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Resumo

As técnicas de imagiologia sdo uma mais-valia para a compreensdo do corpo humano,
constituindo uma ferramenta relevante para a medicina moderna. Estas técnicas permitem nao sé
o0 diagnostico, como também a monitorizacdo de doengas, sendo especialmente importantes na
area neuro-oncologica. A ressonancia magnética e a tomografia por emisséo de positroes (MR e
PET acronimo inglés de Magnetic Ressonance e Positron Emission Tomography, respetivamente)
sdo referidas como as técnicas de imagem mais importantes em neuro-oncologia devido a sua
capacidade e eficacia na detecdo de tumores cerebrais.

Estas duas técnicas permitem obter informacdo relativa a localizag&o, estado e atividade
tumoral. No entanto, em ambas, a diferenciacéo precisa dos tecidos tumorais assim como 0 acesso
a informacdo referente a heterogeneidade do tumor, através de alteracBes ndo especificas dos
tecidos é limitada.

Neste momento, a analise de imagens de MR em 3 dimensdes (3D) é o procedimento
mais utlizado no diagndstico de tumores cerebrais, em particular de gliomas. Desta forma, e
devido ao crescente interesse na aquisicao de informacéo adicional relativa a biologia do tumor,
técnicas mais avancadas de MR, em particular imagem ponderada por perfusdo (PWI, acronimo
inglés de Perfusion-Weighted Imaging), tém vindo a revelar-se uma mais valia para a pratica
clinica.

A dindmica de contraste suscetivel (DSC acrénimo inglés de Dynamic Susceptibility
Contrast) é um dos métodos mais utilizados na medicdo da perfusdo sanguinea em tumores
cerebrais. O principio de aquisicdo de DSC-MR baseia-se na injecdo intravenosa de um agente de
contraste paramagnético (ex. Gadolinium-Diethylenetriamine Penta-acetic acid (Gd-DTPA)) e
na rapida medicdo das alteracdes do sinal transmitido durante a passagem do bolus através da
circulagéo cerebral. O volume sanguineo cerebral (CBV, acrénimo inglés de Cerebral Blood
Volume) é um dos pardmetros mais relevantes obtidos por esta técnica. Nos tumores cerebrais, 0
CBV exibe uma elevada correlagdo com a densidade dos micro-vasos, pelo que o seu volume é
tipicamente mais elevado nas regides tumorais do que quando comparado com os tecidos
saudaveis.

Para além de PWI-MR, a introducao de radio-marcadores de aminodcidos na técnica de
PET tem demonstrado um bom desempenho no diagnéstico de gliomas. Esta técnica tem por base
a medicdo da magnitude do transporte de aminodcidos e a sua distribuigdo no tumor.

Na regido tumoral, a sua incorporacdo é aumentada quando comparada com o tecido
normal, sendo essas diferencgas traduzidas em imagem. De entre os radio-marcadores de
aminoacidos disponiveis, O(2-[**F] FluoroEthyl)-L-Tyrosine (**F-FET) foi recentemente
introduzido e o seu bom desempenho no diagnéstico de gliomas tem vindo a ser comprovado por
diversos estudos. Desta forma, esta técnica de imagem permite ndo s6 uma delineagdo precisa da
area tumoral como também a subsequente classificacdo de gliomas.

Os principais problemas que afetam o planeamento do tratamento por terapia usando
radiag&o ou biopsia sdo a precisa delineagdo do tecido tumoral vital e a falta de informacéo relativa
a heterogeneidade dos vasos nos tecidos tumorais. Deste modo, foi proposta a combinacdo da
informacéo proveniente da técnica de ®F-FET com a informacéo proveniente de PWI.

Diversos estudos tém sido realizados de forma a comprovar as vantagens da combinagéo
das referidas técnicas em gliomas. Uma boa correlacédo foi encontrada entre CBV medido através
de perfuséo e diferentes radio-marcadores de aminoécidos em PET. No entanto, um estudo recente
realizado com o objetivo de comparar o desempenho de ®F-FET e CBV na delineagdo da area



tumoral em gliomas, concluiu que a informacéo proveniente de ®F-FET permite uma delineacéo
tumoral mais precisa. Para além disso, neste estudo foi ainda reportada uma reduzida correlacéo,
fraca congruéncia espacial e diferentes localiza¢es dos valores maximos na area do tumor entre
BE-FET e CBV. Em consequéncia destes resultados, bem como do fraco desempenho na
delineacdo tumoral pelos parametros de perfusdo conhecidos, fluxo sanguineo cerebral (CBF
acronimo inglés de Cerebral Blood Flow) e CBV, nesta dissertacéo e proposta um melhoramento
na computacdo dos pardmetros de perfusdo e a sua subsequente comparacdo com a informacéo
proveniente de *8F-FET. Para tal, neste trabalho foi adotada a sequéncia de PWI-MR desenvolvida
no Forschungszentrum Jillich. Esta sequéncia adquire multiplos contrastes, denominado
Gradient-Echo-Spin-Echo (GESE), explorando as vantagens da aquisi¢do da técnica de imagem
Echo-planar Imaging with keyhole (EPIK). Deste modo, e através da combinagdo de GE e SE,
uma nova metodologia de PWI foi introduzida ,denominada imagiologia do tamanho dos vasos
(VSI acronimo inglés de Vessel Size Imaging). A técnica de VSI fornece informagéo acerca da
vascularizacdo tumoral, através da estimativa do caliber e densidade dos vasos, e da distribuicdo
dos diferentes tipos de vasos (arteriolas, artérias, capilares, vénulas e veias) na area tumoral, o
que ndo seria de outro modo acessivel através dos conhecidos parametros de perfusdo. Para além
disso, sendo os tumores cerebrais caracterizados por uma anormal, desorganizada e heterogénea
vascularizacao, alteracdes do calibre e densidade dos vasos assim como do volume sanguineo,
revelam ser informacgBes importantes numa andlise vascular, com particular interesse no
diagnostico de tumores, na sua monitorizagdo e terapia.

Assim sendo, e tendo em conta a boa performance mencionada pela técnica de ®F-FET
na delineagdo da area tumoral, o principal objetivo deste trabalho é explorar a informag&o vascular
adquirida através da técnica de VSI na regido tumoral obtida pela informac&o proveniente de 8F-
FET.

Para este estudo foram recrutados vinte e cinco pacientes com gliomas. Cada paciente foi
injetado com uma dose de 0.1 mmol/Kg de Gd-DTPA por peso corporal. As medicGes foram
realizadas no scanner hibrido de MR/PET de 3T. As imagens de perfusdo foram adquiridas
usando a sequéncia 5-ecos GESE EPIK, simultaneamente com a aquisicdo das imagens de *°F-
FET. Depois da conversdo do sinal de MR na curva de concentracao versus tempo (CTC acrénimo
inglés de Concentration Time Curve), foi realizado um ajuste da curva na primeira passagem do
bolus. As regides de interesse foram selecionadas tendo em conta areas saudaveis e tumorais
delineadas com base na informacdo fornecida por ®F-FET. Desta forma, a area saudavél
corresponde a regido contra-lateral do tumor, respectivamente nos tecidos cerebrais de substancia
branca (WM acronimo inglés de White Matter) e substancia cinzenta (GM acrénimo inglés de
Gray Matter) e a area tumoral, a regido onde o racio entre a regido tumoral e a regido cerebral
saudavel (TBR acrénimo do inglés Tumor To Brain Ratio), foi superior ou igual a 1.6. Para o
acesso a informag&o vascular, os parametros de VSI: indice do tamanho dos vasos (Vsi acronimo
inglés de Vessel Size Index), densidade média dos vasos (Q acrénimo inglés de Mean Vessel
Density) e CBV foram analisados tanto em regifes saudaveis como tumorais. Subsequentemente,
a informacédo de cada parametro foi comparada com a informacéo fornecida por ®F-FET através
do célculo da distancia entre o voxel correspondente & maxima intensidade de 8F-FET e o voxel
correspondente ao caliber maximo dos vasos, ao maximo volume sanguineo e & minima densidade
dos vasos sanguineos. Para Q foi considerado 0 minimo, uma vez que ao contrério dos outros
paramétros é esperado a sua diminugdo na &rea tumoral. Por fim, e de forma a obter informagéo
adicional relativa a heterogeneidade tumoral o pard@metro imagiologia da arquitetura dos vasos
(VAI acronimo inglés de Vessel Architecture Imaging) foi analisado na area tumoral delimitada
por 8F-FET.



A analise dos resultados relativos aos pardmetros de PW (Vsi, CBV e Q) revelou, para
todos os pacientes, uma heterogénea variacdo no caliber e densidade dos vasos, assim como no
volume cerebral na regido do tumor em comparacdo com os tecidos cerebrais de aparéncia normal,
WM e GM. Através da analise dos parametros de PW, vinte e quatro pacientes de um total de
vinte e cinco apresentaram um aumento do caliber dos vasos, dezassete apresentaram um aumento
do volume sanguineo e dez uma reducédo da densidade dos vasos na area do tumor. Em todos os
pacientes, foi verificado uma diferente localizagdo dos parametros de PW nos voxeis
correspondestes ao valor maximo na area do tumor delineada por ®F-FET. Desta forma, como a
distancia entre o voxeis de maior intensidade de ®F-FET e dos paramétros de PW foi diferente de
zero é possivél verificar que o voxel correspondente 4 maxima intensidade por 8F-FET néo traduz
0 maximo de CBV e Vsi e 0 minimo de Q. Para além disso, diferentes distancias foram
encontradas para cada um dos parametros de PW em cada paciente. Através da combinacao dos
parametros de perfusédo, diferente informacdo relativa & vasculatura cerebral pode ser fornecida a
cada paciente e uma variacdo de sinal foi encontrada entre WM e GM. Ainda, da anélise do
parametro VVAI foi possivel distinguir os diferentes tipos de vasos (ex. artérias, capilares e veias)
no tumor.

Em conclusdo, a analise metabdlica da vasculatura cerebral pela técnica de VSI
proporciona novas perspetivas sobre a complexa natureza da vascularizacdo e heterogeneidade
tumoral. Adicionalmente, dada a diferente informagdo encontrada entre a captagdo de
aminodcidos através da técnica de 8F-FET e VSI, a combinagdo de ambas as informacgdes pode
ser bastante importante para os radiologistas, abrindo a possibilidade a obtencdo de nova
informacao, até entdo disponivel apenas aos patologistas e provenientes por biopsia.

Palavras-Chave: MR/PET, 8F-FET, PWI, GESE, Caliber dos VVasos
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Abstract

Introduction: Assessment of vascular information using the Dynamic Susceptibility Contrast
Perfusion-Weighted Imaging Magnetic Resonance technique (DSC PWI-MR) has potential
benefits in the diagnosis and treatment monitoring of brain tumors. Beyond MR techniques, amino
acid Positron Emission Tomography (PET) tracers, particularly O-(2-[**F] FluoroEthyl)-L-
Tyrosine (!8F-FET), have been demonstrating a good performance in brain tumor diagnosis and
treatment monitoring. Previous publications have shown a mismatch between the Cerebral Blood
Volume (CBV) defined in PWI and metabolic information from ®F-FET. PWI also allows
measuring Vessel Size Imaging (VSI) by combining Gradient-Echo (GE) and Spin-Echo (SE)
information with diffusion data. VSI enables the assessment of vessel caliber, density and
architecture information, which is not directly accessible using others PWI parameters. The main
goal of this work is to explore the tumor vascular information from VSI guided by the metabolic
information from 8F-FET.

Materials and methods: Twenty-five patients with gliomas were recruited for the study. For each
patient, Gd-DTPA was injected with a dose of 0.1 mmol/Kg of body weight. The measurements
were performed on a 3T MR-BrainPET scanner. PWI images were acquired using the combined
5-echo GESE echo planar imaging with keyhole (EPIK) sequence simultaneously with 8F-FET
PET acquisition. After the conversion of the MR signal to Concentration Time Curve (CTC), the
first-bolus passage was fitted using a Gamma Variate Function (GVF). The Regions of Interest
(ROISs), in normal and tumor areas were delineated based on ®F-FET information. For the
assessment of vascular information VS| parameters (e.g. Vessel Size Index (Vsi), Mean Vessel
Density (Q) and Vessel Architecture Imaging (VAI)) and CBV were evaluated. In addition,
distance between local hot spots related to ®F-FET PET was also computed.

Results: For all the patients, Vsi, CBV and Q revealed a heterogeneous variation in tumor region
comparing to brain tissues of normal appearance. Lower values were found in white matter (\WM)
comparing to grey matter (GM). From the evaluation of Vsi, CBV and Q in tumor area, twenty-
four out of twenty-five patients exhibited an increased Vsi, seventeen patients an increased CBV
and ten patients a decreased Q. For all the patients, the locations of the local hot spots differed
considerably between ®F-FET and PWI metrics. From the evaluation of VA, different types of
vessels were distinguished (arteries, veins and capillaries) in the tumor.

Conclusion: VSI metrics present different information when compared to ®F-FET. The
metabolic guided analysis of VSI data provides further insights into the complex nature of the

tumor vascularity and heterogeneity.

Key words: MR/PET, F-FET, PWI, GESE, Vessel caliber
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1. Context and Outline

1.1 Introduction

Medical imaging is a powerful tool used in modern medicine for disease diagnosis, for
localizing tumors and screening treatment response. Magnetic Resonance Imaging (MRI) and
Positron Emission Tomography (PET) have become the most important imaging techniques in
modern radiology. These techniques revealed an important usage in neuro-oncology due to its
capability of early tumor detection (e.g. localization, state of growth and activity) [1].

Although its ability to differentiate tumor tissue and to assess tumor heterogeneity
information from nonspecific tissue changes is limited. Three-dimensional (3D) contrast-
enhanced MR imaging currently remains the method of choice for glioma diagnosis. Therefore,
to gain additional functional information on tumor biology (e.g. vasculature), advanced MR
imaging techniques, particularly Perfusion Weighted Imaging (PWI), are increasingly used [2].

Currently, Dynamic Susceptibility Contrast (DSC) is the most common method used to
measure perfusion in brain tumors [3]. DSC-MRI relies on the intravenous injection of a
paramagnetic contrast agent (e.g. Gadolinium-Diethylenetriamine Pentaacetic Acid (Gd-DTPA))
and the rapid measurement of the transient signal changes during the passage of the bolus through
the brain [4]. Cerebral Blood Volume (CBV) is one the most relevant parameter derived from
DSC-PWI. In brain tumors, CBV shows a significant correlation with microvessel density and its
volume is, typically, larger, compared to healthy brain tissues [5, 6].

Besides MR, radiolabeled amino acids PET have been successfully used in brain tumor
diagnosis. Amino acid PET measures the magnitude of amino acid transport and its distribution
in the tumor. In the tumor area, the incorporation of the amino acid is increased comparing to
healthy tissue and these differences can be imaged [7]. Among the available PET tracers, ®F-FET
exhibited a better performance in neuro-oncology, proved by an accurate tumor area delineation
and glioma grading, when comparing with others available tracers and MRI techniques [8-11].

In the cases of radiation therapy or biopsy, there are some major problems that affect
planning: the precise delineation of vital tumor tissue and the missed information about the
heterogeneity of the vessels in tumor tissues. Hereupon, the combination of PWI and ®F-FET
information has been proposed for clinical practice and an accurate delineation and the assessment
of complementary information about tumor localization, size, growth and perfusion can be
obtained [12,13].

Several studies have been performed by combing PWI and amino acid PET information
in gliomas. Despite a good correlation found between CBV and amino acid PET tracers uptake
[11-13], a recent study revealed that active tumor tissue of gliomas as depicted by ®F-FET
information provides a better performance on tumor delineation when compared with CBV
measured with PWI [13]. Also, a poor correlation, a poor spatial congruence and different hot
spot localization found within both techniques supported this conclusion. Thereby, due to the lack
of results from the present parameters derived from PWI (e.g. CBV), in this dissertation, it is
proposed an improvement of PWI computation parameters and its comparison with ®F-FET
information.

For this purpose, the PWI-MR sequence developed in the Forschungszentrum Jillich was
adopted in this work. This sequence acquires multiple contrasts (Gradient and Spin echo (GE and
SE)) taking the advantages of the Echo-Planar Imaging with Keyhole (EPIK) acquisition scheme
[14]. By combining GE and SE a new PWI methodology emerged, the so-called Vessel Size
Imaging (VSI) [15-23]. VSI gives information about tumor vasculature, through the evaluation
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of vessels caliber and density and about the distribution of the different types of vessels (arteries,
veins and capillaries), which is otherwise not directly accessible using others PW parameters.
Moreover, as brain tumors are characterized by abnormal and heterogeneous poorly constructed
vasculature, associated to an increased microvessel caliber and decreased density, vascular
information shows to be widely important particularly in tumor diagnosis, monitoring and therapy
[24].

In this manner, due to the good performance of ¥F-FET in tumor delineation and the
vascular information provided by VSI, a metabolic guided vascular analysis can be performed.
This vascular analysis could improve the major problems that impact the tumor planning being
reliable important in particular for glioma monitoring.

1.2 Outline of the Thesis

The overall aim of the work discussed here was to perform a metabolic guided vascular
analysis of brain tumors by combining ®F-FET PET information and VSI information obtained
from MR PWI using multi-echo EPIK sequence. Previous publications have shown an
unsatisfactory conformity by the combination of CBV derived from PW and ®F-FET information
for tumor delineation. In this way, the new PW sequence was explored to compute new
parameters, named VSI. Thereby, PW parameters and *¥F-FET information will be combined and
compared in order to provide metabolic and vascular information, essential for tumor monitoring
and treatment planning.

This thesis is organized in six chapters described below. The present Chapter 1 introduces
the context, motivation and general organization of the work.

Chapter 2 introduces a comprehensive explanation of the relevant theoretic
underpinnings of this work. This chapter is subdivided into four sections where the MRI, PET
and MR/PET modalities and the brain tumors topic are introduced. The first section, describes the
MRI basic principles, followed by a description of the imaging principles, MR sequences and
instrumentation. The second section describes the strategies for acquiring functional images with
PET, from the positron annihilation to the post-correction images. The data acquisition,
reconstruction and correction methods, as well as PET instrumentation are explained. The third
section describes the multi-modal MR/ PET approach and its application in brain studies.
Advantages, design difficulties and instrumentation (BrainPET system) are also described.
Finally, in the last section, a brief introduction to brain tumors, particularly regarding gliomas,
will be addressed with a focus on its vasculature and diagnosis issues.

Chapter 3 discusses the strategies described in the literature to provide an accurate tumor
diagnosis using PWI-MR and ®F-FET PET information. Tumor Vasculature using VSI
methodology is explored and the main motivation of this work is addressed. Clinical and human
studies for VSI methodology, gliomas studies using ®F-FET PET and the combination of PWI
and amino acid PET tracers will be reviewed.

In Chapter 4, materials and methods developed in this dissertation are described. Patients
information, MRI and PET acquisitions and processing methodology will be addressed (e.g. co-
registration, segmentation, masking and tumor delineation). In addition, the methodology used to
fit the Concentration Time Curve (CTC) (Gamma fitting) will be described, as well as the features
used to analyze the data.

Chapter 5 presents the results obtained in this work from the methodologies explained in
Chapter 3 and 4.
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Finally, in Chapter 6, a detailed discussion of the entire thesis is presented as well as the
conclusion and future perspectives of this work.
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2. Medical Imaging in Oncology— MR/PET
Basics

In this chapter, the principal theoretical concepts required for the understanding of the
main content of the remaining chapters of this dissertation are given. An overview on Medical
Imaging in Oncology will be exploited where Magnetic Resonance Imaging (MRI) and Positron
Emission Tomography (PET) will be introduced. Hybrid Imaging technique for application in
brain studies will also be explored. Also a brief introduction about brain tumors and its inherent
vasculature, particulary for gliomas, will be performed.

2.1 Introduction

Medical Imaging is a group of different imaging modalities used to obtain images from
the body. In clinical practice, medical images are a key tool for diagnostic and treatment purposes.
Therefore, medical imaging plays an important role in initiatives to improve public health for all
population groups [1]. Nowadays, a wide number of medical imaging techniques are available
such as Computed Tomography (CT), PET and MRI [1]. Each technique has strong and weak
highlights. Since 1990, the combination of more than one image modality has been introduced,
named Hybrid Imaging. The combination of PET with CT and MR with PET are the main hybrid
imaging techniques. Both provide further and complementary information compared to their
separate purchase. Using hybrid imaging, an accurate diagnosis can be obtained with a special
interest in MR/PET for brain tumors diagnosis [25].

2.2 Magnetic Resonance Imaging (MRI)

Nuclear Magnetic Resonance (NMR) has its roots in the pioneering work of Rabi et al.
[26] Bloch et al. [25] and Purcell et al. [28] in the first half of the century XX. In 1944, Rabi who
the first to show the effect of radiofrequency (RF) wave with the Larmor Frequency on nuclear
magnetic moments. For the discovery of a resonance method for recording the magnetic
properties of atomic nuclei, he has received the Nobel Prize in Physics. In 1946, Bloch and Purcell
devised virtually identical methods for measuring nuclear magnetic moments. While Purcell
discovered the phenomenon of nuclear magnetic resonance in solids (e.g. solid paraffin) [28],
Bloch discovered it in liquids (e.g. water) [27]. Since these findings, NMR has been widely used
to study the magnetic properties of molecules. The step from NMR to MRI was made by
inventions of Lauterbur in 1973 [29]. Both researches showed that it is possible to manipulate the
local magnetic fields using gradient fields. Therefore, these findings enabled the introduction of
MRI, which has since then been a very successful imaging technique.

MRI is a nuclear medical imaging technique that allows imaging in vivo the human
morphology, structure and dynamics with a high contrast and resolution. The main characteristics
of MRI are present in the diagram of figure 2.1. MRI is a 3D technique, allowing to imaging
multiple body planes without changing the subject position during the acquisition [30, 31]. This
technique uses magnetic fields and electromagnetic energy to generate signals from the atomic
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nuclei, in particular, the hydrogen nuclei (proton of the nuclei), which can be translated into
images. In this subsection, the concepts related to MRI involved in this work will be introduced.

A5natomy
Molecular Imaging 4 Function
3
Sensitivity/Specificity i Temporal Resolution
0
Clinical Utility Spatial Resolution
Clinical Availability Development Prospects

Technology Maturity

Figure 2.1: Features of MRI. Adapted from [32].

2.2.1 Basic Principles

Magnetic Resonance (MR) technique focuses on the atomic nuclei magnetic properties
in order to provide anatomical images of the human body. In MR, the preferred nucleus is the
hydrogen nucleus (*H) because it is the most abundant in water (75%) and in the human body.
Nevertheless, imaging of other nucleus such as sodium (>*Na) and potassium (**K) is also possible
[30, 31].

In the absence of an external magnetic field, the protons precess around random directions
and orientations. Therefore, they compensate each other and the net value of the magnetization
of the whole cohort is null. Otherwise, in the presence of an external homogenous magnetic field
(By), the spins become quantized processing in two orientations. While one state is aligned
parallel (spin-up), the other is aligned anti-parallel (spin-down) to the direction of the magnetic
field. The energies of two states are given by:

E=wBy= yhl.B, with pu=vy]=vyal (2.1)

\Where p is the magnetic moment, y the gyromagnetic ratio, J the angular momentum, 7 the
Planck’s constant divided by 2=, | the spin angular momentum that can be i% for protons and B,

the external magnetic field [33].

The spin-up (parallel) state has a slightly lower energy than the spin-down (anti-parallel)
state. The energy difference between both levels is the energy needed for a proton to swap
between the two states that is associated with the electromagnetic frequency required. The energy
difference is given by:
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AE =vyh.B, (2.2)

From the energy equation 2.2 the precessional frequency can be introduced, named
Larmor Frequency (w,), equation 2.3.

wo = YBy (23)

This frequency depends on the strength of the external magnetic field Bo and of the
gyromagnetic ratio(y). For protons, the Larmor frequency is approximately 42.6MHz in a
magnetic field of 1T.

Since the parallel state is slightly favoured, there are more protons in the spin-up than in
the spin-down state. The number of protons in each state (N, |Ngown) follow the Boltzmann’s
distribution in thermal equilibrium, equation 2.4.

Nup T YhBg
—P_— ekgT ~ 1+ 120 (24
Ndown kgT ( )

, Where kg is the Boltzamann’s constant and T is absolute temperature in degrees Kelvin.
The difference between the number of protons is each state (N, — Ngown) Creates the
Net Magnetization (M,), equation 2.5.

Zp2B
M, = (Nup — Ngown) -1 = P\;k—BTo (2.9)

, with the proton density p and p =%yh.

While the protons contributing to the net magnetization are all out of phase, the sum,
meaning the net magnetization is exactly aligned with the magnetic field B, and can be measured
[10].

2.2.1.1 RF Pulses

The magnetization is measured in the transverse (xy) plane where a time-varying part of
the magnetization induces a signal in the receiver coils. The signal obtained in the coil is the so
called Free Induction Decay (FID).

Even though there is a rotating component in this plane, the net magnetization is parallel
to By with no component in the xy plane. Therefore, the magnetization must be tipped from
equilibrium into it. An alternating magnetic field B, having the same frequency as the Larmor
frequency to be in resonance with the precessing spins must be applied to achieve this. These
pulses are named Radio-Frequency (RF) pulses.

The spins can absorb energy and notate away from the longitudinal axis while precessing
around it in the laboratory frame of reference. In a rotational frame of reference, only the nutation
would be visible [33].
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After the pulse is applied, the spins precess in phase and can therefore be detected. The
flip-angle (o) depends only on the amplitude of B: and duration t, of the RF field and can be
calculated by:

a=y[PB;(dt (2.6)

2.2.1.2 Relaxation

When the RF pulse stops, the magnetization returns to equilibrium i.e. spins loss the
transversal component. This process is called Relaxation and is induced by two independent
processes. First, the dephasing of the spins (Spin-Lattice interaction) and second the loss of energy
absorbed during the pulse (Spin-Spin interaction) [30].

The spin-lattice interaction results in the recovery of M, after applying a RF pulse. This
mechanism reflects the time necessary to realign the protons with B, by transferring protons
energy to surrounding molecules. T; relaxation is mathematically explained by an exponential
behaviour, equation 2.7. For a 90° RF pulse, T; relaxation is defined as the time taken for 63% of
M, to recover after a 90°RF pulse, figure 2.2.

-t

M, (1) = M, (1 - eT_1> (2.7)

, where M, is the equilibrium magnetization.

Otherwise, spin-spin interaction is the mechanism that results in a decrease of M, after
applying a RF pulse. The loss of phase coherency of protons due to the changes on protons
mobility causes the reduction of M,,. Mathematically this process is explained by equation 2.8.
For a 90° flip-angle, T, relaxation corresponds to the time it takes for 37% of M,, to be obtained
due to relaxation of transverse magnetization, figure 2.2.

-t

Myy(t) = My, €™z (2.8)

, where M,y is the equilibrium magnetization

Furthermore, T, is also influenced by the inherent field inhomogeneities, resulting in a
faster decay. In this case, the relaxation will occur at a rate of T,*. T,* is shorter than T, and is
given by:

—=—+-——=—+YyAB (29)
T,

T; T, Tinhom

, where y is the gyromagnetic ratio and AB the relaxation rate contribution attributable to field
inhomogeneities across a voxel.

Since these processes take time to occur and the time taken is intrinsic to each tissue, it
is possible to establish a correspondence between tissue type and the signal acquired.
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Figure 2.2: T1 and T2 relaxation times [33]. Although they happen at the same time, for a certain tissue T2 is much
smaller than T1. This fact can not be visible in other tissues because the relation between both curves can be different.

2.2.2 Image Principles

2.2.2.1 Slice Selection

As it shown by equation 2.3, the resonance frequency of a spin is proportional to the field
applied. In the presence of the static magnetic field, a RF pulse with the Larmor frequency will
excite all spins in the imaging volume. However, it is possible to excite only a specific part of the
imaging volume. Changes on the static field have to be done using a linear magnetic gradient
[30]. By applying a linear magnetic gradient field in the z-direction (G,), the amplitude of the
magnetic field will vary with position (z). Consequently, the resonance frequency will also
depend on the position:

w(z) =y(By +2G,) (2.10)

When a RF pulse is transmitted with a specific range of frequencies just the protons with
the Larmor frequency that match the RF pulse frequency are excited, the so-called Slice Selection.
The principle is depicted in figure 2.3. The thickness of the excited slice depends on the bandwidth
(Aw) of the RF pulse and the steepness of the gradient, equation 2.11 [31].

A
Az == (2.11)
YGz
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Figure 2.3: The principle of slice selection. By applying a RF pulse with a finite bandwidth (A®), only the spins in a
slice thickness (Az) are excited, equation 2.11. Adapted from [34].

2.2.2.2 Frequency and Phase Encoding

Slice selection method does not differentiate between protons within each slice.
Therefore, two additional gradients are usually applied in order to encode the spins in the slice.
Those are named G, and Gy depending on their direction. The first one corresponds to the Phase
Encoding Gradient in the y direction and the second one to the Frequency Encoding Gradient in
x direction respectively. Both gradients have identical properties but are applied in different
directions and at different times. Since the three gradients (Gy,Gy, G,) are applied, the spins can
now be coded in all three directions (x, y and z).

2.2.2.3 K-Space and Image Reconstruction

In MRI, the spatial frequency domain is called K-Space and was introduced in 1983 by
Ljunggren [35] and Twieg [36].

The 2D discrete Fourier Transform (FT) of the image yields a function, which describes
the distribution of spatial frequencies k, and k. The space of spatial frequencies is called k-space
and is the inverse space of the physical co-ordinate system (x, y). The spatial frequency variables
ky and ky are related to the time on gradient variables. Therefore, k-space data is just the MRI
time domain data with a substitution of variables (t, (Gy,Gy, G,)) to (k, ky) [36].

K-space can be filled with information that codifies the image in the frequency domain.
Therefore, by applying a FT on the k-space, the image reconstruction can be performed. For 2D
imaging, a 2D FT is applied. For 3D images, the procedure is the same as explained for 2D but
one more spatial frequency (k,) and coordinate (z) is considered. Also, a 3D FT is applied for 3D
imaging.

2.2.3 Image Sequences

A pulse sequence is simply the definition of RF and gradient pulses, where the time
interval between pulses, their amplitude and the shape of the gradient affect the characteristics of
the MR image. MRI pulses sequences are widely important allowing the acquisition of images
with different kinds of contrast.

10



Chapter 2. Medical Imaging in Oncology: MRI

The Repetition Time (Tg) and the Echo Time (Tg) in milliseconds describe most
sequences. Ty is the time from the application of an excitation pulse to the application of the next
pulse. Tg refers to the time between the application of RF excitation pulse and the peak of the
signal induced in the coil.

The two main types of MR pulse sequences used are Spin-Echo (SE) and Gradient-Echo
(GE) sequences. The remaining developed MR sequences derive in some way from the
combination of the SE and GE. Both sequences will be explained bellow.

2.2.3.1 Spin-Echo (SE)

In a SE sequence after the 90° RF excitation pulse, the refocusing of the spins is obtained
by applying a 180° RF pulse. After the RF pulse, a G, gradient fields are applied to spatially
encode the spins and a 180° pulse is applied to rephrase the spins along with the same slice
selective gradient. The signal (echo) is then acquired at T;. A schematic overview of a SE
sequence and respective sampled k-space is illustrated in figure 2.4 [33].

As shown in figure 2.4a, the 90° RF excitation pulse is applied together with a slice
selection gradient. After the RF excitation, a Gy, is applied along the y-axis. The amplitude of this
gradient determines the coordinate k, of the line that will be sampled in k-space (orange line),
figure 2.4b. The 180° RF pulse is then applied together with the same slice selection gradient to
flip the spins and make them rotate back towards coherence. The signal is acquired around Tk,
while a G4 along the x-axis is switched on. This G, scans a line in k-space in the ky direction (blue
line). Usually, G, with the same polarity is applied during the phase-encoding gradient in order
to move the k-vector towards the beginning of the line that is to be acquired (negative k).
Furthermore, in order to acquire the others k-space lines, the process has to be repeated with a
determined Tg.

QIEI" 180°
il
RF  —wile Ky
G:
& &8 >
— m o,
Gx B -
Si rl'rll'r
gnal di
a) b)

Figure 2.4: SE MR sequence. a) Schematic of a 2D SE sequence. b) K-space trajectory in the kx and ky plane. The data
is acquired, while scanning the blue line in k-space. Adapted from [34].

2.2.3.2 Gradient- Echo (GE)

As implied by the name, in GE sequence gradients are used to diphase and rephrase the
transverse magnetization vector instead of the 180° RF pulse. In GE sequence, an RF pulse is
applied partially flipping the net magnetization vector into the transverse plane (flip-angle). A
first gradient is applied to diphase and then a gradient with opposite sign is applied to rephase the
spins [33].
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GE sequence begins with the application of a RF excitation pulse simultaneously with
the slice selection gradient. When the excitation pulse is turned off, the protons begin to dephase
and Gy is applied along the y-axis. Simultaneously, a negative Gy is applied along the x direction
in order to induce a faster dephasing of the protons. Thereafter, a positive G, is applied to rephase
the protons at the same time as the echo is measured (Tg), figure 2.5a. As well as SE sequence,
the amplitude of the gradient determines the k, and ky, coordinates of the line, which will be
sampled in k-space, figure 2.5b. Here a shorter Tr can therefore be achieved when compared to a
SE sequence, leading to shorter total acquisition times.

Furthermore, in GE sequence the refocusing of spins are purely based on gradients and
not on a 180° pulse. Thereby, the local field inhomogeneities due to susceptibility effects are not
compensated by the echo and the signal is dependent of T," rather than T,. This leads to T,"-
weighted images instead of T,-weighted images.
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Figure 2.5: GE MR sequence. a) Schematic of a 2D GE sequence. b) K-space trajectory in the kx and ky plane. Adapted
from [33].

2.2.3.3 Echo-planar Imaging (EPI)

Echo-planar Imaging (EPI) was introduced by Sir Peter Mansfield in 1977 who received
the Nobel Prize in 2003 for his contribution to MRI and medical field [37].

EPI is a fast MRI pulse sequence that uses multiple GE with different phase steps in order
to sample the k-space. In EPI, multiple lines of the k-space are acquired after a single RF
excitation. The rephasing gradient reverses the spatial variation of the phase of transverse
magnetization caused by a dephasing gradient. Thereby, the echoes acquisition will be
accomplished by rapidly reversing the readout gradient or for a G along the x-axis [37].

Like a conventional SE sequence, an SE EPI sequence begins with 90°and 180° RF
pulses. However, after a 180° RF pulse a short G, gradient (blip) is applied promoting a rapid
oscillation of G4 from a positive to a negative amplitude along the x-axis, forming a train of
gradient-echoes. Each echo is phase encoded differently by phase-encoding blips on the phase-
encoding axis. Further, each Gy oscillation corresponds to one line of imaging data in k-space and
each blip results on a transition from one line to the next. In GE EPI sequences, the image is
acquired after a single RF excitation pulse and uses the gradient to generate the echoes following
the same process explained before. A schematic representation of a 2D SE and GE EPI sequence
is illustrated in figure 2.6.
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Figure 2.6: 2D EPI sequence and respective k-space trajectory. a) Schematic 2D SE and k-space trajectory. b)
Schematic 2D GE and k-space trajectory [40].

2.2.3.3.1 Single-Shot and Multi-Shot EPI

Regarding the k-space sampling, EPI sequences can be divided into two groups: Single-
Shot and Multi-Shot or also named segmented. The main difference between both sequences is on
the k-space acquisition.

In a single-shot sequence, in a single excitation (one shot) the entire range of phase
encoding steps are acquired [41]. Therefore, all of the k-space data are acquired in only one shot,
achieved by generating and reading all of the required echoes from a single FID, figure 2.7a.
However, the image acquisition matrix is typically no larger than 128x128. Nowadays, single-
shot EPI is the most widely available fast imaging sequence on clinical scanners and facilitates
whole-brain coverage at reasonable Signal to Noise Ratio (SNR)!. Single-shot can easily be

1 SNR measures the signal strength relative to background noise.

13



Chapter 2. Medical Imaging in Oncology: MRI

applicable because does not need specialized gradient amplifiers to perform the required gradient
switching.

In multi-shot sequence, more excitations are needed to acquire the information of one
slice. Also, the range of phase steps is equally divided into several "shots" per slice. Thereby, a
subset of G is acquired within each Ty and the k-space is acquired in each shot. The shots are
repeated until a full set of data is collected, figure 2.7b. This sequence can be applied in Diffusion
-Weighted Imaging (DWI) and PWI due to the shorter Ty [41].

Comparisons between single-shot and multi-shot EPI reported that in multi-shot, the SNR
is higher than in single-shot due to the shorter Tg and presents less susceptibility artifacts due to
shorter readouts. However, this sequence requires longer Tr When compared to single-shot for the
same number of slices and resolution [41].

Figure 2.7: K-space acquisition. a) Single-shot. b) Multi-shot EPI acquisition. Adapted from [42].

2.2.3.4 Echo-planar Imaging with Keyhole (EPIK)

An alternative to EPI sequence is named Echo-planar Imaging with Keyhole (EPIK)
proposed by Shah et al. [43] and validated by Zaitsev et al. at 1.5T [14]. In EPIK, in the
acquisition, each measurement scans the central k-space region completely, whilst the peripheral
k-space regions are sparsely sampled resembling a multi-shot scheme, figure 2.8a. A complete k-
space can be reconstructed by sharing the sparse region data from the consecutive scans. By
applying EPIK sequence, improvements in temporal resolution, reduced signal-loss and reduced
image artifacts compared to the single-shot EPI are achieved, figure 2.8b [14, 43].

a) b)

Figure 2.8: EPIK sequence. a) Schematic representation of the k-space trajectory. Each k-space trajectory is divided
into three distinct regions: a keyhole region (kx) and two sparse regions (ks). The solid, dashed and fine-dashed lines in
ks regions indicate the sampling positions performed at the 1%, 2" and 3'! measurements, respectively. b) Brain images
acquired in 3T. On the left EPI and on the right EPIK respectively. Adapted from [44].
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2.2.4 Instrumentation

While MRI instruments vary considerably in design and specifications, all MRI scanners
include several essential components. The Main Magnetic Field, Gradient Field Magnets and RF
Coils are the three principal components.

First, for the subject to be scanned a main magnetic field is required. This magnetic field
is generally constant in time and space, provided by a variety of magnets. The purpose of these
magnets is to induce a net nuclear spin magnetization to the volume of interest.

Second, to induce spatial changes in the polarized magnetic field, gradient field magnets
with a specific time and spatial dependencies are required. These spatial changes are able to
manipulate the net nuclear spin magnetization so that it is dependent on the spatial localization in
the volume.

Lastly, RF coils, both transmitter and receiver coils, are respectively required to transmit
RF waves to the volume and to detect the resulting MR signal. While the transmitter coil creates
the external B, field necessary to excite the nuclear spin, the receiver coil detects the weak signal
emitted by the spins as they precess in the B, field [45].

2.2.4.1 Bo Field

In MRI, the B, field strength can vary from 0.1T to 14.7T. For clinical practice, the
systems currently in use have a field strength of 3T or lower, most commonly 1.5T. In the most
systems, a superconducting magnet, using a superconductor current loop, generates a B, field.
Niobium-tin and niobium-titanium cooled with liquid helium are the superconductors commonly
used. Beyond superconducting magnet, resistive magnets can also be used. In spite of requiring
more power and operate at lower field strength (=0.2T), they can be used in so-called open-magnet
MRI systems, whose are better tolerated by claustrophobic patients [45]. In research, higher field
strengths are used, which can only be generated by superconductor magnets. For human whole-
body imaging 7T [46] and for brain imaging up to 9.4T magnets are available [47].

2.2.4.2 Gradient Coils

Gradient coils are used for position encoding. Three pairs of gradient coils are used
enabling the generation of linear magnetic gradient fields in the x, y and z directions. A magnetic
gradient field is created by placing two coils perpendicular to the axis in which the gradient needs
to be created, on both sides of the imaging volume. By inducing currents with opposing directions
in the coils, both coils will induce opposite magnetic fields along the axis. As the strength of the
field created by a coil depends on the distance from the loop, the sum of the fields from both coils
is a linear gradient [46]. The principle of a gradient coil is illustrated in figure 2.9.
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a) b)

Figure 2.9: The principle of a gradient coil generating a linear gradient in the z-direction. a) Using two coils
perpendicular to the z-axis on both sides of the imaging volume, in which opposing currents are induced. b) A linear
gradient magnetic field is created in which the field depends on the z-position. Adapted from [34].

2.2.4.3 RF Volume Resonator

RF Volume Resonators are cylindrical or multi-loop coils, which generate a B, field
perpendicular to the bore axis. RF volume resonators are able to excite the MR signal, essential
when deep tissue has to be measured or if a coil does not provide convenient patient access [45].
A typical design of RF volume resonator in both clinical and animal MR scanner is named
birdcage resonator [48]. Commonly used as a head or body coil, birdcage resonators can be used
in both transmit-receive and only transmit configurations. This coil is used to achieve
homogeneous excitation over a subject. The multi-channel coil configuration is advantageous
because speeds up the acquisition. Surface coils can also be used to excite the MR signal.
Nonetheless, as they can only detect signals from a superficial region, are not so useful for clinical
practice.

16



2.3 Positron Emission Tomography

In 1957, Anger invented the gamma camera considered the start of modern nuclear
medicine imaging. Since this invention, some design and operation modifications were done (e.g.
pinhole collimators? and a rotating gamma camera) allowing tomographic images reconstruction
and afterword’s, single photon emission images computation [49]. Following a different track
than single-photon imaging, in 1959 Anger and Rosenthal presented the first gamma camera with
positron-imaging capability [50]. Positron imaging was used at first place to image S2Fe
radiotracer distributed in the bone marrow of patients with hematological diseases® [51]. Some
years later, in 1964, Robertson and Bozzo [52] introduced the first design that resembles the
currently used scanner. However, as at that time the computer systems were not powerful enough
to enable this system integration, only more than one decade later and after several modifications
the device was used for brain imaging [53]. Since the early 1980°s, PET was introduced and used
in many major hospitals.

PET is a powerful nuclear medicine imaging technique that can be used to measure
metabolic activity or body function processes in vivo. The main features of PET are presented in
the diagram of figure 2.10. In clinical practice, the patient receives a small intravenous injection
of a radiotracer that follows the same pathways as the biomolecules of the body [53]. Therefore,
PET images the kinetics and distribution of these biomolecules by detecting the radioactive decay.
The concepts related to PET involved in this work will be introduced.
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Figure 2.10: Main features of PET. Adapted from [54].

2.3.1 Basic Principles

To measure the physiological and biochemical process of a single molecule in vivo, this
technique uses the tracer principle, which states that a radioactive material participates in

2 Pinhole collimators have a single hole that drilled into the sheet with high atomic number material.
3 Related to blood disorder.
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metabolic reactions in the same way as its non-radioactive counterpart. Based on this principle
and by labeling the natural biochemical substance or a drug tagged with a positron-emitting
radioisotope (tracer), which are administered intravenously to the patient, it is possible to measure
the concentration of the radiotracers during the time observed [55, 56].

These images are produced as a result of the isotope decay which emits a positron (B+).
This B+ annihilates with an electron (e-) of a nearby atom producing two 511 keV photons that
leave the annihilation site in opposite directions (180 °degrees apart),
figure 2.11. If the scanner detects the two photons almost at the same time, it is assumed that those
have been originated from the same positron emission. In this case, the detection of both photons
is named Coincidence [54, 55].

For PET imaging, the time information provided by the module is important, because two

incident photons can only be considered a coincidence if both photons are detected within a
certain time window, defined as Coincidence Window. The coincidence detection is performed
online by the coincidence electronics of the scanner and the coincidence window is determined
by the resolution time of the modules. The total of events detected by the coincidence on the
defined window is referred to as a Prompt Coincidence. For each prompt coincidence, a Line of
Response (LOR) along the annihilation occurred is determined, figure 2.11b.
The combined information of all the measured LORs during the acquisition is used to get
information about tracer distribution, allowing the producing of a 3D image. It is important to
keep in mind that radioactive decay is a random process, following a Poisson distribution.
Consequently, detected and acquired data by the scanner will contain Poisson noise [56].

Positron emitting nucleus
511 keV photon

Annihilation

511 keV photon

a)

Figure 2.11: PET imaging principle. a) After the annihilation of a positron and an electron, two 511 keV photons are
emitted in opposite directions (~180°). b) When two interactions are simultaneously detected within a ring of detectors
surrounding the patient, it is assumed that an annihilation occurred on LOR connecting the two interactions. By
recording many LORs the activity distribution can be tomographically reconstructed. Adapted from [57].

However, not all the prompt events detected by PET system are true events, because there
is a probability of a photon to escape from the Field Of View (FOV) of the scanner or to be
attenuated into the body. Therefore, Scattered, Random and Attenuation Events can also be
detected.

Scattered Events are a consequence of the interaction of at least one photon from the
annihilation with the matter (e.g. Compton Effect)*, which could induce changes of its direction
before the detection, figure 2.12a.

4 Dominant effect at 511KeV
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Random Events are coincidences detected by the PET scanner within the coincidence
window but both detected photons are originated from a different positron emission, figure 2.12b
[56]. Both events do not contain relevant information and cause image degradation.

Moreover, during the travel through the tissue the photons can also be absorbed by the
tissue, resulting in loss of PET signal, named Attenuation Event, figure 2.12c.

Considering these events, an estimated number of true coincidences could be set.
Wherefore, from the estimated number of true coincidences during a certain time, it is possible to
quantify the tracer distribution as a spatial and time function. For that reason, prompt events must
be corrected from several factors. Further information can be found in [56].
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Figure 2.12: PET events. a) Scatter. b) Random coincidences. ¢) Attenuation. Adapted from [34].

2.3.2 Image Reconstruction

After the understanding of the basic principles of PET and the importance of correcting
data required to quantitative and qualitative PET, it is important to understand how the data is
organized and reconstructed. In this subsection data acquisition, organization and reconstruction
will be explained. Further information can be found [59, 60].

2.3.2.1 Data Acquisition and Organization

Despite the 2D or 3D data acquisition, PET data acquisition can also be acquired in
different modes related with the temporal information. Currently, the standard data acquisition is
named List-Mode and will be the one that will be mentioned. List-mode acquisition is a versatile
scheme, which allows flexible post-acquisition time schemes. This mode enables to acquire static,
dynamic or gated images and several photon characteristics for each event (e.g. time, spatial
coordinates and energy of the photon) can be recorded.

A static image represents a time average of the radiotracer distribution over the data
acquisition time, introducing only spatial information. From the list mode data, a static image is
obtained by summing all the events weighted by the acquisition time. These images are often used
when the dynamic of the radiotracer changes very slowly or when it does not include extra
information [58, 60]. Otherwise, dynamic and gated images are a sequence of images, which
includes time information of the radiotracer distribution. While dynamic images are used to assess
to organs functionality with kinetic analysis, gated images are used mostly in cardiac images,
where the image acquisition should be synchronized with the cardiac or breathing cycles [60].

After data acquisition and before be reconstructed, PET data needs to be organized.
Sinograms are the matrices used to organize the data, which relate the LOR information with the
spatial place in the FOV [60]. These structures consider that each LOR in 2D PET can be
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characterized as a Projection (p), equation 2.12, by the cartesian distance to the center of FOV
(s) and an angle (¢) that explains the orientation of the LOR. These LORs or projections are
related with activity concentration A(x,y) in the Cartesian coordinates in the FOV by the Radon
transform, L(®, s):

p(®,s) = fL(q),s) Ax,y)dl (®,s) (2.12)

As PET data is acquired in 3D acquisition mode, two variables needed to be added. One
related with the obliqueness of the LOR with respect to the transaxial plane (6) and the other one
related to the position in the axial direction (z). Further information can be found in [60].

2.3.2.2. Data Reconstruction

The goal of image reconstruction is to recover the radiotracer concentration from the
acquired data. Reconstruction scheme uses a set of Projections (p), the System Model (H) and the
Error of the Observations (n) to find the Unknown Image (f) [54]. One way to represent the
imaging system is as follows in equation 2.13:

p=Hf+n (2.13)

Different methods have been proposed for PET image reconstruction and can be
subdivided into two groups, Analytical and Iterative Methods [59].

Analytical reconstruction assumes deterministic models and uses the inverse Radon
transform to obtain a mathematical solution to the system model. The deterministic approach has
the advantage of simplifying the reconstruction process, making it fast and easy. However, this
approach oversimplifies, by neglecting the noise presented in the system leading to reconstruction
artifacts.

On the other way, iterative reconstruction methods assume that the data is stochastic
derived from physical factors such as: positron decay process, effects of attenuation, scatter and
random. Unlike analytical reconstruction, iterative reconstruction methods converge to closer
solutions at each iteration for a set of constraints and have the advantage of higher accuracy, by
not neglecting the influence of noise [60]. Although, this method is much more computationally
demanding than analytical methods. Further information can be found [60, 61].

2.3.3 Data Correction

As stated before, prompt events must be corrected from several factors in order to obtain
a good image quality. Some factors are caused by the interaction of the photons with the matter
and others by some characteristics of the scanner. Considering the interaction of photons with the
matter, Scatter, Attenuation and Random Corrections have to be performed.

Scatter Event is characterized by inducing a blurring on the image, reducing image
contrast and causing image degradation. To correct such effect, two different strategies can be
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applied [62]. One strategy is based on photon energy since scattering of a photon leads to a
reduction of the energy of the photon and the other one, based on the estimating of the remaining
amount of scattering in the acquired data by numerical calculations. At the Forschungszentrum
Jilich, in the BrainPET scanner, the second strategy is applied. Further information about this
method can be found in [63].

Random Events also result in a decrease of image contrast. Random events become
significant, compared with true events, when detector rates are very high. This fact is more
problematic for detectors with low detection efficiency and for 3D imaging. The rate of random
events between two detectors is given by:

, Where Ri and Rj are the rates of random events in detector i and j, respectively.

Moreover, for random events correction, two methods can be considered. One uses a
single time window and the other one uses two-time windows, named delayed time window
method. In the BrainPET scanner, it is implemented the second method. Further information about
this method can be found in [63].

Attenuation Event is the one it has higher visual and quantitative effect from all the
described corrections. This event is characterized by reducing the image intensity due to the
absorption in the tissue of some photons. The fraction of photons that penetrate through the tissue
is named Transmitted Fraction (TF) and is determined by the attenuation coefficient (i) given

by:

TF = e/ ~#(®)ds (2 .15)

, where the line integral represents the path that is traveled by the photon.

In order to correct data from attenuation, it is required the knowledge of an attenuation
map (m-map) and the transmission image. However, as currently no standalone PET scanners are
available in the market to derive the m-map, the transmission image needs to be post-processed
with a scaling factor (linear or non-linear) and with a post-filtering Gaussian smoothing. The filter
is required for data co-registration, when more than one technique is combined (MR/PET
scanner). Further information about attenuation correction can be found in [63].

Considering now the characteristics of the scanner that compromise the image quality,
Dead Time, Normalization and Motion can be denominated.

The Dead Time of a detector corresponds to the interval where none photon is detected.
This event is particularly troublesome, in especial for coincidence detection, because both photons
must be detected. Therefore, to correct this characteristic is advisable to use systems with many
independent detectors or requiring faster PET scintillators and processing electronics.

Normalization Correction Method corrects the image for both scanner geometry and
crystals efficiency. Having in mind that PET acquisitions are done in 3D, more LORs contribute
to the same voxel in the space and so on more random and scatter events are detected comparing
with the 2D PET acquisition, figure 2.13. In one hand the central detectors are crossed by a higher
number of LORs and are more sensitive. On the other hand, at the edges of the scanner the
detectors are intersected by fewer LORs and consequently are less sensitive. Therefore, both
differences in geometric sensitivity and different detectors efficiently must be corrected using
normalization methods [63].
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Motion Correction is also an important factor to be corrected because movements of the
patient during the PET acquisition introduce a blur in the acquired data. Particularly in brain
imaging, head movements often occur in scans in long acquisitions, such as in a dynamic *F-FET
PET (approximately one hour). The simplest method to reduce the patient motion is to use
immobilization devices. However, they are very uncomfortable for the patients. Nowadays
alternative off-line frame-by-frame methods can be used. This method measures the degree of the
movement between frames and further calculates the correction parameters. Choosing a reference
image, the frames will be co-registered with the reference imaging choosing the metric.

a) b)
Figure 2.13: PET data acquisition. a) 2D. b) 3D. Adapted from [63].

2.3.4 Positron Tracers

2.3.4.1 Positron Emitters - Radioisotopes

The operation of PET needs to labeled biological molecules like glucose (CsH120s),
oxygen (O2) or proteins. These molecules are label using radionuclides such as carbon (*'C),
oxygen (**0), nitrogen (**N) and fluorine (*¥F). In this way, all the isotopes used are radioactive
with a rapid time of decaying by positron emission (short half-life) and with a limited positron
range. Both facts contribute to a good image quality [56].

For large proton-rich nuclei, the main form of decay is via positron emission, where one
atomic proton (p*) decays into a positron (B*) and a neutron (n°), equation 2.16.

pt > n®+ Bt + v® +energy (2.16)

, where v° is a neutrino, balancing the energy momentum and angular momentum of the initial
and final state.

The most commonly used isotope in PET scans is ®F due to its longer half-life
(109.77min), which allows supplying places far from the molecular probes. *8F decays by emitting
positrons with the lowest maximum energy of the emitted positron (Eg+ =0.634MeV), equation

2.17 [63].

1BF 80+ B*+u+0.634 MeV (2.17)
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2.3.4.2 Radiotracers used in Brain Studies

Tracer compounds are used to track biochemical and physiological processes rather
relevant particularly for brain studies. Currently, evaluation based on PET imaging in brain
tumors is conducted by means of mainly three radiotracers. The glucose analogue ‘®F-Fluor-
Deoxy-Glucose (FDG) and the radiolabeled amino acids **C-Methyl-L-Methionine (MET) and O-
(2-[*®F]-Fluorethyl)-L-Tyrosine (FET) [7]. A brief description of each one will be presented in
this subsection.

2.3.4.2.1 ®F-Fluoro-D-Glucose (**F-FDG)

The radiotracer ®F-FDG is derived from 2-deoxy-d-glucose and gives information about
the first steps of glucose metabolism. F-FDG is used in brain studies allowing an accurately
staging and differentiating between malignant and benign lesions. As malignant brain tumors are
characterized by an increase in glucose consumption, differences between healthy and tumor
regions can be visualized using this radiotracer [63].

Some studies have already published a well-established relationship between histological
features and radiotracer uptake for 8F-FDG [7, 67]. Consequently, *®F-FDG has been shown to
be a valuable tool for guidance of stereotactic biopsies in human gliomas.

2.3.4.2.2 1C-Methyl-L-Methionine (!C-MET)

Beyond glucose consumption, tumor cells are also characterized for irregular protein
mechanisms. Methionine is a naturally occurring essential amino acid being crucial for the
formation of all the proteins. This amino acid is labeled with carbon-11 (**C) forming the C-
Methyl-L-Methionine (MET) radiotracer [68]. Therefore, 1*C-MET uptake is mainly determined
by a specific carrier-mediated mechanism, which correlates with proliferative activity and micro-
vessel density in tumor cells [69].

Considering the use of *C-MET in brain studies, particularly in gliomas diagnosis, MET
uptake is influenced by its specific activity in plasma, molecules transference across the Blood-
Brain Barrier (BBB)®, intracellular metabolism and the incorporation of *C-MET in proteins.
Thereby, a disruption of BBB is not a prerequisite for an increased *'*C-MET uptake but a damaged
in BBB may enhance leakage of the tracer to the extracellular space, contributing to its increased
uptake in malignant gliomas [70]. Moreover, 1!1C-MET exhibits a short half-life since depends on
11C decay and for its production it is required an on-site cyclotron, which is disadvantageous.

2.3.4.2.3 ®F-FluorEthyl-L-Tyrosine (*F-FET)

More recently, 8F-FET tracer was introduced with main interest for brain studies. ®F-
FET measures the magnitude of amino acid transport and its distribution in the tumor but does
not participate in any metabolic pathway directly [63]. Unlike *C-MET, ®¥F-FET is not

5 BBB is a highly selective permeability barrier that separates the circulating blood from the brain extracellular fluid in
the central nervous system (CNS).
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incorporated into proteins but rather mediated by an active transendothelial amino acid transporter
denoted LAT2 (Linker for activation of T cells family, member 2) [67]. LAT2 has not been
identified in inflammatory cells, which precludes the uptake of 8F-FET in inflamed tissue. This
fact potentially makes 8F-FET even more tumor specific than **C-MET and ®F-FDG [71, 72].
Moreover, 8F-FET has a longer half-life (~109 minutes) enabling tracer production in a central
cyclotron and its transport to other units facilitates the PET acquisitions [7].

In tumor imaging, ®F-FET shows a high uptake in tumor regions due to its increased
transport and suitable uptake kinetics. The uptake of F-FET in brain tumors reaches a plateau
approximately 20 minutes post-injection. However, in normal tissues Gray (GM) and White
Matter (WM), the uptake continues to increase for a longer period, leading to lower Tumor-to-
Brain Ratio (TBR) from 20 to 60 minutes after injection [74]. TBR is calculated by the ratio
between the tumor area and the brain tissue of normal-appearing. For gliomas, this value was
defined to 1.6 [73], i.e. the tumor area corresponds to the area with a metabolic activity 1.6 times
higher than the background brain.

In clinical practice, *®F-FET and !C-MET have been shown to be equally sensitive and
specific [72]. However, for lower malignancy tumors (e.g. low-grade glioma), *®F-FET shown a
better efficacy in tumor delineation. In this manner, ¥F-FET demonstrates convincing results
especially in the diagnostics of brain tumors and treatment planning [73-75].

2.3.5 Instrumentation

Detection systems are a key component of PET imaging system. An understanding of
their properties and design it is important to obtain quantitative information. Scintillation
detectors, Photodetectors and Photomultiplier tubes are the main components of PET systems
[76]. Usually, a PET detector system uses a multiple-block-detector arrangement with a detector
blocks arranged in a ring structure.

Scintillation detectors are the most used radiation detectors in PET imaging. A scintillator
is used to detect gamma photons. As in PET imaging, the main interest is to detect gamma photons
with a specific energy (511 keV), only photoelectric absorption and Compton scattering are
relevant interaction mechanisms to detect. Moreover, for an accurate detection, the scintillator
should have a high light yield and low decay time. A fast decay time leads to short coincidence
windows that will limit the number of random coincidences. The output of the scintillator is a
weak light signal and then signal amplification is required. Therefore, a Photodetector is used to
convert the weak light output of the scintillator into a detectable electrical signal.

Photomultipliers Tubes (PMT’s) have had a huge use in PET due to the combination of
high gain, stability and low noise. PMTs is composed by a light transmitting window, a
photocathode, a series of electrodes (dynodes) and an anode inside a glass envelope, in vacuum.
The electrons are collected in the anode where a measurable current is produced [77].
Nevertheless, a new range of photodetectors has experienced an increased use in PET due to their
advantages over PMTs, named Solid-State Photodetectors. These types of detectors are used in
MR/PET systems due to the lack of response to magnetic fields. In PET system is used a solid-
state photodetector also known as Avalanche Photodiode (APD). Further information can be
found in [78].
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2.4 Hybrid Imaging

Nowadays, a wide number of medical imaging are available for clinical practice. CT,
PET and MRI are the main techniques used in brain studies. CT provides anatomical information,
PET provides functional/metabolic information, while MRI provides anatomical and
functional/metabolic information [1, 25]. As each modality has strong and weak highlights, the
combination of different information in one single image brings clinical benefits. The
simultaneous acquisition of two different techniques compacted into one scanner is known as
Hybrid Imaging [1]. PET/CT and MR/PET are the principle hybrid systems available for clinical
practice.

On the previous sections, MR and PET principles involved in this work were introduced.
In this section, the combination of both techniques in a hybrid scanner, particulary for brain
studies, will be addressed. The characteristics of this technique are illustrated in figure 2.14.
Further information can be found in [79, 80].
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Figure 2.14: Features of MR/PET. Adapted from [32].

2.4.1 Magnetic Resonance (MR)/ Positron Emission Tomography (PET)

From the information presented in the previous subsections, the combination of MR/PET
can be considered important in clinical practice. Beyond MR and PET standalone, by combining
both techniques, a versatile high resolution anatomical, functional and molecular imaging it is
possible to achieve. Regardless of the advances, the limitations of MR/PET might be the
associated higher costs and the selection of an efficient PET tracer [1, 80].

For brain studies, combination of MR and PET improves tumor diagnostic. In one hand,
MR imaging allows the differentiation between brain regions with normal cells (healthy tissue)
from regions with tumor cells (tumor tissue). However, the differentiation of tumor tissue from
unspecific changes in the surrounding tissue shows to be difficult. On the other hand, PET
imaging provides information about tracer uptake revealing information about the tumor activity
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[55]. Hereupon, by combining both techniques localization, state and growth tumor information
can be easily accessed comparing with MRI and PET standalone instruments [81].

2.4.2 Instrumentation

2.4.2.1 Design of MR/PET Scanner

In the mid of 1990’s Hammer and co-workers [82] addressed the first design of MR/PET
system. In this first system, the PET scintillator blocks inside a clinical MRI. The information is
extracted from the scintillator through light guides that are fed into the electronics detector. These
detectors are situated outside of the primary magnetic field of the MRI system. Some years later,
improvements on the design were done. In the mid of 1990s, Shao and co-workers developed a
small ring of PET detectors with a diameter of 3.8 cm for pre-clinical small animal imaging [83].
On the following years, subsequent prototypes were suggested for different groups [84, 85]. Since
2006, the simultaneous MR/PET system for human brain became available on the market.

Based on these facts, it is possible to distinguish three different approaches towards
MR/PET system [84]. On the first design, the gantries are separated and operated in different
rooms. So on, the patients have to be transferred between separate MR and PET systems. The
image acquisition is not simultaneous and images are acquired with a delay, figure 2.15a. On the
second design, the gantries are arranged in line with the main scanner axis, figure 2.15b. The
patient handling system is mounted in between. In this system, the delay between MR and PET
acquisitions has to be taken into account but is reduced comparing with the first design. Moreover,
in 20086, it was developed the more recently design a simultaneous MR/PET system, figure 2.15c.
Both systems are together forming a fully integrated system where the delay is absent. In this
system, the PET detector ring was designed as an insert that can be placed inside a MR system.
In our project the data it was acquired using a more recent design. Further specifications of this
system will be explained in the next section.
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Figure 2.15: Different designs for combined clinical MR/PET systems. a) Patients can be shuttled between separate
MR/PET systems operated in different rooms. b) Patients are positioned on a common table platform between stationary
PET and MR systems; the delay between the MR and PET examination is reduced (Philips Healthcare). c) Patients are
positioned inside an integrated MR/PET gantry (Siemens Healthcare) with a PET insert that is mounted within a whole-
body MR offering simultaneous MR/PET acquisition. Adapted from [85].

2.4.2.2 The BrainPET System

The BrainPET system was the first prototype of an MR-compatible PET scanner for
human imaging. In the Forschungszentrum Jilich, the high resolution BrainPET is installed since
2008, in a 3T Magnetom TRIO MR scanner by Siemens figure 2.16. The BrainPET is inserted
inside of the MR bore on the center of the magnet. The PET inserts are based on APDs since
conventional photo multipliers do not work inside the magnetic field of the MR scanners [86, 87].
MR scanner and BrainPET insert can also be operated as standalone medical imaging devices.

Figure 2.16: Hybrid 3T MR-BrainPET system present in INM-4 Forschungszentrum Julich. The BrainPET is inserted
between the magnet and the MR coils. Adapted from [88].
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2.4.2.3 The BrainPET System Geometry

The BrainPET is a compact cylinder with a length of 72 cm and an outer diameter of 60
cm fitting into a bore of the magnets. Within its inner diameter of 32 cm, there is a birdcage head
coil used for transmitting radiofrequency pulses and receiving the signals and inner 8-channel
coils for receive only. The BrainPET consists of 32 copper-shielded cassettes arranged radially
and each cassette contains six Lutetium Oxysilicate Scintillation Crystals (LSO) detector modules
covering an axial FOV of 19.2 cm. The front end of the detector block is composed of LSO-APD
modules whose are formed by coupling the LOS with 12x12 matrix of 2.5x2.5x20 mm?3 coupled
with APD with a 3x3 array. Thereby, the LSO-APD detector arranges in the z direction, resulting
in 72 crystal rings [86, 87]. In figure 2.17, it is illustrated the BrainPET components.

Moreover, each detector module contains a high voltage board supply, supplying 500V
to the APDs, a board with a charge sensitive pre-amplifier ASIC and an output driver board. The
system is cooled with air and each cassette is connected to a data acquisition electronic via 10m
long cables. Furthermore, the BrainPET provides a resolution of 3 mm at the center. The
positioning of the BrainPET insert in the center of the magnet offers the opportunity for iso-center
imaging in space and time.

The BrainPET detectors installed in the Forschungszentrum Julich MR-PET Scanner
deliver high-resolution images. In order to produce high-quality PET images, a quantitative data
of metabolic functions, an iterative reconstruction and efficiency and a random, attenuation,
scatter, dead time and decay corrections are available [86].

Detector cassette

BrainPET insert

Detector Block

Figure 2.17: BrainPET component. Brain PET insert, detector cassette and detector block respectively. Adapted from
[88].
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2.5 Brain Tumors

2.5.1 Gliomas

Gliomas are central nervous system tumors that result from an uncontrolled proliferation
of glial cells, the cells that provide support and protective functions to the neurons. Unlike
neurons, glial cells in the human brain have the ability to divide and multiply. The deregulation
of these processes gives rise to this type of tumor. The clinical management of gliomas is a true
challenge in oncology due to their large impact on the patient and relative insensitivity to most
conventional therapies [89]. In this subsection, classification and grading of gliomas will be
introduced as well as, it inherent vasculature will be exploited.

2.5.1.1 Classification and Grading of Gliomas

According to the classification of the World Health Organization (WHO), it is possible
to distinguish three main types of gliomas by their histologic features: Astrocytomas,
Oligodendrogliomas and Oligoastrocytoma (a mixed form with both oligodendroglial and
astrocytic components). These tumors are typically heterogeneous, which means that different
levels of malignant degeneration can occur in different regions within the same tumor. Therefore,
lower malignancy corresponds to Low-Grade Gliomas (LGG) - grades | and Il and higher
malignancy to High-Grade Gliomas (HGG) - grades Ill and IV. LGG are considered benign
tumors, while HGG are malignant and carry a worse prognosis [90].

The LGG are characterized by slowly growing. While, grade | gliomas rarely spread to
other tissues and tumor cells may be removed by surgery due to the similarity to normal cells, in
grade Il gliomas the tumors may spread to nearby tissue and some of them may become higher-
grade tumors afterwords. In contrast, in HGG the grade 11l and IV grow quickly and are likely to
spread into nearby tissue [91]. Furthermore, its even possible to define different subtypes of LG
and HG gliomas. LGG can be distinguished in pilocytic astrocytoma (grade I), astrocytoma (grade
I) and oligodendrogliomas (grade Il). HGG can be distinguished in anaplastic tumors
astrocytoma and oligodendroglioma (grade I11) and glioblastoma (grade 1V) [91].

Nevertheless, this current standard criterion for tumor grading based on histopathologic®
assessment has two major limitations. It is an invasive procedure and it has an inherent sampling
error, especially with stereotactic biopsy’ [91]. Thereby, gliomas diagnosis and grading using
vascular information from MR/PET techniques may overcome these limitations.

6 Histopathologic assessment is a microscopic examination of tissue. In clinical medicine, refers to the examination of
a biopsy or surgical specimen by a pathologist after the specimen has been processed and histological sections have
been placed onto glass slides.

7 Stereotactic brain biopsy is a minimally invasive procedure that uses this technology to obtain samples of brain tissue
for diagnostic purposes.
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2.5.2 Tumor Vasculature

2.5.2.1 Tumor Heterogeneity

The normal vasculature is arranged in a hierarchy of evenly spaced, well-differentiated
arteries, arterioles, capillaries, venules and veins. In contrast, the tumor vasculature is composed
of a chaotic mixture of abnormal hierarchically organized vessels that differ from those of normal
tissues with respect to organization, structure and function. Unlike normal blood vessels, those
supplying tumors commonly follow a serpentine course, branch irregularly and are in average
larger than their normal counterparts, figure 2.18. The increasing diameter of the vessels impairs
tissue nutrition, resulting in an inefficiently O, and nutrients feeding, as is demonstrated by the
increasing O, content of the venous blood draining. Another long-recognized property of tumor
blood vessels is that they are hyperpermeable to plasma and plasma proteins although,
hyperpermeability is confined to only a subset of tumor blood vessels.

Thereby, it has been recognized that tumor blood vessels are heterogeneous and both
tortuosity and dilation are its principal visible characteristics. Tumor Heterogeneity difficults both
the evaluation and prediction of tumor vessels architecture, only accessed using an invasive
technique, such as biopsy. However, a complete vessel distribution cannot be accessed by biopsy
alone, because this technique is usually confined only to one or two portions of a tumor [24].

2.5.2.2 Angiogenesis

As all the cells in human body, brain tumor cells need O, and nutrients to grow and
survive. Angiogenesis is the natural process responsible for the formation of blood vessels from
pre-existing vasculature i.e. new networks (e.g. capillary blood vessels) or vascular supply from
the existing cells. Hereupon, angiogenesis is one of the hallmarks of tumor required for tumors
growth, as satisfy their need for O, and nutrients [92].

The regulation of the growth of new vessels is done by pro- and anti-angiogenic
molecules. Certain factors can disturb the balance of new vessels by stimulating the production
of pro-angiogenic molecules such as hypoxia, pH, mechanical stress and inflammatory response.
Hypoxia® is the factor with the greatest impact arising when the nearest functional blood vessels
are too far way to deliver sufficient O, to the tumor cells [92]. This fact leads to the expression of
Vascular Endothelial Growth Factor (VEGF), which consequently will promote the growth of
new blood vessels. The overproduction of pro-angiogenic factors causes an abnormal tumor
vasculature in both morphology and function. However, compared to normal blood vessels, the
new vessels are characteristically abnormal by virtue of having increased tortuosity (figure 2.18)
and increased permeability to macromolecules due to the presence of large endothelial cell gaps.
Consequently, new vessels often have both abnormal flow characteristics and abnormal
permeability that can be exploited as potential surrogate markers for the evaluation of tumor
growth. Further, tumors cannot enlarge beyond 1 to 2 mm unless they are vascularized.

The vascular abnormalities and dysfunctional vasculature contribute to greater
malignancy [93] and lead to an irregular delivery of chemotherapeutics to the tumor, whose can
reduce the efficacy of radiation therapy. Thereby, angiogenesis plays a very important role in
tumor vascular function.

8 Deficit of available oxygen.
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Judah Folkman in 1971, proposed the concept of inhibiting angiogenesis for treating
tumors [94]. Indeed, recent findings from pre and clinical studies of antiangiogenic therapy for
brain tumors showed that by inhibiting and controlling angiogenesis, it is possible to manage the
tumor treatment. By predicting the area with a higher increase vessel caliber, a more precise
treatment and a guided therapy can be performed.

a) b)

Figure 2.18: Vessel caliber in solid tumors. a) Normal blood vessels. b) Tumor blood vessels. Normal vessels form
highly organized capillary beds, which are well suited for the delivery of Oz and nutrients to the tissue. The red vessels
indicate oxygen-rich feeding arteries and arterioles, blue vessels are veins carrying deoxygenated blood and the
intermediate regions indicate a transient capillary stage. Tumor vessels are disorganized with large, tortuous vessels,
blind ends and frequent branching, which may lead to poor perfusion and collapse of non-functional vessels. Slow
blood flow is indicated by reduced color intensity. The points represent hypoxic regions. Adapted from [95].
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3. Dynamic MRI Contrast Agent: Basics and
State of the Art

In the Chapter 3 the strategies described in the literature to provide information about
state, localization and size of brain tumors using perfusion will be discussing. The DSC-MRI
perfusion method will be introduced as well as the combination of GE and SE sequences and the
advantages of using multi-echo sequences. Vessel Size Imaging (VSI) methodology will be
explored and clinical and human studies will be reviewed. Furthermore, *¥F-FET PET and
MR/PET studies using perfusion MR will also be addressed. In the end of this chapter, the mainly
motivation of our work will be highlight.

3.1 Introduction

Clinical perfusion contrast-enhanced MRI is currently recognized as one of the most
powerful tools for assessing tumor vascularization through the evaluation of hemodynamic
parameters. As tumor vascularization is abnormal, its information can be used for tumor
diagnosis. In 1991, Fisel [96] and others concluded that T,-weighted perfusion MR images were
sensitive to vessel caliber. Motivated from these conclusions, some years later, a new perfusion
vascular methodology was introduced named VSI [25], allowing the estimation of the vessel
caliber of brain tumors. As stated on Chapter 2, amino acid PET tracers, particularly 8F-FET
demonstrated a greater potential for gliomas diagnosis. Hereupon, by combining both VSI and
BE-FET information, it is expected to access an accurate tumor diagnosis, which could potentially
be an alternative to biopsy.

3.2 Contrast

Apart from differences in the local water content, the basic contrast in MR images results
from regional differences in the intrinsic relaxation times T; and T, . Each one can be
independently chosen to dominate image contrast [97]. However, the intrinsic contrast provided
by water in T; and T, are often too limited to enable a sensitive and specific diagnosis. For that
reason, Contrast Agents (CA), which alters the image contrast following intravenous injection,
are readily used in neuro-oncology.

Tumor blood vessels are more permeable to large molecules than many normal vessels
providing an intriguing mechanism for selective delivery of macromolecules in malignancy
tissues. This concept explains the enhanced permeability of the tumor and its identification in
contrast-enhanced MR images.

The most used CA is the paramagnetic Gd-DTPA. Gd-DTPA is a paramagnetic BBB
contrast, which means that BBB disruption could be visible [98]. This characteristic is useful for
tumor delineation, particularly for malignancy tumors, because higher malignancy is featured by
BBB disruption. Nevertheless, using this contrast enhanced both T; and T, relaxation
enhancements images with different contrast can be are produced (brightening or darkening,
respectively) providing important diagnostic information.
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3.3 Basics of Perfusion

Perfusion and Vascular Permeability quantification can provide important information
about state and size of brain tumors. Perfusion is a fundamental biological function that refers to
the delivery of O, and nutrients to tissue by means of blood [2]. There are two major approaches
to measure cerebral perfusion with MRI, with or without using an exogenous CA. The first group
includes DSC, while the second group relates to Arterial Spin-Labeling (ASL), figure 3.1.
Perfusion MRI is sensitive to microvasculature providing vascularity information, which yields
the possibility of been applied in the classification of tumors [3, 4].
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Figure 3.1: Perfusion EPI. a) DSC. b) ASL. The plots in the bottom row show data for a typical volume of interest
(VOI), in WM. Adapted from [4].

3.3.1 Dynamic Susceptibility Contrast (DSC)

Currently, DSC is the most commonly used MRI method to measure perfusion in cerebral
ischemia and brain tumors. It relies on the intravenous injection of a paramagnetic CA (e.g. Gd-
DTPA) and rapid measurement of the transient signal changes during the passage of the bolus
through the brain. This technique uses fast imaging (e.g. EPI-based) to capture the first-pass of
the CA, known as Bolus Tracking. After the injection of the CA, the hemodynamic signal of DSC
will depend on the T, or T,* relaxation times and transiently decreases because of the increasing
susceptibility effect [2, 3].

In DSC-MRI, as the CA passes in high concentration through the microvasculature,
susceptibility-induced T, and T»>* relaxation occurs in surrounding tissues, resulting in a decrease
of signal intensity, figure 3.1a. This decrease of signal intensity is assumed to be linearly related
to the concentration of the CA in the microvasculature. The change in the signal intensity of the
tissues is quantitatively related to the local concentration of CA and is converted into a CTC,
figure 3.2. Therefore, by applying a tracer kinetics to CTC on the first-passage of CA through the
capillary bed, parameters related to haemodynamic perfusion such as Cerebral Blood Flow
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(CBF), Cerebral Blood Volume (CBV), Mean Transit Time (MTT) and Time to Peak (TTP) can
be estimated [2, 3]. On the next subsection, these parameters will be defined.

Cit) &

t[s}=

Figure 3.2: CTC curve.

3.3.2 Arterial Spin Labeling (ASL) and Dynamic Contrast Enhanced (DCE)

ASL is an alternative method to measure perfusion of tissue achieved by magnetically
labeling the incoming blood, being contrast free. This technique is non-invasive because it uses
arterial water as an endogenous diffusible tracer and so no injected CA or ionizing radiation is
used. ASL requires the subtraction of two images, one in which the incoming blood has been
labeled and the other in which no labeling has occurred [4].

Comparing DSC and ASL, DSC was advantageous since the calculation of some
hemodynamic parameters (e.g. CBV and CBF) are underestimated in regions with delayed arrival
when the ASL method is used and also the SNR of DSC data is higher than ASL data, figure 3.1b.
Nevertheless, because both DSC and ASL are not able to evaluate the vascular permeability, a
new dynamic contrast method can be introduced, named Dynamic Contrast Enhanced imaging
(DCE).

DCE imaging refers to acquisition and analysis of MRI data that describes the uptake of
an intravenous CA in a ROL. In short, one image series is acquired without contrast enhancement
(baseline images) followed by a series of images acquired over time after an intravenous bolus of
conventional CA. Quantitative physiological parameters are extracted by examining the signal
changes relative to baseline in both tissue and large arteries [99]. Therefore, temporal changes in
contrast-enhancement effectively provide a CTC, which can be analysed to quantify a range of
physiological parameters such as: Volume Transfer Constant (Kwas) and Extravascular
Extracellular Space Volume (v¢). These parameters provide information about the functional
status of the vascular system within tumors and adjacent tissues. DCE depends on T; relaxation
time and DCE signal increases due to T, shortening effect associated to the paramagnetic CA [99].
However, as some pulse sequences intentionally reduce T, sensitivity, DCE technique is mainly
used in brain studies.

35



Chapter 3. Dynamic Susceptibility Contrast: State of the Art

3.3 State of the Art
3.3.1 Methods

3.3.1.1 Single-echo GE and SE EPI for Perfusion Quantification

As reported in [2] single-shot GE and SE EPI can be used to get dynamic information. In
order to analyse DSC-MRI inherent parameters after data acquisition, a CTC has to be computed.
Therefore, it is necessary to obtain an accurate estimate of the baseline MR signal intensity S(0)
prior to the arrival of CA.

3.3.1.1.2 Quantification of the Susceptibility T2* Contrast

For single-shot GE EPI sequences, the MR signal (S), as a function of the contrast
concentration C, can be approximated by:

sin(o)[1—e"TR*R1(0)]

S(C) = M, (1—cos(o())e_TRXR1(C)'e_TEXRz*(C) - S0 = MOXEl(C)Xe‘TEXRZ*(C) (3.1)

, Where Ry is the (contrast concentration-dependent) relaxation rate 1/T;, R,* is the (contrast
concentration-dependent) relaxation rate 1/T,*, a is the flip-angle, Ty is the repetition time, T is
the echo time, M, is proportional to the equilibrium magnetisation and E; is the term containing
T, effects.

From equation 3.1, it is possible to calculate the susceptibility-induced signal drop for
GE:

ARyGe™ = Rygg"(C) — Rygg(0) = T—lE [ln (%) +In (Ei—gg) ] (3.2)

The second term of the equation describing the T; effects is assumed to be negligible
compared with the much stronger T,* effects and thus is ignored.

Therefore, if T, effects are small in the tissue, for single-echo GE EPI sequences, CTC
can be approximated from a simplified by:

ARyry,, = TiE[ln (%)] (3.3)

, Where ARzGE;pp is the measured apparent change in T,* relaxation rate caused by the CA.
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3.3.1.1.3 Quantification of the Susceptibility T2 Contrast

In contrast with GE, the SE sequence is dependent of T,. Therefore, T, quantification will
follow the procedure described above but with a different scale factor. For single-echo SE
sequence the susceptibility-induced signal is given by:

BRse = Rys(€) — Rose(0) = - [In(53) +In (23) | 34

For the same reason can be simplifies as:

ARysg,,, = T—lE [1n (%)] (3.5)

, Where AR3sE, is the measured apparent change in T, relaxation rate caused by the CA.

3.3.1.1.4 Cerebral Blood Flow (CBF)

CBF is one of the PW parameters, which characterizes both brain physiology and
function. CBF evaluates the blood's ability to perfuse brain tissue adequately in a given time
period, representing the instantaneous capillary flow in tissue. CBF is measured in units of
mL/min/100g [5]. CBF can be estimated computing the equation 3.6.

C(t) = CBF.R(t) ® AIF ()  (3.6)

, where R(t) reflects both the tissue perfusion and the macrovascular transport effects of delay
and dispersion, AIF (t) the Arterial Input Function and & the convolution process. AlIF can be
obtained from the mean curve of the CTC that correspond to arterial pixels.

Finding the solution of the maximum of CBF.R(t), CBF can be estimated. Therefore,
equation 3.6 can be solved by applying the convolution theorem:

CBF.R(t) = FT~1 [%] (3.7)  CBF = max[CBF.R(t)] (3.8)

, where FTtis an inverse of FT.

3.3.1.1.5 The Correction Factor (Kn)

The Correction Factor (Ky) accounts for the higher proportion of red blood cells (H)
in arterial blood compared with capillary blood. As reported on the literature [2], Ky is used when
an absolute quantification is required. Thereby, hemodynamic parameters have to scale by this
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correction factor. As the CA can only distribute in the plasma portion of the blood (1 — H,), the
amount of plasma affects the susceptibility-induced relaxation. Ky is often set to 0.733.

1-Hctartery

Ky (3.8)

1-Hctcapillary

3.3.1.1.6 Cerebral Blood Volume (CBV)

CBV is defined as the volume of blood in a given amount of brain tissue. This parameter
measures the microvascular blood volume, which is proportional to the total amount of
intravascular CA in the tissue. CBV can be determine from the area under the CTC:

CBV = [°R(Ddt  (3.9)

In order to obtain the correct units CBV should be scale by Ky and be normalised by
density of brain tissue (p) (Ky|p), which in practice is set to mL/100 g.

3.6.1.1.7 Mean Transit Time (MTT) and Time to Peak (TTP)

MTT is a measure of the main time for blood or CA to perfuse a region of tissue [99]. As
referred in [2, 99], MTT is calculated using the central volume principle®, equation 3.10. MTT is
measures in units of s.

CBV
MTT == (3.10)

TTP reflects the time from the beginning of the CA injection to the peak enhancement
within a ROI. TTP is inversely related to CBF in which reduction of blood flow results in an
increase in the time needed for the contrast to reach its peak in the perfused volume of brain tissue
[3, 4]. TTP is measured in units of seconds (s).

3.3.1.2 Double -Echo

The problems associated with standard single-echo in dynamic acquisitions arise from
the assumption that changes in the measured signal intensity only reflect changes in T, “relaxation
times associated with CA. However, this assumption is valid in healthy tissues but not in
pathologies, which are characterized by a BBB disruption. When BBB is disrupted, CA will be
accumulated in the surrounding tissue affecting both T,"and T; relaxation times. Herein, CA
leakage breaks down the assumed relationship between measured signal intensity and underlying
CA concentration because signal changes can not be assumed to be dominated by changes in T, .

® From CBV = CBF x MTT
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This broken assumption means that single-echo DSC-MRI lacking T, leakage correction
yields unreliable estimates of tissue perfusion whereby, T, must be corrected. Two different
methodologies were proposed to minimize T, effects. One refers to the injection of a small pre-
bolus, which reduces the leakage effects and the other one to the implementation a multi-echo
technique, which is insensitive to the T, effects of CA extravasion [4-6]. In the multi-echo
technique, the images acquired ate each Tg can be used to correct the T, effects.

Dual-Echo GE was introduced by Kuperman et al. in 1996 [100] and Miyati et al in 1997
[101].

Following the steps defined above, the susceptibility-induced signal drop for dual-echo
can be rewritten for GE sequences by:

* * _ * _ 1 STEl(C) _ STEl(O)
ARyge™ = Rage (C) = Ryge™(0) = To, T, (111 [STEZ(C)] In [STEZ(O) ) (3.11)

, Where Tg, and Tg, are the first and second echo time (Tg). Following, CTC is calculated by:

_ 1 STg, (O] [STEI(O)]>
C(t) N rtissue(TEz_TEl) (ln [STEZ(t) ln STEZ(O) (312)

, Where rssue IS the CA T, "relaxivity for GE.

3.3.1.3 Combination of GE SE EPI — The Image Contrast

As reported by several studies, DSC can be acquired using either SE or GE EPI
sequences, which provide different contrasts [3, 16]. The CA induced susceptibility gradients in
the tissue promotes proton dephasing because of static field inhomogeneities and diffusional
motion.

SE acquisitions refocus the dephasing caused by the static field inhomogeneities
producing T,-weighted images. These images are only sensitive to the diffusion of the tissue
water protons through the inhomogeneities. Therefore, SE DSC signal drop is largest in the
vicinity of capillaries, where the phase accumulation across the diffusion distance is greatest.
Consequently, SE DSC images are sensitive to the microvasculature.

In contrast, GE acquisitions do not refocus static field inhomogeneities and are sensitive
to changes in T,". Susceptibility-induced signal drops is higher in GE than in SE acquisitions
across all vessels size. Thereby, GE results to be more sensitive to the macrovasculature. As GE
is more sensitivity weighted towards the microvasculature, the derived perfusion maps are
dominated by the macrovasculature signal (which is not tissue perfusion). Consequently, they
may not detect compromised microvasculature [102].

Comparing both techniques, a higher dose of CA is required for a SE acquisition to
achieve the same SNR as a GE acquisition. This can be explained due the Tg of SE sequence
being longer than GE sequence. The GE EPI sequences have the advantage of being acquired
more rapidly, allowing higher temporal resolution, compared with the SE EPI for the same
number of slices/resolution. Thereby, for brain studies GE EPI is more commonly used due to its
higher SNR, lower contrast dose requirement and the ability to quantify the contrast concentration
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in artery and tissue. Further, using multi-echo GE, T; effects can be corrected, which is important
in dynamic imaging [103].

Notwithstanding, the combination of SE and GE (GESE) sequences with EPI has recently
been developed emerging the possibility of combining both advantages in one acquisition [3,
102]. In one way, it is possible to simultaneously quantify AR,gg" and AR,gg. In other way,
higher specificity to the microvasculature of SE EPI with the ability to measure the
macrovasculature from GE EPI can be obtained in the same image. Figure 3.3 illustrates the DSC-
MRI contrast achieved with GESE EPI acquisition for five Tg.
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Figure 3.3: Multi-echo GESE EPI perfusion. a) EPI images in a selected patient acquired during baseline (top row)
and at the peak of the bolus passage (bottom row). b) MRI signal time course of each EPI train in a specified voxel
within GM. The dark blue color corresponds to T, , the green to Tg,, the red to Tg, the light blue to Tg, and the purple
to Tg,. Adapted from [102].

3.3.1.4 Cerebrovascular Network

The Cerebrovascular Network can be described based on the theory of susceptibility-
induced MRI signal dephasing in a cerebrovascular network. This model adapts the model for
multiple vessel generations to introduce the kinetics of the bolus passage through the micro and
macrovasculature [16, 104].

The cerebrovascular network comprises both micro and macrovasculature types of
vessels. From the microvasculature it is possible to distinguish arteries, capillaries and veins and
from the macrovasculature arterioles and venues [16]. Arterioles/venules are formed by the
branching of pial vessels, which enter into the tissue perpendicular to the cortical surface and
transverse to cortical depth. Branching from the penetrating arterioles, a capillary network is
formed, thinner compared with arteriole (diameter < 10 um). From inside of the capillaries, O,
glucose and nutrients diffuse out of the vascular network and into the tissue. Metabolic waste
products (e.g. carbon dioxide) also diffuse from the tissue into the vasculature. Therefore,
capillaries intersect with the venular network and the penetrating venules transport
deoxygenated'® blood to the cortical surface. In this manner, this network is modelled by a tree
structure with symmetric arterial and venous parts, figure 3.4 [16]. This organized network
enables the efficient delivery of O, and glucose to brain cells, which is essential since brain cells
do not naturally store or produce these molecules. Therefore, the cerebrovascular network

10 without oxygen
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explains micro and macrovasculature structures and introduces the importance of vessel size
guantification

h | h ‘ “

Vein  Venule Capillaries Arteriole Artery

Figure 3.4: Cerebrovascular network. Arterial system corresponds to red and venous system to blue. Adapted from
[105].

3.3.1.5 Vessel Size Imaging

In 1991, Fisel, Rosel and colleagues pioneered the theoretical foundation for vessel
caliber MRI technique [25, 96]. In a series of studies, these researchers using Monte Carlo
simulations concluded that T,-weighted perfusion MR images were sensitive to the vessel size
due to the magnetic susceptibility effect created by blood and CA flowing through the vessels.
Motivated by these findings VSI was introduced. VSI is a new MR technique achieved by
measuring the changes of AR, (tranverse relaxation rate and AR, " caused by the injection of
a paramagnetic CA [16]. The AR,gg is sensitive towards the microvasculature and the AR,qg"
shows higher specificity to the macrovasculature. From VSI, several parameters were proposed,
named Mean Vessel Diameter (mVD), Mean Vessel Density (Q), Vessel Size Index (Vsi) and
Vessel Architectural Imaging (VAI) and will be explained in detail in this section [12, 13, 16].

3.3.1.5.1 Mean Vessel Diameter (mVD)

In 1998, Dennie et al. [20] proposed the dimensionless parameter mVD, which provides
an indication of the average vessel size within a voxel. This parameter depends on the average
vessel size and on the CA concentration. mVD is calculated based on the ratio between the
integrals of AR,gg"and AR,gg, equation 3.13.

— J ARpgg" (D)dt
mVD T AR,se (Dt (3.13)

This equation is valid when there is a high CA dose with a T dependence on AR,gg and
a small coefficient of variation of the vessel size distribution [20].
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3.3.1.5.2 Mean Vessel Density (Q)

Two years later, in 2000 Jensen and Chandra [19] introduced Q. Q is the parameter
sensitive to the microvessel density and calculated based on ratio between the integrals
ARZGE*and ARZSE'

Q= J ARpsg(t)dt
T J(ARy6eM/3 (D) dt

(3.14)

The ratio (AiRZGf2/3) is obtained by fitting the linear dependence between AR,gg"and AR . Q

2GE
is independent of the CA concentration, depending only on intrinsic tissue properties and highly

dependent on Te. Thereby, the appropriate Te has to be selected to get an accurate measurement,
CA concentration has to be sufficiently high (Ax > x,) and the normalized CBV small enough
(CBV << 1) for Q to be sensitive to the histologic vessel density. Ay is defined as the magnetic
susceptibility difference between the intra and extravascular compartments induced by the
presence of a CA in the vasculature and x, the blood susceptibility without the CA.

If histology of vessel brain tissue is available (based on biopsy information), equation
3.14 can be rewritten in terms of the histologic vessel density as:

Q=1.678.k.(D.N)¥/3  (3.15)

, where k is a dimensionless parameter dependent on the radius of the vessel always less or equal
to one and depends on the distribution of the vessel radii, N is the microvessel density and D the
diffusion coefficient of water in tissue (D ~1.0 um?/ms). k can also be calculated as given by:

, with R being the vessel radius and the angle brackets indicating an average over the vascular
network.

Nevertheless, it is not possible to quantify directly the mean vessel diameter by estimating
Q based on histological information due to the lack of intra-subject of histological data.
Regardless, Q can be quantified using mVVD PW information [20].

3.3.1.5.3 Vessel Size Index (Vsi)

In 2001, Tropes et al. [21] presented Vsi, which gives information about the vessel
caliber. Vsi can be computed using the following equation:

3/2

. _ ([ ARyge" (Dt /
Vsi = (fARZSE(t)dt) (3.17)
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However, for the application in human studies Vsi has to include the measurements of
the Apparent Diffusion Coefficient (ADC) in pum?/s, Ay, the magnetic field (B,) and the
gyromagnetic ratio y inrad.s~1. T~1. Therefore, equation 3.17 can be rewritten as:

. ADC \1/2 fARZGE*(t)dt)
v51_0.424(Y.AX.B0) .(MRZSE3/2(0dt (3.18)

This equation is valid for small CBV (<< 1) and large echo times (Te >>1/ (2m.y. Ax . By)).
ARyGE"
ARy
dependence between AR, "and AR, during the first-pass of the CA.

As well as in Q estimation, the ratio of( ) is obtained by fitting the linear

3.3.1.5.4 Apparent Diffusion Coefficient (ADC)

Apparent Diffusion Coefficient (ADC) describes microscopic water diffusion in the
presence of some factors (e.g. membranes or viscosity) that restricts this diffusion within tissues.
ADC can be derived on a voxel-by-voxel in specific region. For a given direction, ADC is
calculated on a pixel-by-pixel basis by fitting signal intensities to the Stejskal-Tanner using a least
—squares method, equation 3.19:

S(b) = S(0) e™PAPC  (3.19)

, Where S(b) represents the signal after the diffusion gradients have been applied, S(0) the MR
signal at baseline and b corresponds to the b-value. The b-value is a factor that reflects the strength
and timing of the gradients used to generate DW images.

ADC correlates with tumors cell density whereby, different tumor malignancies
corresponds to different values of ADC [106].

3.3.1.5.5 Relations between different parameters

The relation between Vsi and mVD is deduced by replacing the ratio %‘3‘3* in equation
2SE
3.18.

ADC
Y.Ax .Bg

1/2
v51=o.424( ) .(mVD)32  (3.20)

Considering B, equal to 3T and a single bolus injection of Gd-DTPA the relation between
Vsi and Q can also be derived:

Vsi = 0.867(ADC.CBV)/2.(Q)"3/2  (3.21)
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The CBV was calculated as the area under the curve of AR,¢g"and normalized to 3% in
the normal apparent white matter.

3.3.1.5.6 Vessel Architecture Imaging (VAI)

Vessel Architecture Imaging (VAI) has been introduced as a new concept on vessel
caliber MRI. VAI methodology was first proposed by Kiselev et al. in 2005 [18] from the high
sensitivity of the macrovessel MRI signal information found for deoxygenated capillary and
venous blood volume. In VAI procedure, both relaxation curves (AR,gg"and AR,gg) are
combined and two different steps can be performed to assess vascular information. Both
methodologies are complementary.

In the first step, AR,gg"and AR, curves are combined in a scatter plot resulting in a
referred vessel vortex curve, illustrated in figure 3.5. The vessel vortex direction of the curve is
defined by what direction the point-by-point scatter plot propagates (clockwise or counter-
clockwise). The long axis of the vessel vortex curve (the n° 1) is found by a linear fit and an
increase in the long axis is equivalent to an increase in the area under the relaxation rate curve,
which is the traditional measure of CBV (the n° 2). The short axis of the vessel vortex (the n° 3)
is the maximum length of a straight line perpendicular to the long axis. Finally, the slope value is
the gradient of the long axis and describes its steepness (the n° 4).

In the second step, the TTP of both AR, and AR,gg curves are compared (figure 3.6a
and figure 3.6¢) and from the analyses of the time shift between the curves, information about the
type of vessels can be obtained.

Thereby, from the combination of the information provided from both steps, in areas with
a fast inflow of CA, GE signal peaks earlier than SE signal and the voxel curve transverse in a
clockwise direction, figure 3.6b. The vascular system consists of arterioles and capillaries only
or, for some geometrical, pathological or physiological reason, fast-inflow arterioles with larger
calibers than venules. On the other way around, the curve transverse in counter-clockwise
direction and the vascular system contains both slow-inflow, larger caliber venule-like vessel
components and faster-inflow, smaller caliber arteriole-like or capillary-like vessel components,
figure 3.6d. Further, if the differences between the TTP of both GE and SE signal are small, the
voxel curve transverse in a counter-clockwise direction corresponding to the cappilares. However,
if all vessels have identical caliber and SO, concentration or if a vascular system with a fixed SO,
concentration contains arterioles, capillaries or venular structures only, even with different radii,
there is no vortex.

Hereupon, VAI methodology reveal information about the vessel types present (arteries,
capillaries and veins), as well as the relative difference in radii and oxygen saturation levels
between this vessel. Thereby, from VAL, further information about tumor heterogeneity can be
obtained, which is not possible to be assessed using other techniques [17, 18]. Moreover, it is
important to take into account that, under normal conditions, venues caliber is bigger than
arteriole caliber [17].

44



Chapter 3. Dynamic Susceptibility Contrast: State of the Art — Methods: VSI

10
3
1)
AGE(s?) 5 1y EY)
0
0 1 2
ASE(s?)

Figure 3.5: Vessel vortex curve from GE SE pairwise relaxation curves. Adapted from [12].
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Figure 3.6: Relaxation curves and respective direction of the voxel curve. a) ARzse and AR26e™. b) Clockwise vessel
vortex curve. ¢) ARase and AR26e™. d) Counter-clockwise vessel vortex curve. On figure a, SE signal peaks earlier than
the GE signal resulting in a counter-clockwise vortex (figure d). On figure c, GE signal peaks earlier than the SE signal
resulting in a clockwise vortex (figure b). Adapted from [12].

3.3.1.5.7 Standard Perfusion Parameters and Vessel Size Imaging

As stated before, it is defined that GE contrast is sensitive to vessel of all sizes (micro
and macrovasculature) in contrast with SE contrast, which is weighted toward microvascular
structure [22]. Therefore, VSI methodology provides an insight into the properties of
microvasculature that are often shielded in the GE perfusion measurements dominated by larger
vessels. Unlike VSI, PW parameters such as CBV and CBF are presented as a relative values and
MTT is influenced by the injection condition of CA. Among VSI parameters, Vsi is a quantitative
parameter, it enables a comparison in inter-subject and longitudinal studies, which is
advantageous. However, the dependence of CBV in Vsi may be taken into account (equation
3.21). When the mVD remains unchanged, the Vsi map has a similar appearance to the relative
CBV contrast.

Based in the presented methodology, VSI can be used to monitor vasculature changes in
different gliomas grades [13, 21]. Vessel caliber parameters can be studied separately or together
for complementary information about the microvascular network.
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3.3.2 Studies

3.3.2.1 Vessel Size Imaging

3.3.2.1.1 Clinical Studies for Small Animal

Several pre-clinical studies have been performed in order to determine the value of MRI
based vessel caliber. Comparisons between VSI and histological data have been performed in
order to validate the feasibility of VSI.

Pre-clinical animal studies have shown excellent agreement between MRI and
histological vessel calibers in orthotopic glioma xenograft model*! [20, 21, 23, 107]. However,
absolute average of determined vessel calibers tends to be slight overestimate compared with
histological vessel caliber measurements. This fact was explained due of the incomplete
understanding of the relationship between blood MRI signal and the underlying physiology.
Collectively, these studies provide first corroborating evidence that determination of vessel
calibers can serve as a surrogate marker of the microvasculature in tumors motivating its
implementation in human’s studies. Only studies without any administrated treatment were
mentioned.

3.3.2.1.2 Vessel Size Index (Vsi) - Human Studies

Following the substantial increase of pre-clinical studies about vessel caliber MRI over
the past decade, the number of clinical studies related in human cancer, stroke and hypercapnia
also increased. Only the studies with cancer data will be mentioned.

The first human vessel caliber MRI data in cancer was measured in intracranial tumors.
In 2000, Donahue and co-workers published the first images [108]. Four years later, using the
same methodology, Schmainda et al. confirmed the previous results in a corroborating study that
included 72 patients with gliomas. This study demonstrated larger relative vessel calibers and a
wider range of calibers with increasing tumor grade [109]. These findings have been confirmed
in small glioma studies by Lamalle et al. [110] and by Hsu et al. [111]. Larger vessel calibers and
greater heterogeneity in vessel diameters were found in glioblastomas compared with LGG. In
parallel, Kiselev, Breyer, Xu and their colleagues [112,113] also presented supporting data from
patients with brain lesions across several publications between 2003 to 2013. Higher average MRI
vessel calibers were reported in 20 intracerebral tumors (84 £ 73 um) compared with adjacent
WM (32 £ 10 pm) and GM (34 + 8 um) tissue [112]. These findings have also been confirmed in
31 patients at 3T, as opposed to 1.5T scanner by Breyer et al. [113]. More recently in 2015,
Kellner et al. [114] provided a comparative study between Vsi and CBV in patients with glioma
with data from histopathology. Using 25 gliomas within different grades, this study demonstrated
a good correlation between Vsi and vessel size from histology. Also, similar results between CBV
and Vsi using perfusion were found. Furthermore, in 2016 Kang et al. [115] compared the efficacy
of distinguishing gliomas grades using CBV and Vsi parameters. In this study, participated 70

11 Xenograft is a transplantation model, which involves actual human cancer cells or solid tumors, which are
transplanted into a host mouse. The transplant may be orthotopic meaning that the tumor is placed in the site it would
be expected to arise naturally in the host.
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patients and microvessel parameters were compared with histology information. The conclusions
of this study demonstrated that Vsi is more efficient than CBV (i.e. higher specificity and
sensitivity) when distinguishing HGG and LGG.

Further studies were performed in order to investigate the feasibility of target therapies
using Vsi information. Prior to administration of targeted therapies, abnormal and dilated vessel
calibers were observed using MRI in a range of glioma grades [116], recurrent glioblastomas
[103, 117] and newly diagnosed glioblastomas [119]. An almost threefold increase in average
tumor vessel calibers compared with whole brain of normal-appearing tissue was observed in 30
patients with recurrent glioblastomas (21 + 6 pm versus 8 + 1 um) [12] and in two separate cohorts
comprising 40 and 14 patients with newly diagnosed, untreated glioblastomas (24 + 15 um versus
8+ 2 um and 33 =20 um versus 11 + 5 um, respectively). However, in these studies the obtained
CBV were lower than reported by Kiselev et al. [13].

3.3.2.1.3 Mean Vessel Diameter (mVD) and Mean Vessel Density (Q) Studies

In 1998, Dennie et al. introduced the first vessel caliber parameter, named mVvD [20].
This parameter provides an indication of the average vessel size within a voxel but does not give
information about the density of the vessels. Therefore, two years later Jensen and Chandra [21]
introduced a dimensionless parameter Q, sensitive to the microvessel density. In this first study,
relaxation rate changes were computed using a static technique (Steady-State Contrast-Enhanced
(ssCE-MRI)). Although in 2006, the same author published a quantitative Q assessment in human
brain tissue using an interleaved dynamic sequence (SE GE EPI) and a bolus injection of Gd-
DTPA [22]. The conclusions of this study demonstrated that DSC EPI can be used to evaluate Q
within the human brain. Also, the obtained Q values were in accordance with histology
information. From this conclusions, Q is a potentially parameter for vessel density information
assessment in human brain tumors. Further studies were also performed to provide more
information about this parameter [8, 120, 121].

3.3.2.2 8F-FET -PET Studies

Several studies have been performed in order to access the feasibility of amino acid tracer
BE-FET PET in brain tumor diagnosis. In 2006, Popperl et al. [8] evaluated the feasibility of 8F-
FET uptake kinetics in 45 patients with gliomas comparing with histopathologic findings from
biopsies. This study demonstrated that '8F-FET uptake was able to differentiate between LGG
and HGG. One year later, the same author evaluated the potential of ¥F-FET for non-invasive
tumor grading in 54 untreated patients. Significant differences were found between LGG and
HGG. In 2015, Galldiks et al. [9] evaluated the diagnostic value of static and dynamic F-FET
PET parameters in patients with progressive and recurrent glioma. This study concluded that static
and dynamic '®F-FET parameters differentiate progressive or recurrent glioma from treatment-
related non-neoplastic changes with higher accuracy than conventional MRI techniques.
Furthermore, comparative PET tracer studies have also been performed in order to verify the
feasibility of ®F-FET PET in tumor diagnosis. In 2014, Pauleit et al. [96] investigated the
diagnostic value of ®F-FDG and ®F-FET in 52 patients with cerebral gliomas concluding that ‘8F
—FET is superior for biopsy guidance and treatment planning. More recently, in 2016 Dunet et al.
analysed the performance of ®F-FET versus ®F-FDG PET for diagnosis efficiency and grading
of brain tumor [10]. It was concluded that for brain tumor diagnosis ®F-FET performed much
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better than 8F- FDG (higher sensitivity and specificity). In conclusion, among amino acid tracers,
BE-FET should be preferred for tumor brain grading and delineation.

3.3.2.2 3 MR/PET Studies

Ostergarrd et al. in 1998 [122] was the first author to combine information from perfusion
MR data and amino acid PET data. In his study, the calculation of CBF using MRI bolus tracking
data was compared with (**O) water uptake using PET. This study yielded parametric CBF images
with tissue contrast in good agreement with parametric CBF PET images. Nonetheless, several
factors needed to be correct as, the duration the measurement, anatomic precision, image
resolution and sensitivity to tracer arrival delays. Motivated from previous studies, in 2005 Pauleit
et al. investigated whether the diagnostic accuracy of MRI could be improved by the additional
use of amino acid ®F-FET PET [95]. This study concluded that combined information from MRI
and ®F-FET -PET in patients with cerebral gliomas significantly improves the identification of
cellular glioma tissue and exploits histological tumor diagnosis.

Furthermore, related to dynamic studies several ones suggested that PWI-MR imaging,
particularly regional cerebral blood volume maps (rCBV)?*2, may provide similar diagnostic
information comparing to ®F-FET data [12, 123]. Nevertheless, in 2014 Filss et al. performed a
comparison between both techniques concluding that in patients with cerebral glioma, **F-FET
and rCBYV yields different information [12]. 8F-FET PET shows considerably higher TBRs and
larger tumor volumes than rCBYV maps. Also, different local hot spots (i.e. maximum of tumor
value) could be identified. In this manner and in contrast to previous studies [11, 123], amino acid
PET information did not reflect rCBV PWI information and CBV showed a considerably lower
diagnostic value in depicting metabolic active tumor tissue. Following this conclusion, in 2015
Henriksen et al. performed a similar study concluding that tumor volumes using PWI-MRI and
BEET PET were quantitatively correlated but its spatial congruence was generally poor [13].

As both techniques give different information, one cannot replace the other, so its combination
can be potentially improving tumor diagnosis and glioma grading.

12 rCBV corresponds to the CBV calculated in the specific region of the brain.
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4. Materials and Methods

The main focus of this dissertation is to compare ¥*F-FET PET with Vsi, CBV, Q and
VAI information and to evaluate the performance of Vsi, CBV, Q and VAI in providing vascular
information. In this chapter, the reader is presented with the materials and methods used
throughout this study in order to accomplish the dissertation’s objective. A brief description of
the data used, the equipment and acquisition schemes will be mentioned and the image processing
methodology will be described.

4.1 Dataset and Acquisition

4.1.1 Patient

Twenty-five patients (eight female and seventeen males) with brain tumors diagnosed
based in histological information (Twenty high-grade gliomas, two low-grade gliomas, one
suspected of metastasis and 2 gliomas no further specified) were recruited for this study. Further
information about patients can be found in table A.1, Annexe 1. Tumors were graded according
to the guidelines suggested by the World Health Organization (WHO) [124]. Glioma grades | and
I were defined as low-grade ones and grades 11l and IV as high-grade. Patients were also selected
according to their ability to cooperate and remain still during the scan. Informed consent was
obtained from each patient after the study was comprehensively explained. The study protocol
was approved by the local Human experiments and ethics committee.

4.1.2 Contrast Agent

For each subject, Gadoteric acid (Dotarem Guerbet) was injected with a dose of 0.1
mmol/Kg of body weight and 100 MRI image volumes were acquired in order to track dynamic
signal changes induced by the CA. Injection was performed automatically with a power injector
(Injektron 82 MRT Medtron AG) at a flow rate of 5 mL/s.

4.1.3 Scanner

The measurements were performed in a Siemens 3T hybrid MR/PET scanner
(MAGNETOM Trio a Tim Trio System). The head coil consists of two separate coils, a birdcage
transmit-receive coil and an 8 channel receive coil.
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4.1.4 MRI Acquisition

PW images were acquired using the combined 5-echo GESE EPIK sequence described
previously. A 90° pulse was applied and two echoes (Tg, /Tg, =12/30ms for FE1 or and
Tg, /Tg,=11/27ms for FE2) were acquired followed by a refocusing pulse and three additional
echoes were then acquired (Tg,/Tg, /Tg,=53/71/88ms for FE1 or Tg,/Tg, /Tg,=50/66/80ms for
FE2). The last echo is a SE created by the refocusing pulse. In this work, Tr was fixed to 1500
ms and 16 slices were acquired with a matrix size of 96x96, iPAT = 2, partial Fourier = 6/8, ramp
sampling and a FOV of 24 cm. FE1 and FE2 correspond to two different acquisitions from
different studies, however as the differences between the Te do not influence our methodology
and the protocol was the same, both data were included in this study.

4.1.5 PET Acquisition

Simultaneously with MR measurements, using BrainPET insert, a ®F-FET PET scan was
carried out in the hybrid instrument. The amino acid ®F-FET was produced and applied as
described previously [9]. Dynamic PET studies were acquired up to 50 min after intravenous
injection of 3 MBq of 8F-FET /kg of body weight on the same day as MR imaging. PET data was
reconstructed using OP-OSEM3D software with 4 subsets and 32 iterations. The images were
normalized and corrected for attenuation, scatter, dead time and random events. The reconstructed
images have an isotropic voxel size of 1.25x1.23x1.25 mm? with a matrix size of 256x256x153.
Note that, the BrainPET is a head only high-resolution PET insert with an isotropic image
resolution at the center of the scanner of 3 mm [86].

4.2 Post-Processing Data

The data was analyzed using MATLAB v.2015a (The MathWorks, Inc, USA) and FSL
toolbox v.1.4 (FMRIB, UK.)).

4.2.1 Data Fitting

The first-bolus of the AR, ;g and AR, signal time courses from GESE EPIK were fitted
to a Gamma Variation Function (GVF). The fitting was applied to eliminate the contamination of
the tracer recirculation from the second-bolus passage, figure 4.1. A simplified methodology
proposed by Madsen et al. [125] was further applied.
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Figure 4.1: CTC. a) Conventional bolus curve. b) Bolus curve fitted using a GVF. In green it is represented the ARzse
curve and in blue the ARzse curve fitted.

4.2.2 Gamma Fitting

The quantification of perfusion measurements using DSC-MRI depends on the estimation
of the tracer bolus shape. Typically, the dispersion of a bolus, which passes through a series of
compartments, can be described as a GVF, equation 4.1. GVF fits the bolus portion of tracer CTC
[126].

y(t) = A(t — tg)%e~tt)/B fort>t, (4.1)

, Where A is a scaling factor, a and (3 determine the bolus shape and t, is the bolus arrival time.
Using GVF it is possible to eliminate the contamination of tracer recirculation from the
second-pass on the first-pass of DSC data, figure 4.1. Most authors assume that tracer
recirculation has to be removed for an accurate estimation of perfusion parameters (e.g. CBV and
CBF). The bolus fitting is therefore, an important step in perfusion studies [12, 16].
Thereby, both AR,¢g"(t) and AR, (t) curves can be rewritten as:

AR,sp e (D) = A(t —to)%e /B fort>t, (4.2)

, Where AR,sg g * represents the ideal first-pass curve from SE and GE sequence respectively.

4.2.2.1 Gamma Function Simplification

Madsen et al. [125] proposed a simplified formulation for GVF in order to provide an
alternative to the non-linearity of the problem and reduce the number of estimated parameters.
The simplification begins with the usual form described by equation 4.1. Because t, can be
estimated easily, the origin of the graph can be shifted in such a way that it coincides with t,. The
function can be then expressed as:

y(t) = At%e~P fort>t, (4.3)
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This expression shows that  can be written in terms of a and t,,,x , Where t,,,« is the
time which y(t) reaches its maximum. Taking the first derivative of equation 4.3 and setting it
to zero will yield t,,,, in terms of a and $3, or B in terms of t,,,,, and a.

' -1, - tmax tmax
y (tmax) = Atmax” Le~tmax/B (0( - T) > thax = a.forp = o (4.4)

Substitution of § in equation 4.3 gives:
Ymax = Atmax“e™/max (4.5)
Subsequently letting t=t ;. Will yield A in terms of y,;,.x, tmax @nd «, equation 4.6:
Ymax = ¥(tmax) = Atpmay e max/tmax - A =y b, e (4.6)
Substituting these equations into equation 4.3 yields:
Y(©) = Ymaxtmax “e“tie™ W/ max  (4.7)

However, equation 4.7 can be further simplified by redefining the independent variable
in terms of ty. Witht’ = t/tax

Y(t,) = Ymaxtmax_aeatmaxatat,e_at, = Ymaxt,aea(l_t,) (4-8)

From equation 4.8, y.x and o ca be found from the linear least-squares estimation.
Taking into account that In(t*) = a.In(t), the following equation is obtained if the natural
logarithm is taken:

In(y(t)) =In(ymax ) +a (1+1In(t) —t") (4.9)

From this simplification, one less initial parameter has to be defined beforehand (f3), the
coupling between a and 3 has been eliminated and the computation time reduced. These results
are important in brain studies due to increased number of pixels of the images.

4.2.2.2 Fitting Features

Data was fitted using MATLAB v.2015a using the Levenberg-Marquardt method
implemented in fmincon function. The initial values for the fitting (a, A and t,,,x) Were defined
based on the whole brain CTC using a Genetic Algorithm (GA). GA allows to generate a
population of points at each iteration and the best point in the population approaches an optimal
solution. fitting . The methology applied using this method will be not described in this
dissertation, for further information contact the author.
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4.2.3 ADC Maps

The ADC maps were calculated on a pixel-by-pixel by fitting signal intensities to the
Stejskal-Tanner equation using least — squares approach. The images were acquired with a matrix
size of 192x192 with 75 slices. Three b-values of 0, 500 and 1000 s/mm? were acquired.

4.2.4 Masking

Brain masks were generated using FSL toolbox v.1.4 BET2 toolbox applied to PET and
MR data [127].

4.2.5 Co-Registration

PET and MR images were co-registered using FSL toolbox v.1.4 FLIRT toolbox [128,
129].

4.2.6 Segmentation

The segmentation of the images was done from probability maps using FAST tissue-type
segmentation toolbox from FSL toolbox v.1.4 [130]. The brain image was segmented in WM,
GM and cerebrospinal fluid (CSF) using a T;-weighted image.

4.2.7 Normalization of Cerebral Blood Volume (CBV)

Whole brain CBV was normalized to 3% as suggested in [131] for the estimation of the
Vsi parameter.

4.3 Data Analysis

4.3.1 Region of Interest (ROI)

For a quantitative comparison, ROIs of WM and GM were selected on the healthy area
contra-lateral to the tumor. Special attention was paid to not include large vessels (e.g. middle
cerebral artery (MCA)) into the ROI.
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4.3.2 Tumor Delineation

BE-FET was used as a clinical reference to delineate the Tumor Volume of Interest
(TVOI) using a TBR of >= 1.6 [73]. Based on the TVOI, region analysis was performed on PW
metrics (Vsi, CBV, Q and VAI). Further corrections to the tumor delineation were performed
based on Tiweighted (Fluid-Attenuated Inversion Recovery (FLAIR) and Magnetization-
Prepared Rapid Gradient-Echo (MP-RAGE)) with the help of one Neuroradiologist. Strongly
enhancing structures such as the choroid plexus, venous and arterial vessels were carefully
avoided, as were areas of tumor necrosis.

4.3.3 Parameters Quantification

PW metrics were calculated and imaged based on the methodology explained in Chapter
3 at WM, GM and in tumor area based on 8F-FET PET delineation for each patient. Vsi was
calculated by equation 3.21, CBV was calculated as the area under the curve of AR,gg" using
equation 3.9 and Q was calculated using the equation 3.14. Vessels with calibers equal to zero or
greater than 300 um, blood volume greater than 200 mL/100 g and vessel density greater than
100 were excluded from the averaging for each ROI. Also, T, -weighted MR images were imaged
for further comparison with PW and ®F-FET results. This step was performed in order to
investigate the vascular changes in tumor area comparing to normal tissue.

4.3.4 Local Hot spots

The hot spot (e.g. the voxel with the maximum value) for each parameter in the tumor
region was localized. Therefore, the distance between the hot spots of *8F-FET and Vsi, CBV and
Q was calculated using the following equation:

Distance = 3/ (xpgr — Xpw)? + (YpeT — YpW)? + (ZpET — ZPW)?  (4.10)

, Where (XpgT, YpeT, ZPET) COrresponds to the coordinates of the voxel with the maximum
intensity of ®F-FET and (xpw, Ypw, Zpw) corresponds to the coordinates of the voxel with the
maximum of Vsi and CBV and the minimum of Q. This step was performed in order to compare
PET and PW metrics information.

4.3.5 Heterogeneity Evaluation

From the steps 4.3.3 and 4.3.4, it was found that further information about the
heterogeneity of the tumor should provide important complementary vascular information.
Thereby, VAI was evaluated and imaged based on the methodology explained in Chapter 3
(Section 3.3.1.5.6), in both normal and tumor area based on PET information.
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5. Results

In this chapter, the results will be presented according to the methodology of this
dissertation.

5.1 Comparisons between PW metrics

In figure 5.1, it is represented the mean vessel diameter in WM, GM and tumor area
obtained from Vsi information. In figure 5.2, it is represented the normalized CBV values and in
figure 5.3, the mean vessel density obtained from Q in the same regions. In Annexe 2, the
correspondent values for each patient of Vsi, CBV and Q on the different regions can be found in
the table A.2, A.3 and A.4.

In figure 5.1, figure 5.2, and figure 5.3, the mean vessel diameter, blood volume and
vessel density reveal a heterogeneous variation for all the patients. Lower vessel caliber, blood
volume and vessel density values were found in WM comparing to GM. From this result, the
information in brain tissues of normal-appearance will be specified to WM, as this region is less
vascularized.

From figure 5.1, in twenty-four patients out of twenty-five (n°® 1-14, 16-25) the vessel
caliber in tumor area increased and for one patient (n° 15) decreased comparing to WM. Patients
20 and 3 exhibited a higher increased percentage in tumor area comparing to WM of 60.36%
(11.79 = 5.15 pum to 29.74 £ 10.80 um) and 40.97% (12.16 + 4.94 pm to 20.60 = 10.37 pm),
respectively.

From figure 5.2, seventeen patients (n° 1, 3-7, 9, 12, 14, 16, 18-23, 25) shown an increased
blood volume and eight (n° 2, 8, 10, 11, 13, 15, 17 and 24) a decreased in tumor area comparing
to WM. Patients 12 and 5 showed a higher increase of volume fraction in tumor area comparing
to WM, 65.93% (0.011 + 0.0069 mL/100 gto 0.027 + 0.017 mL/100 g) and 55.17% (0.013 +
0.0056 mL/100gto 0.029 + 0.030 mL/100 g), comparing to normal tissue, respectively.

Further, from figure 5.3, ten patients (n° 4, 8, 10, 11, 12, 15, 20, 21, 23 and 24) exhibited
a lower and fifteen patients (n° 1-3, 5-7, 9, 13, 14, 16-19, 22 and 25) a higher vessel density in
tumor area than WM. Patients 8 and 20, exhibited a higher decrease in tumor area comparing to
WM, 36.11% (0.49 + 0.098 s to 0.36 + 0.042 s*) and 20.00% (0.50 + 0.068 s to 0.40 +
0.096 s, respectively.

MR (FLAIR and MP-RAGE), PET (*¥F-FET) and PW parametric (Vsi, CBV and Q)
images for three patients are represented in figure 5.4, figure 5.5 and figure 5.6. In figure 5.4,
patient 7, showed an increased vessel caliber and blood volume and a decreased vessel density in
tumor area comparing to the brain tissues of normal-appearance. From figure 5.5, for patient 12,
it is visible an increased vessel caliber and blood volume in the edge of the tumor. However, the
region with higher vessel caliber did not correspond to the area with an increased blood volume.
Also, a decreased vessel density was visible in tumor area comparing to brain tissues of normal-
appearance. Finally, from figure 5.6, patient 14 showed a small increase of vessel caliber but a
visible increase of blood volume and vessel density in tumor area.
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Figure 5.1: The estimated vessel size index (Vsi) in pm in different ROIs (WM, GM and tumor region) for each patient.
In blue, it is represented the WM, in orange GM and in gray the tumor. Vsi was calculated for the whole brain by
computing both AR26e” and ARzsk fitted curves using equation 3.21.
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Figure 5.2: The estimated blood volume (CBV) in mL/100g in different ROIs (WM, GM and tumor region) for each
patient. In blue it is represented the WM, in orange GM and in gray the tumor. CBV was calculated for the whole brain
by computing ARzce” fitted curve using equation 3.9.
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Figure 5.3: The estimated mean vessel density (Q) in s in different ROIs (WM, GM and tumor region) for each
patient. In blue it is represented the WM, in orange GM and in gray the tumor. Q was calculated for the whole brain by
computing both AR2ce™ and ARzse fitted curves using equation 3.14.
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Figure 5.4: Brain tumor imaging for patient 7. In the first row, it is represented the MR (FLAIR and MP-RAGE) and
PET (*®F-FET) images, respectively. In the second row, it is represented PW parametric images (Vsi, CBV and Q),
respectively. The line indicates the area of higher activity based on ®F-FET information.
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Figure 5.5: Brain tumor imaging for patient 12. In the first row, it is represented MR (FLAIR and MP-RAGE) and
PET (*®F-FET) images, respectively. In the second row, it is represented PW parametric images (Vsi, CBV and Q),
respectively. The line indicates the area of higher activity based on ®F-FET information.
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Figure 5.6: Brain tumor imaging for patient 14. In the first row, it is represented MR (FLAIR and MP-RAGE) and
PET (*8F-FET) images, respectively. In the second row, it is represented PW parametric images (Vsi, CBV and Q),
respectively. The line indicates the area of higher activity based on ®F-FET information.
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5.2 Distance between ¥F-FET and PW metrics

The localization of the hot spots, as well as the distance between the local hot spots, were

accessed between PET and PW parameters in tumor area, figure 5.7. The distance was calculated
in order to understand if the voxel with the maximum intensity of ®F-FET corresponds to the
maximum vessel caliber, blood volume and minimum vessel density. In Annexe 2 table A.5, the
distance values between F-FET and PW metrics can be found.
From figure 5.7, all the patients exhibited a different hot spot between PET and PW metrics. The
maximum uptake of ¥F-FET did not match the maximum vessel caliber, blood volume and lower
vessel density. Thereby, 8F-FET and PW parameters provide different information. Further, for
the majority of the patients, the distance between Vsi, CBV and Q were different, except for
patients number 1, 6, 12, 16 and 20 where the distance between Vsi and CBV was equal.
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Figure 5.7: Distance between the hot spot of 8F-FET data with Vsi, CBV and Q in voxels.
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5.3 Combination of PW Metrics Information

From the previous results, for each patient different results were found for Vsi, CBV and
Q. Also, each PW metrics revealed different hot spots localization, figure 5.7. Thereby, the
combination of Vsi, CBV and Q information was evaluated, table 5.1. From table 5.1, some
differences were found between PW metrics in the tumor as compared with the brain tissues of
normal-appearance showing that, complementary vascular information was assessed for each
patient. Furthermore, from the combination of PW metrics, a signal variation between WM and
GM was obtained (figure 5.1, figure 5.2 and figure 5.3).

Table 5.1: Combination of PW metrics (Vsi, CBV and Q) information in tumor area comparing with the brain tissues
of normal-appearing WM. If the vessel caliber, density and blood volume increased, the box is filled with an up arrow.
Otherwise with a down arrow.
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5.4 Vessel Architecture Imaging

For each patient, the vessel architecture was evaluated based on F-FET tumor
delineation. Therefore, information about the distribution of the different type of vessels in the
tumor was accessed.

The pairwise AR, and AR, g curves were computed in both normal and tumor areas
and different results were obtained. First, from analyses of the vessel voxel curves, an increased
vessel caliber and higher blood volume was observed in tumor area, in contrast to normal tissue.
In figure 5.8, it is illustrated the obtained vessel voxel curve for tumor and normal area. Second,
based on this information and by evaluating the time shift between GE and SE curves, a
parametric image was computed revealing information about the architecture of the tumor i.e. the
distribution of the different vessels in the tumor area (arteries, capillaries, and veins). In figure
5.8c, it is represented the imaging of VAI in tumor area for patient 2.

Furthermore, for three patients (n° 2, 7 and 12) parametric images of VAI were evaluated
and compared with MR (MP-RAGE) and PET (*®F-FET) information, figure 5.9, figure 5.10 and
figure 5.11. From figure 5.9, for patient 2, an increased distribution of arteries (green) than
capillaries (red) and veins (blue) was found in the tumor area. Also, a higher distribution of
capillaries and veins is visible on the edge of the tumor comparing with the center. From figure
5.10, patient 7 exhibited an increased distribution of arteries in the center of the tumor and of
capillaries in the edge with a reduced distribution of veins. Finally, from figure 5.11, for patient
12, a similar distribution of the different type of vessels was found.
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Figure 5.8: Representation of VAI methodology for patient 2. a) 8F-FET imaging. b) Representation of the Voxel
pairwise GE SE. For tumor area, dot in orange and green in (a) corresponds to the first and second graphs, respectively.
For normal tissue, dot in red, corresponds to the third graph. c) Parametric image of VAI. The blue color match with
larger venues and smaller calibers and arteries (venues + capillaries), the red color with both fast inflow small vessels
and larger inflow larger vessels (capillaries) and the green color with small caliber vessels, arteries and capillaries
(arteries + capillaries).

Figure 5.9: Brain tumor imaging for patient 2 for one slice. The left to the right, MR (MP-RAGE), PET (*¥F-FET) and
VAI images in tumor area based on F-FET information. The line indicates the higher tumor activity based on 8F-
FET information.
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Figure 5.10: Brain tumor imaging for patient 7 for one slice. The left to the right, MR (MP-RAGE), PET (*8F-FET)
and VAI images in tumor area based on '8F-FET information. The line indicates the higher tumor activity based on 8F-
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Figure 5.11: Brain tumor imagingﬂfor patient 12 for one slice. The left to the right, MR (MP-RAGE), PET (*8F-FET)
and VAI images for tumor area based on 8F-FET information. The line indicates the higher tumor activity based on
18F-FET information.
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In this chapter, the discussion of the results obtained in this dissertation will be presented,
along with final consideration on the overall dissertation and possible future endeavors.

PET using F-FET provides important diagnostic information in addition to conventional
MR imaging on tumor extent and activity of cerebral gliomas. Previous publications have shown
a mismatch between the vascular information from PWI and metabolic information from 8F-FET
[12]. The main goal of this work was to explore the vascular information (Vsi, CBV, Q and VAI)
of the tumor guided by the PET information. For that, a multi-echo EPIK sequence (GESE) was
used. Thereby, based on ®F-FET tumor delineation, topological and structural heterogeneity
information of tumor microcirculation was accessed. This information is important particularly
in the clinical practice for monitoring and treatment planning of brain tumors.

Unlike the ordered microcirculatory arrangement of blood vessels found in normal tissue,
the heterogeneous tumor vascular bed comprises a chaotic network of mixed vessel types, from
small-caliber, capillary-like vessels to oversized and permeable post-capillary venule-like vessels
and vascular malformations. Hereupon, a heterogeneous vasculature characterized by larger
vessel caliber, increased blood volume and decreased vessel density should be found in tumor
area comparing to normal tissue (WM and GM) in gliomas [18-23].

In this work, the first step of our data analysis was to investigate the changes of vessel
caliber, vessel density and blood volume in tumor region delineated with ®F-FET. As ®F-FET
provides an accurate tumor delineated region, which corresponds to a higher metabolism by an
increased amino acid uptake, an increased vessel caliber, blood volume and decreased vessel
density is expected. From our results, for all the patients, vessel caliber, blood volume and vessel
density revealed a heterogeneous variation in tumor region comparing to brain tissues of normal-
appearing. Also, lower values were found in WM comparing to GM, which can be explained by
the reduced vascularization of WM comparing to GM tissues. Twenty-four patients out of twenty-
five exhibited an increased vessel caliber, seventeen patients an increased blood volume and ten
patients a decreased vessel density as compared with the brain tissues in WM, (figure 5.1, figure
5.2, figure 5.3). Moreover, vascular caliber can not be assessed using FLAIR and MP-RAGE MR
techniques, (figure 5.4, figure 5.5, and figure 5.6). FLAIR images allow the assessment of tumor-
related infiltration information and no further specifications can be revealed about vascularity. In
MP-RAGE, the disruption of BBB is visible by the entrance of the CA in the tumor area. However,
by using this MR technique it is only possible to perform the delineation of the tumor area, and
no other specific information about the heterogeneity and the caliber of the vessels can be
obtained. Furthermore, from the analysis of the PW images (Vsi, CBV and Q) some differences
were found comparing to the results obtained using ®F-FET. This result can be explained from
the fact of the tumor area obtained from *8F-FET delineation did not correspond to the area with
a higher vessel size.

The second step of this work was to compare ®F-FET and Vsi, CBV and Q information
by computing and comparing the local hot spots between both techniques. Based on a previous
study [12], it is expected that the local hot spots of F-FET and CBV may be different. Our results
reported that the locations of the local hot spots differ considerably between ®F-FET and Vsi,
CBV and Q, figure 5.7. Thereby, higher metabolically activity in gliomas depicted by amino acid
PET is not reflected by a larger vessel diameter, higher blood volume or lower vessel density from
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PWI. A higher distance between PW metrics and ®F-FET was observed for Q. This fact can be
explained due to the lower sensitivity of Q. Furthermore, different hot spots were found between
PW metrics, revealing that each one provides different vascular information about the tumor.

From the conclusions reported in the previous steps, in the third step of our data analyses,
the combination of PW metrics information was investigated. From the analyses of table 5.1,
some differences were found between PW metrics in the tumor as compared with the brain tissues
of normal-appearance. Those differences can be explained accordingly to the literature [17, 18,
93, 108-112]. The literature reported that Vsi exhibits a higher vascular sensitivity comparing to
CBV and Q, as it is influenced by ADC maps and CBV, equation 3.21. Otherwise, as Q evaluation
is independent on CA concentration (equation 3.14), this parameter showed less sensitivity to
vascular changes comparing to CBV and Vsi. In addition, differences between CBV and Vsi can
also be explained by the different genetic pathways of both parameters, which reflect different
molecular structures [132]. Further information can be found in [132]. Thereby, from the
combination of PW metrics, complementary vascular information was assessed for each patient.
Moreover, from the combination of PW metrics signal variations between WM and GM were
found, whose were not possible to be obtained from the analysis of these metrics individually.

Motivated by the previous results on the last step of our work, a complementary
assessment of the topological and structural heterogeneity of tumor microcirculation was
performed by evaluating VAI parameter. In this step, VAI was evaluated in two steps. The first
one comprised the analysis of the scatter plot and the second one the identification and comparison
of TTP of GE and SE curves. From the evaluation of first step, it was observed that, in contrast
with normal tissue, tumor area presented an increased vessel caliber and higher blood volumes
(higher slopes and area, respectively), whose corresponds to fast and/or slow inflow and larger
and/or smaller vessel , figure 5.8b. Both differences in vessel vortex curve direction and slope can
be explained by the differences in radii and oxygen saturation levels between the different types
of vessels caused by the abnormal vascularity [12]. Subsequently, by combining these results with
the second step procedure, a parametric image was computed where the correspondent
localization and distribution of arteries, venues and capillaries is described based on ®F-FET
tumor delineation, figure 5.8c.

Furthermore, as shown in figure 5.9, figure 5.10 and figure 5.11, from VAI methodology
and in contrast with MP-RAGE, information about the tumor vasculature can be obtained.
Thereby, the combination of VAI and ®F-FET information may reliable useful in tumors,
allowing the assessment of information about the architecture of the vessels in regions with a
higher activity.

A general limitation of this study is the highly dependence of the good performance of
AR, g and AR, curve fitting for the feasibility of PW metrics. The underestimation of Vsi
values obtained can be explained by the median value used for normal-appearance of 3% [131].
This value was selected according to a collection of literature values measured with PET [132]
and others recent studies [114, 121] however, some studies reported a value of 6% [18, 111].
Also, the computation of the ADC maps using the mono-exponential model instead of bi-
exponencial model could also influenced the Vsi results.

Moreover, the small number of 25 included patients and the unsufficent information
available to provide a comparison between groups (LGG and HGG) do not allow to draw
conclusions regarding the grading of tumors. However, if it was possible to group the
patients into two different groups, a threshold could be defined for each PW parameter (Vsi,CBV
and Q) between each group of patients. This threshold could be obtained using the same
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methodology (Statistical Analysis based) reported in Kang et al. [115], where a Kruskal-Wallis
H test was used to evaluate differences between the parameters and the ANOVA to perform a
comparison between the groups.

In conclusion, the metabolic guided analysis of VSI data provides further insights into
the complex nature of the tumor vascularity and heterogeneity. Also, as different information
could be found between the amino acid uptake from F-FET and VSI, the combination of both
informations can be reliable important for radiologists by opening the possibility of access to new
information, previously only available to pathologists and mainly derived from biopsies.

Future Work

To try and mitigate the shortcomings of this dissertation, an improvement of this work
would be to consider a larger cohort of patients with different malignancies (LGG and HGG) and
to perform a comparison between our data and histology data. Furthermore, an investigation of
the feasibility of the presented methodology pre and post treatment could bring new highlights in
to the clinical practice. Moreover, an automatic segmentation with specific information for larger
vessels could be applied in order to avoid including those in the analysis. Full-brain coverage
would also be desired in order to obtain full brain vascular information.
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Annexe 1

ANnexes

Table A.1: Patients information. Patient number, sex and histologic information. Regarding the histologic information,
all the patients had a positive ®F-FET tumor exame. HGG: High Grade Glioma, LGG: Low Grade Glioma, A:
Astrocytoma, OA: Oligoastrocytoma and GBM: Gliobastoma.

PATIENT | SEX HISTOLOGY
1 M OA 1l
2 M GBM
3 M OA Il
4 M GBM
5 M GBM
6 M GBM
7 M Glioma (not further specified)
8 F LGG
9 M Alll
10 M Glioma (not further specified)
11 F GBM
12 F All (LGG)
13 M HGG (Suspected)
14 M OA 1l
15 M HGG (Suspected)
16 M HGG (Suspected)
17 F Residual HGG
18 M OA Il
19 F GBM
20 M HGG
21 M HGG
22 F HGG
23 F Suspected of Metastasis
24 M HGG (Suspected)
25 F GBM
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Annexe 2

Table A.2: The estimated Vsi in different ROIs (WM, GM and tumor) for each patient. Mean, standard deviation and
the respective difference in normal (WM and GM) and tumor tissue in percentage. The mean and the standard deviation
was calculated for all the pixels between the 16 slices. The percentage was calculated using the formula WM, GM (%) =

(1

= Tumar) X100.
Vsi
PATIENT | WM (um) GM (pm) Tumor (um) | WM (%) | GM (%)
1 14.03 £ 4.60 17.72 £11.75 18.08 £ 7.09 22.40 1.99
2 18.12 +9.37 18.82 £11.51 | 19.75+12.78 2.44 -3.90
3 12.16 £4.94 | 20.45+15.02 | 20.60 + 10.37 40.97 0.73
4 18.44 +12.33 | 1853+12.80 | 28.84 +12.32 36.06 35.75
5 13.73£5.93 16.60+7.88 | 18.40+12.33 25.38 9.78
6 13.55 +4.36 17.16 £11.73 22.36 £9.47 39.40 23.26
7 15.53 £5.90 21.74+8.12 | 23.91+10.46 35.05 9.08
8 11.71 £6.63 14.42 £11.02 1441 +£4.23 18.74 -0.07
9 16.24 £13.90 | 20.11+11.38 | 25,53 +19.21 36.39 21.23
10 12.13+4.41 15.21 +7.60 19.84 £9.23 38.86 23.34
11 13.71£5.94 18.75 £ 9.46 16.87 £9.74 18.73 -11.14
12 13.84 £4.80 17.16 £6.10 | 22.90 £11.39 39.56 25.07
13 11.30 £ 3.08 16.16 £12.10 | 16.66 £1 1.86 32.17 3.00
14 1453 £6.57 16.90 £5.87 14.86 £ 7.09 2.22 -13.73
15 14.85+6.13 15.06 £ 6.40 14.43 £ 4.68 -2.91 -4.37
16 13.21 +3.81 17.86 £9.51 19.81 +£10.95 33.32 9.84
17 15.72 £+ 7.64 16.52 + 8.06 19.93+7.91 21.12 17.11
18 13.45+7.33 | 20.35+12.97 19.86 £ 8.92 32.28 -2.47
19 12.50 £ 6.57 21.64 +20.95 14.05+£4.76 11.03 -54.02
20 11.79 £5.15 1244 +£4.62 | 29.74 +10.80 60.36 58.17
21 13.89+546 | 21.32+10.35 | 21.16 +10.21 34.36 -0.76
22 13.31+£7.61 1445 +10.44 16.84 £9.92 20.96 14.19
23 14.28 £ 8.20 13.02+6.74 17.10 £ 7.07 16.49 23.86
24 14.12 +6.38 16.97 £9.41 | 22.32+13.94 36.74 23.97
25 12.73 £6.34 17.60 £ 8.62 18.71 £9.98 31.96 5.93
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Table A.3: The estimated CBV in different ROIS (WM, GM and tumor) for each patient. Mean, standard deviation
and the respective difference in normal (WM and GM) and tumor tissue in percentage. The mean and the standard
deviation was calculated for all the pixels between the 16 slices. The percentage was calculated using the formula

WM, GM (%) = (

WM.GM
1-—

) x100 ).

mor

CcBvV
PATIENT | WM (mL/100g) | GM (mL/100g) | Tumor (mL/100g) | WM (%) | GM (%)

1 0.010 £ 0.003 0.015 = 0.005 0.018 +0.014 44.44 16.67
2 0.012 +0.005 0.014 + 0.004 0.012 +0.009 1.63 -13.82
3 0.018 =+ 0.007 0.027 £0.011 0.026 + 0.008 30.77 -3.85

4 0.013 +0.007 0.015 +0.007 0.019 +0.010 31.58 21.05
5 0.013 +0.006 0.017 +0.008 0.029 +0.030 55.17 41.38
6 0.012 +0.003 0.014 +0.005 0.017 + 0.007 29.41 17.65
7 0.012 +0.005 0.015 +0.007 0.018 +0.012 33.33 16.67
8 0.013 +0.003 0.017 +0.004 0.011 +0.004 -18.18 -54.55
9 0.016 + 0.006 0.020 + 0.006 0.016 +0.013 0.00 -25.00
10 0.015 + 0.067 0.020 +£0.010 0.013 + 0.005 -15.38 -53.85
1 0.013 +0.005 0.021 +0.008 0.012 +0.009 -8.33 -75.00
12 0.011+£0.004 | 0.0150.010 0.027 £ 0.017 65.93 44.44
13 0.009 +0.002 0.010 +0.002 0.015 +0.010 42.00 3333
14 0.009 +0.004 0.012 +0.002 0.019 + 0.007 53.68 36.84
15 0.016 + 0.007 0.018 +0.006 0.011 + 0.006 -45.45 -63.64
16 0.012 +0.004 0.017 +£0.004 0.025 +0.025 52.00 32.00
17 0.010 + 0.004 0.014 +0.003 0.011 + 0.004 16.67 -16.67
18 0.016 +0.010 0.020 +£0.010 0.035 +0.021 54.29 42.86
19 0.012 +0.004 0.017 = 0.005 0.014 +0.004 14.29 -21.43
20 0.010 + 0.003 0.013 +0.001 0.019 + 0.007 47.89 31.58
21 0.017 +0.005 0.022 = 0.050 0.023 +0.007 26.09 4.35

22 0.015 + 0.006 0.017 +0.005 0.022 +0.011 31.82 22.73
23 0.019 + 0.006 0.021 = 0.005 0.028 + 0.026 32.14 25.00
24 0.011 +0.004 0.014 +£0.004 0.009 +0.007 -22.22 -55.56
25 0.014 +0.007 0.016 + 0.006 0.023 +0.014 39.13 3043
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Table A.4: The estimated Q in different ROIs (WM, GM and tumor) for each patient. Mean, standard deviation and
the respective difference in normal (WM and GM) and tumor tissue in percentage. The mean and the standard deviation
was calculated for all the pixels between the 16 slices. The percentage was calculated using the formula WM, GM (%) =

- ((1

- WM'GM) X 100).

Tumor

Q
PATIENT WM (s3) GM (s13) Tumor (s3) | WM (%) | (GM (%)
1 0.44 +0.07 0.52 +0.18 0.50 +0.11 12.00 -4.00
2 0.45 + 0.06 0.46 +0.06 0.58 +0.29 22.41 20.69
3 0.46 +0.07 047 +0.11 0.44 +0.09 -9.09 -11.36
4 0.45 +0.08 0.46 +0.08 0.46 +0.14 2.17 0.00
5 0.48 +0.07 0.50 + 0.09 0.59 +0.24 18.64 15.25
6 0.42 +0.06 0.50 +0.09 0.46 +0.07 -8.70 -10.87
7 0.45 +0.06 0.44+0.07 0.45+0.10 0.00 435
8 0.49+0.10 0.53+0.10 0.36 +0.04 -36.11 -47.22
9 0.48 +0.08 0.49 +0.09 0.56 + 0.26 14.29 12.50
10 0.48 +0.08 0.49 +0.09 0.46 +0.08 -4.35 -6.52
11 0.47 +0.09 0.51 +0.07 0.45 +0.08 -4.44 -13.33
12 0.51+0.05 0.49+0.08 0.46 +0.08 -10.87 -6.52
13 0.50 +0.07 0.53+0.10 0.58+0.23 13.79 8.62
14 0.46 +0.09 0.50 +0.07 0.56 +0.11 17.86 10.71
15 0.51 +0.10 0.52 +0.09 0.46 +0.08 -10.87 -13.04
16 0.49 +0.08 0.53 +0.07 0.56 + 0.05 12,50 5.36
17 0.44 +0.06 0.47 +0.07 0.45 +0.10 -4.44 -8.89
18 0.50 +0.13 0.49 +0.13 0.54 +0.17 7.41 9.26
19 0.46 +0.09 0.48+0.10 0.50 +0.05 8.00 4.00
20 0.50 +0.07 0.53+0.06 0.40 +0.09 -25.00 -32.50
21 0.47 +0.05 0.46 +0.08 0.42 +0.06 -11.90 -9.52
22 0.47 +0.09 0.53+0.10 0.53 +0.11 11.32 0.00
23 0.47 +0.07 0.44 +0.07 0.46 +0.09 -4.35 435
24 0.48 +0.06 0.49 +0.07 0.42 +0.19 -14.29 -16.67
25 0.51+0.12 0.44 +0.08 0.70 +0.64 27.35 37.32
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Table A.5: Distance values between the hot spots of 8F-FET data with Vsi, CBV and Q. The distance was calculated

based on equation 4.10.

DISTANCE (Voxel)

PATIENT Vsi CBV Q

1 2.45 2.45 412

2 55.16 12.53 4.47

3 3.74 3.16 76.16
4 29.15 5.10 50.52
5 70.00 12.37 9.70

6 4.00 4.00 71.60
7 7.14 7.07 80.42
8 7.87 5.92 60.88
9 32.62 5.00 7.8740
10 12.88 8.66 82.60
11 7.87 10.30 4.24

12 2.83 2.83 64.54
13 35.07 21.84 14.07
14 7.55 1.73 79.86
15 5.10 9.17 61.28
16 4.00 4.00 88.96
17 31.80 8.66 59.10
18 17.23 18.87 60.94
19 3.61 4.58 3.74

20 2.24 2.24 85.77
21 4.12 2.24 76.84
22 15.59 9.055 86.32
23 5.48 2.45 86.09
24 17.35 19.00 68.74
25 2.00 2.45 69.66
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