direct interaction
between the protons and the CA. This susceptibility effect is particularly dominant when
the CA is confined to a small compartment, giving rise to large magnetic field gradients
outside the CA containing compartment>8. The R>" effect can be described similar to

Equation 2. It should be noted that, in addition to the linear dependence described
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above, non-linear relaxation effects may also contribute to both Ti-, and Tz/T2*-

relaxation, depending on tissue structure, CA concentration and water dynamics.

The use of GBCAs has generally been considered relative safe with reports of adverse
allergic reactions at 2.4 % or lower and serious adverse reactions at 0.03 % or lower>>.
In 2006 the administration of GBCAs in patients with severe impaired renal function
was linked to the potentially deadly disease nephrogenic systemic fibrosis. This led to
restricted use of GBCAs and kidney function measurements before administration.
Recently, retention of GBCAs has been observed in the brain after repeated injections
leading to a safety announcement from the American and European authorities
regarding cautious use of GBCAs. The effect of this retention is, at this point, unclear and

no harmful effects are so far documented>°.

1.2.3 Perfusion-weighted magnetic resonance imaging

PMRI is part of the functional MRI domain. These functional methods are used to
provide (semi) quantitative assessment of functional and biological processes. In the

brain, measures of CBV, CBF and capillary permeability are estimated using pMRI60-63,

PMRI can be performed both by means of a CA administration or using blood as an
endogenous contrast using a technique called arterial spin labeling (ASL). Contrast
enhanced pMRI refers to sequences where MRI images are acquired repeatedly before-
and following a bolus injection of a CA. The dynamic signal is then measured and
modeled voxel-vise according to a pharmacokinetic model. In the brain, the CA
distribution using existing GBCAs is usually assumed to be purely intravascular in the
absence of pathology compromising the BBB. In the presence of BBB damage the CA

leaks into the extracellular, extravascular space (EES). In general contrast enhanced
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PMRI methods are divided in two groups dependent upon the principal contrast
mechanism; Dynamic contrast-enhanced (DCE)-MRI and dynamic susceptibility contrast

(DSC)-MRL

Dynamic contrast-enhanced magnetic resonance imaging

DCE-MRI uses a Tlw sequence and is the preferred method in diseases with BBB
disruption. The CA leaks through the damaged capillary bed into the EES until the
concentration of CA in the interstitium is equal to that of the plasma. This contrast
extravasation is determined by the CBF, the surface area of the damaged vessel and the
capillary permeability, the latter two commonly denoted the permeability surface area
product (PS). CA extravasation is analyzed using heavily T1w imaging techniques since
the Ti-relaxivity of CAs is much higher after extravasation, providing high sensitivity to
CA leakage combined with a predictable dose-response. The signal change as a function
of time is measured and underlying properties of the tissue such as capillary
permeability, blood volume and EES volume are estimated using standardized tracer
kinetic models. Concentration time curves from different regions of the brain are shown

in figure 4.
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Figure 4: Temporal evolution of the signal intensity after the administration of a GBCA using DCE-MRI.
Imaging time-point is shown at the x-axis and signal intensity at the y-axis. The black line is the signal in a
large artery. The stapled line is the signal in a brain tumor with damage to the blood-brain barrier. The

dotted line is the signal in normal appearing white matter in the contralateral hemisphere of the tumor.

Dynamic susceptibility contrast magnetic resonance imaging

In the brain with intact BBB, T:*-relaxation dominates due to high degree of
compartmentalization of the CA to a small tissue volume (intravascular volume of 2-4%
in normal brain)®4. This results in large local susceptibility differences, and consequent
To*-relaxation enhancement arising from the enhanced magnetization of the
intravascular space due to the presence of Gd. This effect can be captured using DSC-MRI
applying echo-planar imaging (EPI) readouts. EPI is a rapid MR acquisition method and
commonly used in DSC-MRI due to very high T:*-sensitivity combined with fast
acquisition (high temporal resolution (Ts)), but is susceptible to geometric distortions

due to inhomogeneities in the main magnetic field®®.
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The T2*-effect is ‘long-range’ and does not require direct interaction between the water
molecules and the paramagnetic centers. The higher sensitivity of DSC-MRI (steeper
dose-response) has therefore made this the method of choice for many perfusion
applications in the brain, especially stroke imaging where BBB disruption is not a major
issue®%67. DSC-MRI is usually analyzed assuming a purely intravascular CA distribution;
yielding estimates of CBF, CBV and the ratio of volume to flow reflecting the mean
transit time of the tracer through tissue®869, A standardization of CBV and CBF to normal
appearing areas in the contra lateral hemisphere is often estimated denoted relative

(r)CBV and rCBF70.

In the presence of BBB disruption, the utility of the DSC-MRI technique is hampered by
CA leakage. Ti-relaxivity increases significantly and T:*-relaxivity generally decreases
after CA extravasation due to a larger distribution volume and less CA
compartmentalization in the EES; resulting in an unpredictable combination of T1- and
T2* relaxation effects taking place. The standard kinetic model used to estimate CBF and
CBV also becomes invalid in the presence of CA extravasation, yielding erroneous
parameter estimations unless corrected for7l. Different modifications to the standard
kinetic modeling have been proposed to correct for the effect of CA leakage in DSC-
MRI7172, In spite of the need to correct for CA leakage, DSC-MRI has become an
established approach for brain tumor diagnosis. An example of change in signal intensity

in different regions in DSC-MRI is shown in figure 5.
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Figure 5: Temporal evolution of the signal intensity after the administration of a GBCA using DSC-MRI.
Time points shown on the x-axis and change in r2* shown on the y-axis. The black line is the signal from a
large artery. The stapled line is the signal from a tumor with damage to the blood-brain barrier. The
dotted line is from normal appearing white matter in the contralateral hemisphere of the tumor. The

signal is taken from the same regions as figure 4.

Tracer kinetic modeling from DCE-MRI

The present work focused on DCE-MRI and the kinetic models used to analyze such data
in brain tumors will therefore be discussed in more details below. Many different kinetic
models have been proposed, ranging from very simple (few model parameters) to very
complex multi-compartment models’3. A standardization effort, based on three kinetic
models introduced almost simultaneously in the early 905607475, was made in the late

1990’s, resulting in a consensus paper on model selection and parameter notations’é.
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The model most frequently used is the extended Tofts model based upon a generalized

kinetic model proposed by Kety in 195177
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Figure 6: (a) Distribution of GBCA molecules (green dots) in an intact BBB. The distribution volume is in
the vessel alone. The right panel (b) shows distribution volume of GBCA molecules in a vessel with
pathologic BBB. The GBCA molecules extravasates through the endothelium and into the EES at a rate of
Ktrans, When the molecules enter the EES, they start to leak back to the plasma at a rate of ke,. The fraction

of EES in a given area (most commonly voxel) is denoted v, v, is the fraction of plasma.

To describe the kinetics of the tracer in tissue or tumor we define the different tissue
compartments constituting the total tissue volume as well as the flux and reflux of the
CA between these compartments. Commonly the tissue is divided in three
compartments; the blood volume, the intracellular space and the EES as seen in figure 6.
The CA is confined to the blood volume or the ESS. All other tissue compartments are
considered inaccessible to the CA including the erythrocytes, intercellular space and

other none diffusible tissue such as fibrous tissue and membranes. The different
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compartments are defined as fractions of total tissue volume in a given MR image voxel.

The total tissue volume per voxel is then given by:
Vptvet+tvi=1 [3]
vp =(1-hct)vy [4]

where v, is the fraction of plasma volume, v is the fractional EES, and v; is the
fraction of tissue inaccessible to the CA as described above. vy is the fraction of whole

blood and hct is the hematocrit.

The kinetic parameters Kans and kep are the CA transfer constant and the rate constant,

respectively where kep= Kans /y,,

The rate equation for the extended Tofts model is given by’7:

A[Ce(6)=vpCp (D)] Kirens
td% = KTansc,(t) — o [Ce(t) — 1, G, (O] [>]

The solution for C¢(t) is then given by:
trans 4_
Ce(t) = K79 [1C,(7) exp (——2) dt + ,C,(t)  [6]

where Ci(t) is the total CA concentration in tissue, Cp(t) is the plasma
concentration in a feeding artery commonly known as the arterial input function (AIF),
Vp is fractional tissue plasma volume, Ktans is the CA transfer constant and ve is the CA
distribution volume fraction in the EES. Estimated parameter maps from DCE-MRI and

DSC-MRI are shown in figure 7.

Given that C¢(t) and Cp(t) can be measured, equation [6] can be solved for Kans, vy, and v,

using deconvolution or non-linear least squares curve fitting techniques. In our analysis,
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we used the method first proposed by Murase whereby equation [5] is linearized by
transformation to a matrix expression which can be solved by singular value

decomposition to yield estimates of the three kinetic model parameters’s.

K" is dependent on CBF and PS. In tissues where perfusion is low and permeability is
high Ktans will be limited by available perfusion. This is referred to as flow-limited
condition. In this situation K%ans mainly reflects perfusion and not PS product. In the
other extreme, PSs << CBF and K"ans then directly reflects the PS product’®. The extended
Tofts model, used in the current work, explicitly assumes permeability limited

conditions.

Figure 7: Structural image (a) and estimated parameter maps (b-f) of a patient from the thesis. Structural
CE T1w image of the tumor is shown in a. Estimated parameter maps of rCBF and rCBV from DSC-MRI are
shown in b and c respectively. From DCE-MRI estimated parameter maps of Kans, CBF and ve are shown in

d, e and f respectively.

25



Parameter requirements in DCE-MRI

Different methods for measuring the AIF, specific scan parameters and acquisition type
all affects the MR signal and derived parameters. In DSC-MRI this has led to the use of
normalized parameters yielding perfusion metrics that are more readily compared
between subjects and institutions’0. Such normalization is not generally possible for
DCE-MRI in the brain due to zero parameter values in healthy brain. Numerous studies
address factors affecting the accuracy and reproducibility of metrics derived from DCE-
MRI, including effect of acquisition parameters, applied kinetic model, and analysis
approach’07677, In DCE-MRI, the Quantitative Imaging Biomarker Alliance (QIBA)
created a white paper in 2012 outlining the use and quantification in clinical trials82.
This is an effort to standardize the measurement and estimation of K™ at 1.5 Tesla
with a 20 % within-subject coefficient-of-variation. QIBA recommends Ti(0)
measurements using 2-7 degree variable flip angles, Ts less than 10 s, ideal slice
thickness less than 5 mm and 1-2 mm in-plane resolution and a total measurement time
(Tacq) of more than 5 min after CA injection for the DCE-MRI sequence (summarized in
table 3). There are, however, discrepancies in the published sequences regarding these

recommendations (table 3).

The Ts in DCE-MRI is in most studies as short as possible to accurately sample the AIF.
This compromises spatial resolution and signal-to-noise ratio (SNR). It was predicted
that a Ts in the order of one second is required for accurate AIF determination in DCE-
MRI of the breast83. Most studies in the brain use a Ts in the 3-10 s range (table 3).
Simulations exploring the effect of low Ts and inaccurate AIF sampling have shown
larger errors in Kwans estimates from incorrect AIF measurement than slow sampling. A

recent simulation study showed that K™ was only to a small degree (less than 20 %)
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underestimated at Ts rates up to 20s8% The same study showed that accurate and
reproducible AIF determination is critical for quantitative assessment of Kkinetic
parameters and also for tracing changes over time84. The AIF varies due to variations in
cardiac output, vessel size of feeding arteries (partial volume effects) and high peak
concentrations with rapid changes in CA concentration. Due to the difficulty and lack of
consensus in obtaining an AIF, several strategies have been employed. Parker et al. made
an experimentally derived population-averaged AIF using the large arteries in the
abdomen of 23 cancer patients from a total of 67 visits8. This AIF has been used in
several studies where an individual AIF was not obtainable8687, However, there is an
expectancy that the exact shape of the AIF is dependent on the feeding arteries from
which it is derived®. The ability to measure the AIF directly from cerebral arteries
requires good arterial signal in the DCE-images and a Ts that accurately samples the
peak of the AIF. If a low sampling volume or few slices are acquired, large arteries may
not be part of the imaging volume. AlFs from small arteries might lead to partial volume
effects and severe underestimation of the peak AIF height. Vascular input functions
(from large veins), including the superior sagittal sinus have been used, due to the lack
of supplying arteries of sufficient size in the acquired sampled volume®8. The venous
signal has a later onset time and an increased dispersion compared to an AlF, with larger
signal amplitude due to less partial volume effects. A comparison of different AIF
methods in both DCE-MRI and DSC-MRI suggests the use of a carry on AIF. Using double
baseline data (two MRI sessions few days apart); i) population AlF, ii) individual AIF and
iii) patient specific AIF based on the AIF from the first scan, the studies concluded that
the use of a patient specific AIF gave the highest reproducibility of estimated parameters

in both DCE-MRI and DSC-MRI8%99,
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In T1w imaging, conversion from change in signal intensity to change in 1/T1 requires
knowledge of T1(0) in tissue and further an assumption about negligible transverse (T>
and T2*) relaxation effects during the CA bolus®l. The need for accurate high resolution
mapping of a wide range of T;(0)-values and accurate co-registration to DCE-MRI data
can be challenging83. In clinical routine with the limited time reasonably available, Ty
mapping in DCE-MRI analysis is therefore achieved by rapid imaging methods using one
of two established methods; the first method applies an inversion (180 degree) pulse
followed by a train of small flip-angle readout pulses to monitor the magnetization
recovery to steady state. This method is termed rapid inversion recovery or ‘Look-
Locker’ (named after the two researchers who first described this sequence for Ti-
measurements in the 1970’s)%2. In the second method, two or more rapid gradient-echo
images with different flip-angles are acquired, enabling estimation of T1 from the known
dependence of MR signal intensity on T as function of flip-angle?3. The need for T;(0)
data increases total scan time, and brings about the need for image co-registration and
additional image processing steps. The added value of using T;(0) maps in DCE-MRI
analysis has thus been questioned?*. The use of a separately acquired T;(0) map may
potentially also be prone to additional sources of error, such as RF-pulse imperfection
leading to spatial bias in the estimated Ti-values, co-registration errors and additional
noise from the T1 measurement itself*>. If an accurate T,(0) is not obtainable, a constant
T1(0) value must be assumed for all tissues. This is shown be more stable than
calculations of Ti(0)%. In longitudinal studies, relative change in the estimated
parametric values is more robust than individual T1(0) measurements given stable T1(0)

values. The absolute values are heavily dependent on T1(0)8®.
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1.3 Magnetic resonance imaging of gliomas

Clinical imaging of HGG patients before, right after surgery and every third month after
end of radiochemotherapy is the standard imaging routine in Norway. This is in line
with international recommendations of imaging every 2-4 months after initial
radiochemotherapy?. A standard protocol includes Fluid-Attenuated Inversion
Recovery (FLAIR) imaging, Tlw imaging before and after injection of a GBCA, T2w
imaging and diffusion weighted imaging (DWI)?798. Conventional MRI provides

qualitative data and gives insight in the morphology and progression of the disease.

1.3.1 Structural magnetic resonance imaging in gliomas

In general gliomas are hyperintense on T2w imaging and hypointense in T1w imaging.
In WHO grade II tumors these findings are typically homogenous with small mass effect
due to slow growth. CE is rarely seen after injection of a CA%. In WHO grade III and IV
gliomas the MRI findings often reflect the increased malignancy of the tumors. BBB
disruption is usually present with CE and a more heterogeneous appearance. In grade III
gliomas a patchy CE can be seen while GBMs characteristically have an irregular
enhancement with central non-enhancing areas mirroring the large extent of
neovascularization around necrotic regions®’. This highly heterogeneous appearance is
the reason for the former name glioblastoma multiforme. The CE is surrounded by
vasogenic edema from the breakdown of the BBB and the degree of CE and volume of
surrounding edema are closely correlated%0. To some extent, these MRI findings
resemble the features found on the histopathology®’. Typical findings on structural MRI
in gliomas are seen in figure 8. Degree and heterogeneity of CE, necrosis/cyst formation

and mass effect are all significantly related to tumor gradel®l. Unfortunately, there are

29



several exceptions to these general rules and the use of structural MRI for grading is

thus limited®.

Figure 8: Comparison of imaging findings in a grade Il glioma (a and d), a grade III glioma (b and e) and a
GBM (c and f). Contrast-enhanced T1w MRI (a-c) and T2w MRI (d-f). No CE is seen in the grade II glioma
(a), but some edema in the right temporal lobe is seen in the T2w images (b). In the WHO grade III glioma
a patchy CE is seen in the right frontal lobe with surrounding edema (b). Large CE is seen in the T1w
images of the GBM (c). The CE is highly heterogeneous with some lesions showing signs of cystic
formation and necrosis. Images courtesy of Kyrre Emblem PhD, Department of Diagnostic Physics, Oslo
University Hospital.

1.3.2 Response criteria in high-grade gliomas

Treatment assessment of gliomas is typically done by radiologic estimations of growth.
Studies have shown that glioma grade and survival is poorly correlated to MRI findings
based on conventional images; e.g. size of CE and hyperintensities on FLAIR and T2w
images102103_ For many years, the gold standard for assessing treatment response was
the Macdonald Criteria from 1990194, The original Macdonald Criteria were based upon

contrast enhanced CT, and tumor size was defined as the product of the maximal cross-
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sectional diameter and the largest diameter perpendicular to the enhancing areal%4.
Four clusters of disease stages were included; complete response, partial response,
stable disease and progressive disease. Use of corticosteroids and change in neurological
status were also part of the assessment. Since then, the criteria have been used as a
response measurement in glioma studies using the CE on Tlw images. In 2000 the
Response Evaluation Criteria in Solid Tumors (RECIST) guidelines were introduced to
standardize the definition of tumor progression in cancer in general, and to include 3D
measurements possible due to advances in CT and MR imaging195. These criteria are
non-specific for all solid tumors and include specific guidelines for measurement of
multifocal tumors, a rarity in gliomas. In gliomas, continued use of the Macdonald
Criteria enabled comparison with historical data and thus remained the most widely
used method for assessment of treatment response. Recently, the limitations of the
McDonald Criteria were reviewed and potential sources of error, such as difficulties in
measuring multifocal tumors (although a rarity), inter-observer variability and
definition of tumors with large cystic or surgical cavities were pointed out106.107,
Moreover, better MRI scanners and more advanced imaging methods such as FLAIR and
dynamic imaging open up the opportunity for more advanced assessment. The Response
Assessment in Neuro-Oncology Working Group (RANO) initiative proposed updated
assessment criteria in 2010 and have been the gold standard for the last years16,
Similar to the McDonald Criteria they use four clusters of disease stages (summarized in
table 1). The inclusion of T2w/FLAIR assessment and clearer definitions of MRI
measurements are the main differences from the McDonald Criteria. Volumetric

assessment is not yet recommended due to lack of standardization and availability106.
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Table 1: Summary of the RANO Criteria.

Criterion CR PR SD PD
T1w CE None 250% ! <50%! but<25%T =225% T*
T2w/FLAIR Stable or ! Stableor ! Stable or | T
New lesions None None None Present *
Corticosteroids None Stable or | Stable or | NAT
Clinical status Stable or T Stable or T Stable or T *
Response requirement All All All Any *

The arrows indicate the direction of measured change from last exam. Abbreviations: RANO: Response
Assessment in Neuro-Oncology, CR: complete response, PR: partial response, SD: stable disease, PD:
progressive disease, Tlw: T1 weighted. T2w: T2 weighted, CE: contrast enhancement, FLAIR: fluid-
attenuated inversion recovery, NA: not applicable. * Progression occurs when this criterion is present.

The RANO Criteria point out that advance techniques such as DSC,- DCE,- and DWI-MRI
may prove to be valid contributions to treatment response evaluation or differentiation
of non-enhancing tumor from other sources of increased signal on FLAIR images in the
futurel%. However, validation through multiple trials is required before these

techniques are incorporated in conventional clinical assessment of gliomas.

1.3.3 Imaging of radiation-induced injury and pseudoprogression

Radiation-induced injury to the brain is traditionally divided in three types; acute
(during RT), subacute (up to 12 weeks after RT) and late (3-12 months after RT). MRI is
usually normal in acute radiation-induced injury making this a clinical diagnosis.
Imaging findings in subacute radiation injury are caused by vasodilatation and edema
from BBB damage and are usually transient. Late radiation injuries are often irreversible
and progressive and include radionecrosis, leucoencepalopathy and other vascular
lesions*. Radiation induced necrosis is rarely seen today due to utilization of

fractionated RT and smaller fractions during a longer treatment period. However, it may
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still occur in hyper-fractionated RT regimes, in patients with large fraction areas or in
re-irradiation!%8, Pseudoprogression is a transient treatment related increase in CE
and/or edema on MRI without tumor activity199. It occurs with or without signs of
necrosis in biopsies of the lesion!10, Image findings in pseudoprogression mimics finding
in subacute/late radiation-induced injury and disease progression making the
distinction between the three entities difficultl1l. It is typically seen on MRI days to six
months after radiochemotherapy which is similar to the occurrence of subacute and late
radiation necrosis198112, Pseudoprogression was first described in phase III trials of TMZ
where a subgroup of patients showed progression on the first MRI after RT and later
spontaneously stabilized or got better for at least six months!13. This led to the
conclusion that progressive disease at MRI three months after RT end should not be
interpreted as recurrence. Pseudoprogression is a radiological entity and has been
reported in patients receiving RT, radiochemotherapy and immunotherapy in metastatic
brain cancer. Thus, transient radiation-induced injury can only explain some of the cases
of pseudoprogression. Pseudoprogression is reported in 20-30% of patients treated
with the Stupp regimel14, and is found more frequently in patients with MGMT promotor
methylation15. As mentioned in Section 1.1.2. MGMT is a known factor for better effect
of TMZ, with an average increase in OS and time to progression. Thus, the distinction
between progressive disease and pseudoprogression is important for the prognosis,

unfortunately, this is not readily possible by conventional MRI#109,

1.3.4 Perfusion magnetic resonance imaging in gliomas

The utility of pMRI for detection, grading and prognostication of gliomas is proven in
multiple studies. Perfusion imaging with DSC-MRI is helpful in preoperative glioma

gradingll6. LGGs typically have normal values of CBV compared to normal-appearing
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brain tissue (rCBV=1). Conversely, regions of increased rCBV are found in HGGs. Regions
of high rCBV have been proposed to use as biopsy targets for more accurate diagnostics
if a complete resection of the tumor is not possible. Moreover, elevated rCBV values, as a
sign of transformation from LGG to HGG, have been found up to one year earlier than the
appearance of CE in Tlw images!l’. Similar to in DSC-MRI, higher tumor grade is
associated with elevated estimated parameters from DCE-MRI!18, As discussed in
Section 1.2.3., DCE-MRI is advantageous in gliomas with CE on T1w MRI and assessment
of the transfer constant Kans is of particular interest in HGGs. In a study trying to
differentiate between recurrence and pseudoprogression in GBMs, both mean and 90
percentile histogram values of K"ars and v, were higher in the recurrence group!?®.
Similar results were seen in a prospective study, where high Kans and ve were found in
GBM patients with progressive disease compared to pseudoprogression!20. The

prognostic value of DSC-MRI and DCE-MRI is discussed later in Section 1.4.

There are some limitations to pMRI for clinical use. First, most research in pMRI is from
single center studies. Moreover, standardizing cutoffs/recommendations of the
estimated parametric values is challenging. In DSC-MRI normalization to normal-
appearing brain in the contralateral hemisphere has been used in an effort of
standardization, showing reported values in the literature that are similar!?1. Due to the
intrinsic need for BBB leakage to measure meaningful Kars —values, normalization is not
done routinely in DCE-MRI where K™ should be close to zero in normal brain tissue.
This leads to discrepancies between reported DCE-MRI parameters in the litteraturel21,
In addition, choice of statistical method varies extensively between studies. Some
studies use the CE as a Region-of-Interest (ROI) and analyze distributions of histograms

within this ROI. Another approach visually inspects the parametric maps and places
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small ROIs in areas with the highest parameter values, commonly referred to as the hot-
spot method. The latter method suffers from inherent user dependence and the first
method poses challenges in defining the tumor and is inherently time consuming. A
selection of DCE-MRI studies is shown in table 3 with examples of estimated parameter
values, Ts, Tacqg and post-processing procedures. Differences in the estimated parameter
values are apparent despite similar Ts and Tacq. Moreover, AIF estimation approach,
choice of ROI statistics and variable parameter reporting make comparisons challenging.
Although DCE-MRI is proven to be a useful tool to characterize endothelial permeability
and related kinetic properties, there are several challenges obstructing widespread

clinical use of the method.

1.4 Prognostics in gliomas

The prognosis for HGG is dire despite a multimodal treatment approach, and less than
50% of patients live a year after the time of diagnosis of GBM122. LGGs have a better
prognosis with a median survival of eight to nine years!23; however, transformation to
secondary GBM is seen in a significant part of LGGs (see Section 1.1.1). While IDH-
mutated GBMs have a better median OS than IDH-wildtype (27.4 vs. 14.0 months,

respectively), prognosis is still dismal compared to other cancer typel24,

Several factors influence the predicted OS (table 2). An observational study looking at
different prognostic factors in 660 GBM patients found that young age (significant for
cohorts younger than 40 and 60), Karnofsky Performance Score (KPS)>70, adjuvant
chemotherapy and high resection grade predicted improved survivallzs, A study
investigating outcome in 565 HGG patients found similar results126. As mentioned in

Section 1.1.2, surgery, RT and chemotherapy all increases OS individually. Recently, in
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accordance with the new WHO grading of gliomas, various molecular markers have been
recognized that have prognostic properties. In addition to IDH mutation, patients with
methylated MGMT have shown increased effect of radiochemotherapy and higher OS

compared to RT alone in GBMs (21.7 vs. 14.0 months)3.127.128,

Table 2: Key prognostic factors in high-grade glioma

Positive Negative 0S (months)

Clinical factors

Age <40 >60 17.7-9.0126

KPS >70 <70

Resection grade GTR STR/biopsy 11.0-9.3/2.5%

Radiation therapy RT No RT 11 -4.528

Chemotherapy TMZ No TMZ 14.6-12.12
Molecular factors

MGMT status Methylated ~ Un-methylated 21.7-12.73

IDH-status Mutated Wildtype 27.4-14.0
Imaging factors

Postop CE Thinlinear ~ Thick linear/nodular 20.3-14.4/10.612°

rCBV Low High

Kirans Low High

ADC High Low

Abbreviations: 0S: Overall survival, KPS: Karnofsky performance score, GTR: gross total resection, STR:
subtotal resection, RT: radiation therapy, TMZ: temozolomide, IDH: isocitrate dehydrogenase, MGMT: O¢-
methylguanine-DNA-methyltransferase, postop CE: postoperative contrast enhancement, rCBV: relative

cerebral blood volume, Kt a8, transfer constant, ADC: apparent diffusion coefficient.

As discussed in chapter 1.4, MRI is the modality of choice in gliomas and prognostic
markers for survival are highly researched. Most studies are published on HGGs/GBMs.
The prognostic value of MRI before treatment is uncertain. In a study of treatment-naive
GBMs, clinical parameters (age, sex, KPS and resection grade) outperformed estimated
parameters from MRI130. Shorter OS has been associated with higher values of Ktans and
vy independent of glioma grade in preoperative DCE-MRI131, Thick linear enhancement

(a several voxels thick line of CE in the rim of the surgical cavity) on post-operative MRI
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within 48 hours after surgery predicted the same prognosis as nodular enhancement

(i.e. sub-total resection)29, emphasizing the importance of a complete surgical resection.

The prognostic value of structural MRI and the RANO Criteria during and after
radiochemotherapy is undecided. A recent study found better OS in patients with
complete response according to the RANO Criteria compared to the other response
groups combined!32, However, when the complete responders were compared to
patients with stable or partial response, no difference was found (i.e. not progressive
disease). Similarly, a study including whole tumor volumetry found worse prognosis in
tumors with more than 5% volume increase at 3 and 5 months after
radiochemotherapy?33. Structural and functional MRI metrics longitudinally analyzed
predicted OS and progression-free survival (PFS) before and after RT134. In this study
tumor volume from T2w imaging was significant both before and after RT for OS and
rCBV and CBF was significant for PFS after RT end. This suggests that different
parameters are sensitive at different time-points during treatment and disease

progression.

Prospective markers in gliomas have mostly revolved around pseudo-biological markers
from functional MRI. Biomarkers are defined by the National Institutes of Health
Biomarkers Definitions Working Group as a “characteristic that is objectively measured
and evaluated as an indicator of normal biological processes, pathogenic processes, or
pharmacological responses to therapeutic intervention”13>. An example is functional
diffusion maps using DWI, where increase in apparent diffusion coefficient (ADC) during
treatment is associated with treatment responsel3¢. The functional diffusion maps have
equal predictive value as radiographic response using the MacDonald Criteria and is

validated as a biomarker for cellularity137.138, However, the method has been criticized
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because of the voxel-by-voxel analysis which demands rigorous co-registrations of
images. Furthermore, pMRI shows prognostic potential in several studies. In DSC-MR],
rCBV is the most promising metric13°. A cutoff of rCBV higher than 1.75 strongly
predicted shorter PFS in DSC-MRI in a large study of gliomas of all grades!4%. The cutoff
was not significant for OS. Cutoffs of rCBV 2.00-5.79 have been reported in the literature
for significant OS prediction141-143, While elevated rCBV is a known negative prognostic
marker in gliomas, the clinical utility of rCBV measurements is challenged by
overlapping cutoff values presented in the literature and across grades’2. Of the
prognostic marker from DCE-MRI, K'ans js the parameter most often reported in the
literature. As mentioned above, preoperative K™ and v, were higher in patient with
lower OS131, Likewise, increased maximum Kuans values in patients are associated with
worse prognosisl44. Several histogram percentiles were significant for shorter OS in
patients with high Kwans and ve in a study investigating a multitude of histogram
metrics!4>, However, direct comparison of parametric values in DCE-MRI is more
difficult than in DSC-MRI due to the lack of relative values and larger variations in

reported metrics.

Studies combining clinical and/or imaging biomarkers are emerging. Combining K"
and CBV from DCE-MRI and DSC-MRI respectively have shown increased prognostic
value compared to either parameter alonel44. Similarly, patterns of combined ADC and
CBV in tumors have predicted OS'46. Moreover, imaging can be used to stratify
prognosis; a recent study found that patients from a subgroup with MGMT methylation
with high CBF measured by ASL had statistically longer PFS147. An index of K™, rCBV

and measurements of circulating collagen IV, created in an effort to measure the
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normalization of vasculature, correlated with OS and PFS in recurrent GBMs treated

with an angiogenesis inhibitor148,

Unfortunately, some challenges for widespread use of MRI in prognostics restrict the use
in clinical practice as mentioned in Section 1.4.. First, the timing of imaging is different
between studies. Imaging is performed at time of diagnosis, after surgery, after
radiochemotherapy and during follow-up. The timing of this imaging is not clear, and the
optimal time for imaging might vary between the different imaging markers. Second,
some studies look at image findings at one time point while others look at serial change
in metrics within patients. This makes comparisons of studies more difficult. Third,
there is a lack of standardization of MRI sequences. It has been argued that to obtain
maximum accuracy from a dichotomized biomarker, the optimal cutoff value should be
based on data generated at a given site149, All of these issues make comparisons between
centers and publications difficult and further efforts in standardization of both MRI

sequences and analysis methods are clearly warranted.

1.5 Summary of introduction

HGG remains the deadliest form of primary brain cancer, in spite of intense efforts in
developing therapies. Despite aggressive treatment protocols, the prognosis is generally
poor. Structural MRI using the RANO Criteria is the current gold standard for treatment
assessment, but difficulties in differentiating recurrence from treatment related necrosis
is a major problem. pMRI shows promise as a supplement to structural imaging for
improved prognostics and in distinguishing pseudoprogression from recurrence.
However, widespread use of pMRI is hindered by a lack of standardization and

challenges in longitudinal and cross-sectional reproducibility. Hence, this thesis focuses
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on methodological considerations in the analysis of DCE-MRI in HGGs and the evolution
and prognostic value of derived metrics from DSC-MRI-, and DCE-MRI in early OS

assessment.
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2 Aim of this thesis

The aim of this thesis was to investigate key parameters in acquisition and analysis of
DCE-MRI in HGGs and compare the prognostic value of DCE-MRI to that of structural

imaging and DSC-MRI in early OS prediction.
Specific aims:

Paper I: To systematically investigate, both through simulations and in clinical data, the
effect of varying temporal resolution and total sampling duration on the ability to

estimate standard kinetic parameters in DCE-MRI.

Paper II: To measure the temporal evolution of T1(0) in HGGs and assess the necessity of
baseline T1 measurements in longitudinal analysis of DCE-MRI in HGGs for accurate

parameter estimation.

Paper III: Investigate if functional pMRI-derived metrics can aid in improving the
prediction of OS in GBM patients compared to conventional volumetric or radiologic
assessment by the RANO Criteria alone. Furthermore, to assess the temporal trends of
estimated parameters derived from pMRI by both DCE-MRI and DSC-MRI, and

investigate differences in their predictive value.
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3 Material and methods

3.1 Overall design

The papers included in this thesis are part of a prospective HGG treatment monitoring
study conducted at The Intervention Centre, at Oslo University Hospital Rikshospitalet.
27 patients with histologically confirmed HGG were recruited at the Norwegian Radium
Hospital before the start of radiochemotherapy. Of the 27 patients, 23 had GBM. The
patients with WHO grade III tumors were excluded from the last paper due to the small
subject number. All patients underwent MRI prior to (baseline scan), every second week
during and two weeks after completion of radiochemotherapy. Three-monthly scans
were performed upon completion of radiochemotherapy until expiration or disease
progression leading to drop-out of the follow up. All patients were clinically assessed by

a Karnofsky Performance Score (KPS) at each imaging time-point155.

3.2 Ethical statement:

The study was conducted according to the Declaration of Helsinkil>6. The Regional
Ethical Committee approved of the study (reference number 2009/1867b) and informed

consent was signed before inclusion.

3.3 Imaging protocol

The MRI system used was a Philips Achieva 3 T (Best, the Netherlands) using an eight-
channel head coil (InVivo, Gainsville, Fl, US). The same MRI protocol was used

throughout the study and included structural and dynamic imaging, including: 3D FLAIR,
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3D T1lw images before and after the injection of gadobutrol 0.1 mg/kg (Gadovist®,
Bayer Schering Pharma AG, Berlin, Germany), 2D T2w images, diffusion tensor imaging,

DCE-MR], T1 relaxometry and DSC-MRI. Sequence parameters are shown in Table 4.

Two different DCE-MRI sequences were used. The T;* effect on the initial AIF and the
effect on the estimated parameters in the first eight patients of the study using a double
echo DCE-MRI sequence®l. This led to two DCE-MRI sequences with Ts of 3.4 s and 2.1 s,
a total of 100 and 150 dynamic images and a Tacq of 330s and 340s respectively. For

details see Table 5.

0.1 mmol/kg of gadobutrol was injected in a right cubital vein using a power injector for
both the DCE-MRI and DSC-MRI at a rate of 5 and 3 mL/s respectively. A 20 mL/s saline

flush followed to ensure coherence in the passage through the arm.

3.4 Computer simulations

In paper I and II computer simulations were performed using Matlab version

MatlabR2011A and MatlabR2013B, (The Mathworks Inc, Natick, MA, US).

Systematic investigation of temporal resolution and total acquisition time through
numerical simulations was done in paper I. An AIF was generated by JSim
(http://physiome.org/jsim) from the dispersion model developed by Barboriak et all57,
Tissue response curves were generated from a range of clinical relevant parameters
from equation 6. In Paper I the AIF and tissue response curve were downsampled and
truncated using the same method as for the clinical data. In Paper II the tissue response
curve and the AIF were analyzed using both random T;(0) between 600 and 2200 ms

and a fixed value of 1490 ms (the median value in all tumors).
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3.5 Data analysis

All post-processing was done using nordicICE (Nordic NeuroLab AS, Norway) and

Matlab R2011A (The MathWorks Inc, Natwick, MA).

—

Pre contrast T1w

Post contrast T1w

DCE-MRI DSC-MRI DCE-MRI DSC-MRI DCE-MRI DSC-MRI
Figure 9: Flow chart of co-registration. First each T1w pre-contrast image at each time point (t) was co-

registered to the pre-contrast T1w at baseline (t1). Then the post-contrast T1w and FLAIR images were
co-registered to the transformed pre-contrast T1w images at each time point. Finally motion corrected
DCE-MRI and DSC-MRI series were averaged to produce increased image contrast and co-registered to the
transformed post-contrast T1w and FLAIR images respectively at each time point. This was repeated for

all time points (t,) (dashed arrow).

3.5.1 Image co-registration

All images were collected in a central database and anonymized using an in-house
software, iCat, for removal of all personal information. All structural images were co-
registered to the first pre-contrast Tlw image series of each patient. Rigid motion

correction was performed for the dynamic perfusion images!>8. The dynamic series
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were then averaged into one volume and co-registered to the most similar structural
images (i.e. DCE-MRI series to post-contrast T1w images and DSC-MRI series to FLAIR

images). See figure 9 for details.

3.5.2 Region-of-Interest generation

In paper I and I ROIs were generated using an in-house semi-automatic method for 3D
tumor delineation. Skull stripping of the brain was done using the FLAIR images to
remove all non-brain tissuel>?. Skull-stripped post-contrast Tlw images were then
created using FLAIR brain masks as a template. A cluster analysis automatically chose
the high-intensity areas in the FLAIR images using a second-order relative entropy
thresholding method, creating an automatic generated edema mask ROI for each scan
time160.161, The edema masks were overlaid on the T1w images and high intensity areas
in the T1w images inside the edema masks were then included in a contrast mask. This
automatically generated ROI included all hyperintense areas from the post-contrast T1w
images. An experienced neuroscientist manually inspected all ROIs and removed non-
tumor pixels using an in-house pixel editor creating a mask for the contrast enhancing
tumor. Each slice in the DCE-series was then averaged from a dynamic series to a single
image stack containing high post-contrast information and co-registered to the tumor
mask. The estimated kinetic values in the tumors were then extracted using the ROI on
the generated kinetic parameter maps. In paper IIl, a semi-automatic segmentation was
done based upon the method used in Paper I and 11162, The created edema mask was
manually edited to remove non-edema high intensities from the FLAIR images. The
manually edited contrast enhancing tumor was then subtracted from the edited edema

mask to remove overlapping regions. All ROIs were manually edited if needed and
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finally approved by a single MRI radiologist with four years experience. The framework

is shown in figure 10.

3. Segmented
high intensity

2. Skull strip

1. Co-registration

5.Segmented
high intensity
areas inside
edema mask

Figure 10: Framework for ROI generation. The numbers represent the chronological order of the process.
Step 1-6 was done in all papers and step 7 added for Paper III to create a ROI for non-enhancing tumor in

addition to the contrast enhancing tumor from paper I and II.

3.5.3 Downsampling and truncation

In paper I temporal downsampling was done by averaging multiple successive time-
points in the dynamic series to give downsampling factors between two and twenty.
Each pixel was averaged in a motion corrected series n times for a downsampling factor
of n. As mentioned in Section 3.3. two different DCE-MRI sequences were used. Thus, ten
new dynamic series were generated with a Ts between 3.4s and 68s for the first
sequence and 2.1s to 42s for the second. Figure 11 a shows the AIF and tissue response
function of Ts of 3.4s, 13.6s and 34s. The higher SNR achievable from a dynamic series
with low Ts and identical spatial coverage, was thus somewhat accounted for by
averaging compared to the selection of individual images. Baseline scans before the

arrival of CA were excluded from the averaging process to reduce potential errors from
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temporal jittering®3. Correction of the delay between the AIF and the tissue response

function was done with the bolus arrival time method63.
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Figure 11: Concentration-time-curves obtained from tumor and arterial input function in a sample
patient, showing effects of downsampling (decreasing Ts) (a) and data truncation (reducing Tacq) (b) of the

original concentration-time-curves. Reproduced with permission from Paper I.

The effect of Tacq was investigated by truncating the DCE-MRI time series. The tail of the
DCE-series and AIFs were excluded from the analysis by choosing a percentage of the
dynamic images series to exclude. Utilizing this truncation option, series with a Tacq 0f 1,
2, 3,4 and 5 min were used to estimate kinetic parameter maps. A different number of
dynamic scans were available in series 1 compared to series 2, due to different Ts.

Concentration-time-curves from the truncations in a sample patient can be seen in

figure 11 b.
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3.5.4 Arterial input generation

A scan-specific AIF was generated for each examination in paper [ and II. In paper III a
patient-specific AIF from the first exam was used. This has proved to be more robust
than scan-specific or population-based AlFs in earlier work looking at double baseline
scans in both DCE-MRI and DSC-MRI8%90. The AIF was detected semi-automatically with
a fixed baseline T1(0) in blood of 1664 ms1%4. A brain area likely to contain large arteries
was manually selected, and an automated AIF detection algorithm averaged the signal
from the five best pixels inside the search areal®s. Criteria for a good, clean arterial
signal included a high first pass peak, small dispersion of the first pass bolus and a high
signal in the tail part of the AIF. The availability of large arteries depended heavily on
the tumor location as the imaging stack covered only 44 mm. The middle cerebral artery
was selected when inside the imaging stack. In tumors located in the superior aspects of
the brain, smaller arteries were chosen. To account for the signal differences depending
on the size and direction of the vessel, partial-volume correction was done. A venous
output function was detected using the same algorithm as for AIF detection. The search
region was placed over the superior sagittal sinus or transversal sinus in the posterior
part of the brain. A partial volume correction factor from the estimated ratio of the area
under the curve in the AIF and the venous output function was then estimated to scale
the AIF. In paper I, the AIFs went through the same regime of averaging to produce AlFs
with identical SNR properties and temporal characteristics as the downsampled DCE-

series.
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3.5.5 Dynamic contrast-enhanced magnetic resonance imaging analysis

The extended Tofts model, described in Section 1.2.3., was used in the analysis of the
DCE-MRI data in all papers. Singular value decomposition was used to deconvolve the
AIF to the tissue response curve and the estimation of AR from the signal intensity. A
fixed T,(0) was used in paper I and III, in paper II both individual T1(0) maps from Lock-
Looker-based relaxometry and the global median T;(0) in all tumors were used. Voxel-
by-voxel analysis yielded estimated kinetic parameter maps of Kans, kep, ve and vp. In
paper III CBF was also generated from the DCE data using the same method as was used

in DSC-MRI®8,

3.5.6 Dynamic susceptibility contrast magnetic resonance imaging analysis

The DSC-MRI analysis used the established tracer kinetic model described by @stergaard
et al®8. A patient-specific AIF from the first exam was used in all patients and the EPI
sequence was corrected for geometric distortions®>. Parametric maps of CBV and CBF
using the patient-specific AIF and rCBV and rCBF were estimated on a voxel-by-voxel

basis.
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Table 4: Overview of the imaging protocol in the material.

Sequence Sequence Geometry(mm) Matrix TE/TR(ms) Slices  Time(s)
FLAIR 3D IR TSE 1.07x1.07x0.6  224x224  424/8000 300 520
Tlw 3D GRE - FFE 1.0x1.0x1.0 256x232 2.3/5.1 190 400
T2w 2D SE - TSE 0.45x0.45x2.5  400x255 80/3000 28 210
DTI 2D SE - EPI 2.5x2.5x2.5 96x94 60/9686 50 352
T1 Look-Locker 3D FFE 1.88x1.88x4 120x109 1.4/2.7 11 168
DCE-MRI 3D FFE 1.88x1.88x4 120x119 2.5/5.1 11 121
CE-T1w 3D FFE 1.0x1.0x1.0 256x232 2.3/5.1 190 400
DSC-MRI 2D SE - EPI 1.88x1.88x4.0 120x118 70/1349 13 112

Abbreviations: TE: time of echo, TR: repetition time, FLAIR: fluid-attenuated inversion recovery, IR:
inversion recovery, TSE: turbo spin echo, T1w: T1 weighted imaging, GRE: gradient echo, FFE: fast field
echo, T2w: T2 weighted imaging, SE: spin echo, DTI: diffusion tensor imaging, EPI: echo planar imaging,
DCE-MRI: dynamic contrast-enhanced magnetic resonance imaging, CE: contrast enhanced, DSC: dynamic
susceptibility contrast.

Table 5: Sequence parameters for the two dynamic contrast enhanced magnetic resonance imaging
sequences used in the thesis.

TE(ms) TR(ms) FA TD (ms) Dynamicscans  Ts(s) Tacq (5)
Sequence 1 2.5 8.2 26 80 100 3.4 330

Sequence 2 2.5 8.2 26 50 150 2.1 340

Abbreviations: TE: echo time, TR: repetition time, FA: flip angle, TD: delay time, Ts: temporal resolution,
Tacq: total acquisition time.
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4 Summary of papers

Paper I: Sampling Requirements in DCE-MRI Based Analysis of High Grade
Gliomas: Simulations and Clinical Results. ] Magn Reson Imaging 2013;37:818-

829.

In Paper [ we investigated the effect of temporal resolution and total acquisition time on
the precision and accuracy in estimated parameters using the extended Tofts model in

DCE-MRI to address the lack of studies in large patient materials and clinical settings.

Computer simulations were done to test the theoretical effect of changing Ts and Tacq as
a function of kep. DCE-MRI data from 101 examinations in 15 patients were investigated
for Ts between 2.1 and 68 s and Tacq between 1 min and 5.2 min. The error in the

estimated parameters was compared to the sequence with shortest Ts and longest Tacq.

The results from the simulations showed an oscillating effect of all parameters for a Ts
less than 20 s. At Ts higher than 20 s a reduction in K"a»s, ke, and ve as well as an increase
in vp were found. A similar trend was seen in the clinical data for Kans and vy, significant
at Ts < 20s. The effect was more prominent for the highest values of the estimated
parameters. From the Tacq analysis overestimation of Kans and kep and underestimation

of ve and v, were seen increasingly for shorter Tacq in both simulations and clinical data.

In conclusion the total acquisition time and sampling time in DCE-MRI influences the
precision and accuracy in HGGs. The changes are small in median estimated values of the
kinetic parameters at Ts < 20 s. However, the precision is reduced due to larger errors in
the highest values. For Tacq at least 5 min of scan time is recommended and the error

introduced is biased towards regions with low permeability.
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Paper II: T1 in High-Grade Glioma and the Influence of Different Measurement
Strategies on Parameter Estimations in DCE-MRI. ] Magn Reson Imaging

2015;42:97-104.

Paper Il sought to investigate the evolution of T1(0) in HGG during therapy and the effect
of using a fixed value compared to a T;(0) map on the estimated kinetic parameters in

DCE-MRI.

Simulations and clinical data of 196 examinations in 23 HGG patients were assessed. The
evolution of the median T1(0) in tumor trough all examinations was estimated. The
percentage error in the estimated kinetic parameters using a fixed T1(0) value compared
to a T1(0) map was examined both for median tumor values and for the distribution of

parameters in the whole tumor.

T1(0) increased during treatment. The errors introduced by using a fixed T1(0) value had
an inverse relationship with T1(0) error. Despite this error, a strong correlation was
seen between the estimated parameters from both methods when change in median
tumor values from one examination to the next was compared. Changes in the histogram
normalized peak height were dependent upon the T(0) error. If the median T{(0) in
tumor was higher than the fixed value a narrowing of the histogram was seen, resulting
in decreased apparent heterogeneity of the tumor. Conversely, if the T1(0) was lower
than the fixed value a broadening of the histogram was seen leading to increased

heterogeneity.

Paper II shows that despite changes in T1(0) during treatment, the ability to assess
changes in median tumor values are similar when using a fixed T1(0) value. The

histogram distribution is, however, affected by the introduced T1(0) error.
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Paper III: Prediction of Survival and Progression in Glioblastoma Patients using

Temporal Perfusion Changes during Radiochemotherapy. (Submitted)

Radiographic assessment of GBM is based upon the structural RANO Criteria and is not
done during the first three months after radiochemotherapy due to difficulties of
separating pseudoprogression and tumor recurrence. Early prognostic imaging markers
are sought after to accurately predict survival. Paper III explored the evolution of tumor
volume and estimated parameters from both DCE-MRI and DSC-MRI during and two
weeks past radiochemotherapy. Tumor volume, perfusion and permeability metrics

were investigation for early OS prediction.

23 GBM patients were examined by comprehensive MRI before, every second week
during and two weeks past radiochemotherapy. CBF, K™ and v, from DCE-MRI and
both absolute and relative CBF and CBV from DSC-MRI were estimated. Temporal
evolution and change from baseline were assessed for all parameters. The patients were
separated in two groups based upon median OS and the parameter differences between
the groups were investigated. Survival analysis was then performed including the

creation of a prediction index.

Volume of contrast enhancing tumor and perfusion metrics from DSC-MRI decreased
during treatment but no prognostic value was seen between the survival groups. Smaller
changes in the DCE-MRI metrics were seen. Patients with an increase in median CBF and
K™ from the DCE-MRI analysis larger than 30 % and 10 % compared to baseline had a
significantly worse prognosis than the other patients. Multivariate analysis of K™ and

rCBV from DSC-MRI revealed an index closely corresponding to OS.
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Paper III shows that several changes in structural and functional parameters are evident
during radiochemotherapy treatment of GBM patients. For early survival prediction
DCE-MRI was more robust than DSC-MRI derived metrics. Combining parameters from

several modalities potentially increases the predictive value of early MRI.
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5 Discussion

This thesis investigates DCE-MRI of HGG patients during standardized radio-
chemotherapy. In Paper I and Paper Il we focus on methodological considerations. Paper
[l investigate the prognostic value of DCE-MRI, through the methods developed in
Paper I and II, and compare the results to DSC-MRI and radiologic assessment by

structural imaging and the RANO Criteria.

5.1 Temporal resolution and total acquisition time

In Paper I we focus on the temporal requirements in DCE-MRI, both regarding Ts, and
Taqc. Previous studies have predominantly been simulation studies investigating errors
in the estimated parameters and the results are typically not clearly linked to the clinical
relevance in defined patient populations. The results in Paper I indicate that the median
value of Ktans, ke, and ve in a tumor ROI is almost independent of Ts for values below 20
s. This is similar to the results from a simulation study be Cheng84. However, despite
small effects on median tumor values, undersampling resulted in decreased precision of
the highest Kwans values which may lead to a bias in the estimated values in
heterogeneous tumors by underestimation of a (small) fraction of voxels with high Ktrans,
This is clearly seen in figure 12 a. Depending on how tumor K"ars and other kinetic
parameters are evaluated, i.e. using median tumor value versus hot-spot or histogram
distribution, high Ts might be warranted for accurate estimation of the highest Ktrans

values.
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Figure 12: Parametric maps of Kans obtained from a sample patient in Paper I at different Ts showing the
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effect of temporal downsampling (a). Effect of Tacq on estimated parametric Kans maps is shown in (b).
Loss of heterogeneity and loss of high Kans values are seen at a Ts of 34 and 68 s and increased high Ktrans
values are seen at a total acquisition time of 3 and 1 minutes. Figure from Paper I and reproduced with

permission.

In regards to Tacq, a shortening in Tacq resulted in overestimation of Kans and kep and
underestimation of ve and v,. Reduced total sampling time therefore has the opposite
effect to reduced Ts in that the resulting measurement error is biased toward regions
with low permeability. This bias leads to a broadening of the tumor histogram
distribution by increasing the relative weighting toward higher K™" values, as shown in
Figure 12 b. Simulations showed the same tendency and suggested a Tacq of at least 6
minutes for accurate estimation of kinetic parameters; however, this would increase the
probability of patient motion which could negate the gain from more robust kinetic

analysis. In this analysis only the standard Tofts model was used where the K™ reflects
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both CBF and PS. In more advanced models trying to separate these parameters higher

Ts is required®0.

5.2 Ti mapping

T1(0) is needed in DCE-MRI for conversion of signal intensity to change in Ti as
discussed in Section 1.2.3. Haacke et al. found after review of DCE-MRI experiments that
noise in the T;(0) mapping was the single biggest contributor to error in the estimated
parameters®4. They proposed the use of a fixed T;(0) value and to serially normalize the
estimated parameters between imaging time points. This method assumes that T;(0)
stays constant during treatment and was found to yield consistent results. Similarly, Guo
et al found that normalized values of K'ans and v, are independent of T;(0) if there is no
change in T;(0) during treatment. However, the absolute values were heavily dependent
on T(0)8. In this study significant change in T;(0) during therapy was apparent in all
patients within a range of 30-366 ms change from the first T1(0). Using a fixed T1(0) is
therefore dependent on the knowledge of the evolution of T1(0) during disease
progression. In paper Il we assessed the change of T,(0) in HGGs over time and observed
a significant increase during treatment, evident after radiochemotherapy at two weeks
and three months respectively. This coincides with the recommended first MRI control
according to the National Comprehensive Cancer Network?®. Because of the linear
relationship between percentage change in T;(0) and the normalized ratio of estimated
parameters, the effect of using incorrect T;(0) is dependent on the ground truth value.
An error of 100 ms is much larger if the ground truth value is 800 ms compared to 1400,
as shown in figure 13. Knowledge of the ground truth values and evolution of T;(0)

during treatment and progression is thus needed if a fixed T;(0) is used.
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Figure 13: Simulation of resulting error in Kans for a given absolute Ti deviation from ground truth. A
positive T1 value represents a fixed value higher than the ground truth (overestimation) and a negative
value represents a fixed value lower than the ground truth value (underestimation). Ground truth T; value
displayed above the individual curves. T; deviations are better accepted for high ground truth values
compared with low and overestimation of the fixed T1 value is better than underestimation. Reproduced

with permission from Paper II.

Paper II found a median T1(0) in all tumors of 1490 ms. Lower values were seen
consistently during radiochemotherapy with an increase two weeks after end of
treatment. A fixed T1(0) value of 1490 ms used in this period would primarily have an
effect on the distribution of the estimated parameters. In general, the changes of the
median values of Kans, v, and ve from one examination to the next were larger than the
error introduced by a fixed T;(0) value. A hot-spot method or histogram analysis, where
specific assessment of upper percentile values are required, would be much more
susceptible to errors if a fixed T1(0) value is used. Therefore, the importance of
measuring a correct T;(0) is heavily dependent on the analysis method being applied.

This can be amended to some extent by using a higher fixed T,(0).
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5.3 Issues with prognostic imaging markers

An increasing amount of publications of imaging markers are emerging in HGGs, as
summarized in Section 1.4. Both structural imaging and pMRI have shown promise as
prognostic markers. Widespread clinical use is, however, hindered by some key
issues66. Prognostication by structural imaging is difficult the first months after
radiochemotherapy end because of pseudoprogression. In line with the RANO Criteria,
Paper III demonstrated no value from the structural T1w and T2w series for early OS
prognostics. This is not surprising, because of the time-points for assessment during and
two weeks after radiochemotherapy. An increase in the CE volume from T1w imaging
might be due to pseudoprogression, and indeed, the 5 patients with pseudoprogression
had longer OS than the median in the cohort (38.8 vs. 19.2 months). Moreover, the
number of patients included in the study makes separation of the groups with short and

long OS difficult unless large differences in the parameter investigated are evident.

Prognostic markers separating pseudoprogression from recurrent disease and/or
predicts OS independent of pseudoprogression are warranted for early assessment. High
values of K%ans and v, are associated with both worse OS and recurrent disease in
independent studies20.131, Similarly, high values of rCBV from DSC-MRI are associated
with both recurrent disease and worse 0S167.168, Unfortunately, overlapping rCBV cutoff
values are reported for differentiation of pseudoprogression and recurrence, limiting
the use of a single mean valuel%®. In addition, the reproducibility in both DSC- and DCE-
MRI poses a challenge. To adjust for these issues several approaches are used. The use of
serial MRI reduces inter-patient variations and is less sensitive to scanner and site
effects. Furthermore, double baseline data has been used to create confidence intervals

for the expected within-patient variation of the estimated parameters!®®. Using the

63



expected patient variation as a baseline increases the confidence that true change is

measured. Unfortunately, this demands two MRI examinations and increases study cost.

Dichotomization of parametric values is frequently used for easier interpretation of MRI
parameters. This can be done by receiver operating characteristics (ROC) curve analysis
and the best cutoff between sensitivity and specificity can be found from the Youden
index170. As mentioned in Section 1.3.4., a rCBV higher than 1.75 was found to predict
shorter PFS in a large patient materiall49171, This cutoff did not predict OS. In this study,
rCBV was measured by manual placement of four ROIs in the areas of highest visible
perfusion and the maximum value recorded i.e. the hot-spot method. Emblem et al found
significantly higher values for the optimal cutoff between HGG and LGG (3.75-5.58)11¢, In
this study both whole tumor histograms and the hot-spot method were examined, with
whole tumor histograms proving superior. Moreover, they argue that to obtain the
maximum diagnostic accuracy, the choice of optimal cutoff value should be based on
data generated at a given site. This is transferable to DCE-MRI and prognostics where

different cutoff values are reported, some of them even arbitrarily chosen?31,

The publications in DCE-MRI follow the QIBA recommendations to a large extent. As
seen in table 3, research is done on both 1.5 and 3 T scanners. Most studies use a Ts of
less than 10 s and a Tacq of 4-6 minutes. The main differences between studies are choice
of AIF method and reported metrics. In the studies by Ulyte and Bonekamp, the
maximum and 90-percentile parametric value of whole tumor histograms were
reported!44154, The choice of using the 90-percentile value has merit due to the
parameter heterogeneity in HGGs and GBMs especially; however maximum values are
potentially severely influenced by outliers in noisy data. If maximum value is the

preferred metric, a filter removing histogram outliers should be considered. As an
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example, the distribution of K™ and rCBV values from our study was investigated
(unpublished data), both including all data and by removal of 2% outliers. Outlier
removal resulted in a nine-fold reduction in the standard deviation of the maximum
value in tumor (Figure 14). The numerical maximum values were also halved when an
outlier filter was applied. Outlier removal thus heavily reduces the estimated parameter

value and decreases the variability of maximum values.
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Figure 14: Median, 90-percentile and maximum values of rCBV of the left panel and K"a"s on the right
panel in 240 HGGs. Confidence intervals without the use of a filter shown in blue and confidence intervals

after removal of the 2 percent highest values shown in green.
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6 Conclusion and future perspectives

6.1 Conclusion

In summary, MRI is an integral part of the assessment of gliomas. Conventional MRI is
proven to be suboptimal in the follow-up of tumor evolution, and more advanced
methods have been utilized. There is interest in the utility of DCE-MRI to image and
quantify BBB disruption in evaluation of disease progression in HGG patients. Despite a
standardization of the DCE-MRI model in the late 90°s, a lack of standardization in
acquisition method, post-processing and model choice in DCE-MRI is still evident. To
address these issues, this thesis focuses on optimization and simplification of DCE-MRI
in HGGs in addition to identify optimal perfusion metrics for early OS prognostics. We
investigated Ts and Tacq requirements and their relations to accurate estimation of
parameters in DCE-MRI in Paper I. A Ts of 20 s or less is shown to have small effect on
the median value of the estimated parameters except vp. A Tacq of 5-6 min is necessary
for accurate parameter estimation. In addition, measurement of T1(0) is challenging and
has been proposed to give rise to uncertainty due to measurement errors. From paper II,
we conclude that change in DCE-derived metrics in successive examinations can be
measured using a fixed tumor T1(0) value. This could reduce the total MRI acquisition
time by eliminating the need for T1(0) map generation and make the implementation of
DCE-MRI in a clinical setting easier. Further, by repeated MRI during radio-
chemotherapy treatment, we find that two weeks past radiochemotherapy end could be

a potential optimal time point for early OS assessment from pMRI in GBM. Percentage
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change in Kans and CBF from before treatment start is the best predictor for OS in this

material.

6.2 Future perspectives

The papers presented in this thesis include a limited number of patients. In Paper III this
limits the conclusion on OS prediction. To validate change from baseline as a prognostic
marker, a prospective study including a larger sample of patients is needed. Moreover,
an investigation of change from baseline in HGG patients from more than one site should

be assessed to see if the results from one site are transferable to another.

Furthermore, a standardization of AIF detection method and investigation on how to
most accurately measure AlFs in longitudinal studies are warranted. Using double
baseline data, different AIF methods can be compared for robustness and preliminary
studies have shown that a carry-on AIF from the first examination is more robust than
an individual AIF from each exam. In longitudinal studies, despite the tight control of
cardiac output and stable overall perfusion to the brain, some changes in the local
vascular tumor environment is probable. Thus, the use of a carry-on AIF might be too

simplistic.

Lastly, in Paper III a predictive index using K™ and rCBV was found to closely predict
OS. This multi-parameter approach warrants further investigation. Although including
more than one parameter potentially increases the length of the MRI examination and
complexity of the image post-processing, multi-parametric analysis might find patterns

of biomarkers that better stratify patients with different response to treatment.
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7 Errata

The deleted text is marked as strikethreugh and the corrections and changes have been
marked with bold.

Text in the thesis:

Page 12. Line 9. described above abeve with

Page 20. Line 8. commonly used in DSC-MRI due to very

Page 25. Figure 7. Included figure 7 which was lost during pdf conversion.

Page 29. Line 10 and 11. gliomas are have-a hyperintense sigaral on T2w imaging and
hypointense sigral in T1w

Page 31. Line 1. perpendicular ef to

Page 32. Line 1. RANO criteria peints point out

Page 45. Line 10. radietherapy to radiochemotherapy

Page 46. Line 1. T1w images

Page 46. Line 2. T2w images

Page 49. Line 2. Fable to figure

Page 60. Figure 12 text. Fs to Ts

References. Removal of DOI from reference 29, 49,57 and 121.
Page 83. Line 7. h2ygradig hgygradig

Paper III. Page 8. Line 18. Spearman correlation}.

Paper III. Page 20. Figure 2. Changed figure to color figure mentioned in text.
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