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11.1 Introduction

The poor clinical outcome of intracranial malignancies makes them a major medical
problem. According to the American Cancer Society, 23,700 new cases of primary
brain tumors would be diagnosed in the United States in 2016 [1]. Brain metastases
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are more common than primary brain tumors as 10-20% of adults with cancer
develop metastases to the brain. Even though any malignancy could potentially
metastasize to the brain, in the majority of cases, they arise from lung, breast, and
skin (melanoma) cancers [2]. Primary brain tumors are a heterogeneous group of
neoplasms including different subtypes with a wide range of histopathologic, molec-
ular, and genetic profiles and consequently different clinical presentation and prog-
nosis. The complex pathophysiology and vast heterogeneity of brain tumors make
their classification confusing to the most, despite the World Health Organization
(WHO) provides us with detailed classification. The fourth edition of the WHO
Classification of Tumors of the Central Nervous System (CNS) published in 2007 [3]
describes numerous tumor entities, variants of entities, and histological patterns. As
a means of predicting the biological behavior of the tumor, histological grading is
also described. Brain tumors are divided in four grades, primarily based on aggres-
siveness (Table 11.1). An update of the fourth WHO Classification of Tumors of the
Central Nervous System was recently released in 2016 [4] and represents a concep-
tual and practical advance to the 2007 version. In the molecular era that we are living,
when a better insight into tumor biology and tumor genetic profiles is warranted, the
last updated WHO classification incorporated molecular parameters, in addition to
histology, in the definition of many tumor entities [4, 5]. The role played by neuro-
imaging in this complex scenario is essential. Particularly important is the use of
molecular imaging and new advanced magnetic resonance imaging (MRI) tech-
niques that can aid tumor characterization noninvasively, allowing a more targeted
therapeutic approach, and consequently improve prognosis of these tumors.

One of the several aspects that make brain tumors unique compared to other
systemic tumors is the presence of the blood-brain barrier (BBB) [6]. Brain blood
vessels are protected by this selective barrier limiting the exchange of substances
between the systemic and cerebral circulations. This aspect is extremely important
because the BBB, besides protecting the brain from external insults, may also limit
the permeability to contrast media (e.g., gadolinium), to some radiopharmaceuticals
for SPECT or PET imaging, as well as some therapeutic agents. The most aggres-
sive brain tumors (high grades), due to their infiltrative growth pattern, are accom-
panied by disruption of the BBB. But when tumor growth is slow and does not
affect BBB integrity (low grades), this may represent a challenge to tumor visual-
ization [6, 7]. Another issue related to the unicity of the BBB is the so-called

Table 11.1 Brain tumor grading

Grading Proliferative activity Clinical behavior
Grade I (well differentiated) Low proliferative potential Usually curable by surgical
resection
Grade II (moderately Low proliferative potential Recurrence is frequent
differentiated) Infiltrative Tend to progress to higher
grades
Grade III (poorly Brisk mitotic activity and Tend to recur often
differentiated) nuclear atypia
Infiltrative
Grade IV (undifferentiated) Mitotically active Rapid pre- and postoperative
evolution
Necrosis-prone Fatal outcome
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pseudoprogression [8]. In patients with malignant gliomas treated with radiation
therapy, it was found an increase in contrast-enhanced lesions on MRI immediately
after treatment that improved without any further treatment. This condition has been
defined pseudoprogression, to be distinguished from actual tumor progression, and
is due to treatment-induced temporary loss of integrity of the BBB allowing gado-
linium enhancement [9].

These important aspects should be considered when imaging brain tumors with
contrast-enhanced MRI and PET/CT or PET/MRI.

MRI with and without contrast is the mainstay imaging modality for diagnosis,
treatment planning, and posttreatment response assessment of brain tumors [10, 11].
Structural MRI provides excellent anatomical detail, and more advanced recently
implemented techniques allow evaluation of metabolic or functional information
regarding brain tumors. Molecular imaging with PET can also play an important role
in brain tumors, especially in those gray areas where usefulness of MRI is limited.

This chapter will review the main features of different MR techniques and PET
radiopharmaceuticals used in brain tumors imaging. The current applications of
integrated PET/MRI systems will be described in the final sections, as well as the
advantages of the combined approach.

11.2 Neuroimaging of Brain Tumors
11.2.1 Computed Tomography (CT)

In patients with suspected brain tumors, CT remains the first-line imaging modality.
This is mainly due to its widespread availability, ease of the procedure, low costs,
and relatively low risks, and it is usually well tolerated by patients. CT is very sensi-
tive in identifying mass effect, acute hemorrhage, hydrocephalus, and other struc-
tural alterations due to the presence of brain tumors. However, the poor soft tissue
contrast of CT represents a major drawback in imaging the brain and limits its abil-
ity to detect the subtle changes in brain parenchyma that accompany brain tumors in
some cases. Other worth-mentioning disadvantages of CT are the radiation expo-
sure due to the use of ionizing radiations and the high allergenic potential of iodin-
ated contrast agents. For all the reasons described above, CT remains an initial
screening technique in patients with suspected brain tumors, but its utility is limited
to the exclusion of life-threatening conditions [6, 12].

11.2.2 Magnetic Resonance Imaging (MRI)

Magnetic resonance imaging (MRI) has become a critically important and obliga-
tory diagnostic tool central to the multidisciplinary planning and clinical manage-
ment of brain tumor patients [13—16]. The inherent high resolution and exquisite
soft tissue contrast of MRI allow to gain an understanding of the three-dimensional
morphologic and functional features of brain tumors and thus to appreciate the
problem these neoplasms pose in patient clinical management. These imaging strat-
egies also allow the fusion of disparate sets of information regarding brain tumors
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(e.g., structural, functional, hemodynamic, metabolic, and cellular) into the clinical
assessment of patients. Neuroimaging-based MRI tools may therefore be used to
diagnose brain tumors and suggest their aggressiveness preoperatively, to plan and
guide surgical biopsy or removal intraoperatively, to understand any potential com-
plications arising from treatment, and to assess and monitor therapeutic response
and patient prognosis.

Current clinical management of patients with brain tumors depends entirely on
the use of up-to-date neuro-MRI techniques. Recent advances in brain tumors imag-
ing offer unique anatomical and pathophysiological information that provide new
insights into brain tumor biology and behavior. Here we discuss both structural and
advanced MRI methods for the diagnosis of brain tumors, their treatment planning,
and for disease monitoring, highlighting the modern clinical application of these
techniques in evaluation and treatment of brain tumor patients. A detailed consider-
ation of the underlying MR physics is beyond the scope of this chapter and can be
found elsewhere in this book. Instead, we discuss the modern clinical application of
neuro-MRI in the daily evaluation and treatment of patients with brain tumors.

11.2.2.1 Structural MRI of Brain Tumors

There are several reasons why structural MRI has a central role in the neuroradio-
logic assessment of brain tumors [5, 17]. First, because of its relative advantages
over CT imaging, it is usually the first study that allows an accurate diagnosis of a
brain tumor. Not only can small tumors be missed on CT scanning but this tech-
nique may not depict all multifocal lesions. Detailed morphological characteristics
as well as the presence of leptomeningeal or intraventricular spread may also be
difficult to diagnose on CT scanning. Second, accurate structural characterization,
both qualitative and quantitative, of a brain tumor, as reflected in its pathological
MRI signal, is crucial for defining the topographical features of the tumor and, in
turn, its likely natural history if left untreated. Third, the analysis of these structural
MRI features is crucial in helping select the most appropriate treatment. Finally,
MRI is used after tumor resection for assessing the extent of tissue removal—the
extent of resection, along with histopathology, being two important factors in deter-
mining patient prognosis. There are two recent areas of research and development
aimed at enhancing the contributions of structural MRI to brain tumor management.
One approach uses methods that allow more accurate image segmentation espe-
cially of the peripheral zones of tumor infiltration into surrounding cerebral paren-
chyma to enable better assessment of tumor margins, and the other is the adoption
of VASARI (Visually Accessible Rembrandt Images) feature set criteria to provide
a more objective standard and use of a numerical score to quantitatively describe the
nature and extent of tumor MRI features.

Different chemical compositions and molecular environments in the brain lead to
different MRI relaxation times. Both T1 and T2 relaxation times vary for different
tissue types and depend on field strengths. T1-weighted images (T1WIs) are best for
obtaining contrast between different healthy brain tissues. However, most pathol-
ogy, including brain tumors, has long T2 and long T1 (high signal on T2WIs and
low signal on T1WIs). Structural MRI is generally concerned with visualizing soft



11 PET/MRIin Brain Tumors 189

tissue, e.g., brain or tumor parenchyma, or properties derived from the structural
integrity of these tissues. Thus, different tumor components have different T1 and
T2 values, depending on tissue composition, e.g., tumor, necrosis, edema, hemor-
rhage, and calcification. In practice, multi-sequence MRI is therefore used to better
characterize brain tumors, especially those with aggressive features. The standard
protocol most commonly used includes spin-echo T2-weighted images (T2WIs)
(Fig. 11.1a), fluid-attenuated inversion recovery images (FLAIR) (Fig. 11.1b),
T1-weighted images (T1WIs) (Fig. 11.1c), TIWI after the administration of con-
trast agent (Fig. 11.1d), and gradient echo images (GRE) (Fig. 11.1e) [18-20]. Most
tumors are hypointense on TIWIs and hyperintense on T2WIs in the absence of
hemorrhagic changes. In biologically aggressive tumors such as glioblastoma, MRI
usually shows a heterogeneous mass with internal cysts, flow voids representing
prominent intratumoral vessels, internal T1 hyperintense areas (hemorrhagic foci),
neovascularity, necrotic foci, significant peritumoral vasogenic edema, infiltration
of surrounding brain, and significant mass effect on adjacent normal brain structures
that become effaced or distorted. The structural imaging features of commonly
encountered brain tumors are described in Table 11.2. Because of the highly vari-
able appearance of brain tumors, they may mimic other brain diseases on MRI. For
example, a glioblastoma cystic mass with rim enhancement may be mistaken for
other brain tumors, tumefactive demyelination, radiation necrosis, metastasis, sub-
acute abscess, an infarct, or a resolving hematoma. A low-grade glioma may be
mistaken for an infarct, demyelination, cerebritis, or hamartoma. In terms of the
imaging appearance of a mass in the spectrum from low-grade glioma to glioblas-
toma, the following generalizations can be made, although with exceptions: the
incidence of calcification decreases toward glioblastoma, whereas the incidence
increases toward glioblastoma for enhancement, hemorrhage, necrosis, mass effect,
and surrounding vasogenic edema.

The use of gadolinium chelate contrast-enhanced imaging of the brain has
become a standard and essential part of the evaluation of most brain pathologies.
The accurate delineation of areas with blood-brain barrier (BBB) disruption depends
on the contrast sensitivity of the applied MRI technique and the dosage and type of
gadolinium-based contrast agent. The latter has been extensively studied for the
diagnosis of various diseases including detection of primary or secondary brain
tumors where the use of single- or multiple-dose applications of gadolinium con-
trast agents has been proven.

Fluid-attenuated inversion recovery (FLAIR) imaging is an MRI sequence
achieved by applying an inversion pulse with a long recovery time between this
pulse and the start of the measurement. It may be used to suppress the high CSF
signal on T2WIs so that the pathology adjacent to CSF spaces may be seen more
clearly. Also, subtle lesions in the cortex stand out against of the background of
attenuated CSF. Vasogenic edema surrounding brain tumors is also better seen and
defined on FLAIR images and is therefore used in conjunction with T2WIs.
Contrast-enhanced FLAIR MRI may be used by taking advantage of the T1 effect
to achieve a particularly high contrast between tumor and background tissue. This
allows an exact separation of enhancing and nonenhancing tumor components on
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one sequence. Two- and three-dimensional FLAIR techniques are simple to imple-
ment. Three-dimensional Cube FLAIR also has the advantage of increased number
of image slices that can be reconstructed in three planes.

In the pulse sequence of gradient echo (GRE) MRI, the repetition time (TR) can be
reduced because flip angles other than 90° are used. This results in shorter imaging
times and less motion artifacts. Therefore, GRE MR images are very sensitive to flow,

Fig.11.1 Selected axial MR images of a 78-year-old patient with a large glioblastoma in bilateral
anterior frontal lobes and spreading across the anterior corpus callosum (butterfly lesion). (a)
T2WI shows the multicystic tumor and mass effect on the lateral ventricles. (b) Better delineation
of the surrounding vasogenic edema on FLAIR T2WI. (¢) TIWI. (d) Irregular heterogeneous thick
nodular enhancement on a post-contrast TIWI. (e) Patchy increased susceptibility effect (signal
dropout) on GRE, suggesting minimal intratumoral hemorrhage. (f, g) Patchy tumor restricted dif-
fusion on DWI (f) and confirmed as dark signal on the ADC map (g). (h) Increased cerebral blood
flow in the anterior aspects of this tumor seen on bolus perfusion imaging
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Fig. 11.1 (continued)

can produce images that produce MR angiographic sequences, and also may be used
to see regions of signal dropout within a mass that represent calcification or slow flow
within tumor vessels. Calcified tumors produce areas of signal void, and GRE pulse
sequences are also very sensitive to the presence of hemorrhage, showing signal void
owing to increased susceptibility effects. GRE is especially suited to three-dimen-
sional imaging, which is used when high-resolution and thin contiguous slices are
required, e.g., in performing time-of-flight MR angiography.

11.2.2.2 Advanced and Functional MRI of Brain Tumors

Over the past three decades, we have witnessed a shift in neuro-oncologic imaging
from merely providing structural and anatomical information toward providing
additional information about tumor physiology [21, 22]. Newer advanced MRI
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Table 11.2 MRI features of selected common glial and other brain tumors

Tumor T1 features T2 features Others
Glioblastoma Isointense to Hyperintense with Variable enhancement
hypointense surrounding edema that is peripheral,

irregular, nodular.
Necrosis.
Hemorrhagic
products. Variable
restricted diffusion.
On MRS: choline,
lactate, lipids:
increased; NAA,
myoinositol:
decreased

Diffuse astrocytoma
(low-grade glioma)

Isointense to
hypointense

Mass-like
hyperintense. Follows
white matter but
expands the cortex

No restriction or
enhancement. On
MRS choline,
choline: creatine
ratio, and myoinositol
and ml/Cr ratio:
increase; NAA:
decreased. No lactate
peak

Pilocytic astrocytoma

Isointense to
hypointense

Hyperintense solid
component

Usually large cystic
component with a
brightly enhancing
mural nodule.
Enhancement. May
have calcification

Pleomorphic Isointense to Isointense to Mural nodule. May
xanthoastrocytoma hypointense hyperintense have dural tail and
remodeling of
adjacent skull
Meningioma Isointense to Isointense to Extra-axial. Intense
hypointense hypointense enhancement. May
show restricted
diffusion. CSF
vascular cleft sign.
Dural tail. Sunburst
appearance of vessels.
May have vasogenic
edema
Metastases Isointense to Hyperintense Uniform, punctate, or
hypointense. If ring enhancement.
hemorrhagic or Peritumoral edema
melanoma, then may be out of
may be proportion to tumor
hyperintense size
Vestibular Schwannoma | Isointense to Heterogeneously Strong contrast
hypointense hyperintense enhancement,

heterogeneous in
large tumors
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Table 11.2 (continued)

Tumor T1 features T2 features Others
Ependymoma Isointense to Hyperintense Foci of blooming
hypointense from hemorrhage or

calcification on
GRE. Necrosis, but
may be solid.

Heterogeneous
enhancement.
Restricted diffusion
Medulloblastoma Hypointense Isointense to Most enhance.
hyperintense Calcification,

Necrosis, cysts.
Surrounding edema.
Restricted diffusion
Usually vermian, but
in adults is more
lateral cerebellar

Oligodendroglioma Hypointense Hyperintense except | May enhance and
for calcification areas | show variable
increased perfusion

techniques for brain tumors include diffusion and diffusion tensor imaging with
tractography, perfusion imaging, MR spectroscopy, and functional imaging using
the blood oxygenation level-dependent (BOLD) technique. These MRI techniques
allow obtaining a variety of multiparametric information regarding brain tumor
pathophysiology and investigating the structural, functional, and metabolic nature
of brain tumor microenvironment. The evolution of these techniques has come
about from a need for clinical researchers and pharmaceutical companies to have
access to early and noninvasive biological information regarding brain tumors that
can predict outcome and/or quantify therapeutic efficacy. Therefore, the readouts
from these advanced MRI strategies are currently being used clinically, and further
investigated as biomarkers for early diagnosis, for predicting outcome in response
to specific therapies and monitoring therapeutic efficacy.

Diffusion-Weighted Imaging (DWI)

Diffusion-weighted imaging (DWI) is a unique tissue contrast technique based on a
pulse sequence sensitized to the random motion of water molecules, i.e., Brownian
motion. Certain pathologies constrain the normal Brownian motion of water mole-
cules in brain tissue (restricted diffusion). Lesions that have restricted diffusion
appear hyperintense on DWI and hypointense on the accompanying apparent diffu-
sion coefficient (ADC) maps. Factors such as tissue perfusion, transport of water, or
bulk motion can also contribute to the signal loss on ADC; this being the reason why
the term ADC is used instead of diffusion coefficient. Thus, it is possible to quantify
the diffusion in brain tissues by analyzing the accompanying ADC map. Differences
in ADC arise owing to intracellular and extracellular diffusion, cellularity, cell
membrane permeability, and overall tissue structure.
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In brain tumors, DWI can be helpful in preoperative radiological grading of glio-
mas [23, 24]. Restricted diffusion in peripheral solid components of a glioma is
attributed to hypercellularity and high nuclear to cytoplasmic ratios (Fig. 11.1f, g),
corresponding to higher tumor grades, which include anaplastic astrocytoma and
glioblastoma, whereas low-grade astrocytomas display increased diffusivity. Other
brain tumors that typically show restricted diffusion for similar reasons are lym-
phoma, medulloblastoma, and meningioma (except that calcified or psammomatous
meningiomas have low ADC values). Furthermore, epidermoid cysts almost always
display restricted diffusion. DWI can also be used to discriminate tumor tissue from
edema or a cystic or necrotic portion of a tumor. The latter may appear hypointense
on DWI and show much higher ADC values, whereas the areas of enhancing tissue
on T1WIs show high signal intensity on DWI. DWI is also very useful for differen-
tiating a brain abscess from necrotic or cystic tumor. Abscesses have high central
restriction on DWI owing to the presence of pus (in the center of a ring enhancing
lesion) that restricts water motion within its cavity. An acute arterial infarct will also
show bright restricted diffusion on DWI owing to cytotoxic edema.

Diffusion Tensor Imaging and Tractography

Diffusion tensor imaging (DTI) is an imaging technique to study the microarchitec-
ture of brain parenchyma by quantifying physical parameters such as fractional
anisotropy (FA) and mean diffusivity [25]. It is centered on the concepts of isotropic
and anisotropic diffusion. Since water molecules can diffuse equally in all three
directions, this is termed isotropic diffusion. This is found in the cerebral ventricles,
but also occurs in gray matter. Instead, free water molecules move anisotropically in
white matter, i.e., diffusion of water is not equal in all three directions. In white mat-
ter tracts, the myelin sheaths surrounding nerves cause the water molecules to move
along the long axis of a fiber bundle and less in other directions. Thus, maximum
diffusivity coincides with the orientation of white matter fiber tracts. Consequently,
DTI allows identification and characterization of white matter tracts according to
the direction and degree of their anisotropic water diffusion.

Information from DTI can be presented in two formats, FA maps and tractogra-
phy (Fig. 11.2). Quantification of FA can provide an indication of white matter
development and degradation. FA maps are images obtained in cross section. These
may be formatted in gray scale or may be color coded to depict information on
direction of white matter tracts. Conventionally, commissural white matter tracts,
e.g., the corpus callosum, are shown in red, association fibers such as the superior
longitudinal fasciculus are shown in green, and the superior-inferior running projec-
tion fibers are seen in blue. The intensity of color hues is proportional to the extent
of FA. It is possible also to generate three-dimensional representations of the major
white matter tracts in the brain. The principle direction of diffusion in a voxel is
called the eigenvector. Tractography is performed by connecting a given voxel to
the appropriate adjacent voxel, in accordance with the orientation of each voxel’s
principal eigenvector.

One of the most important indications of DTI in clinical practice is to study the
relation of a brain tumor to white matter tracts [26]. Within a tumor center white
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Fig. 11.2 Selected MR images of a 26-year-old patient with a large glioblastoma in the anterior
left frontal lobe. (a) Axial DTL. (b) Axial tractography. (¢) Sagittal tractography

matter fibers are displaced by cellular infiltration and FA is reduced. A tumor can
displace, invade, and destroy surrounding white matter tracts or cause vasogenic
edematous changes within them. Therefore, in the periphery and in a narrow rim of
white matter rim surrounding a tumor, FA may be preserved or even increased by
fiber compression owing to the mass effect of the tumor. When a white matter tract
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is destroyed by tumor, there is loss of FA and therefore a reduction in their values,
manifested on the gray scale FA maps as a loss of brightness.

There may be FA changes in white matter indicating cellular infiltration beyond
the area of tumor enhancement. This can help guide the surgical approach and
extent of resection. DTI demonstration of the corticospinal tracts may be used in
conjunction with intraoperative fiber stimulation. Preoperative tractography demon-
strating tumor involvement of the corticospinal tracts has been correlated to motor
deficits, even without involvement of the motor cortex. Normalization depicted on
postoperative tractography can predict improvement in function, suggesting a use-
ful prognostic role for intraoperative tractography.

Bolus Perfusion Imaging

Perfusion-weighted imaging provides information about the perfusion status of the
cerebral microcirculation [27]. There are two main approaches to measure cerebral
perfusion using MRI. The first is application of an exogenous intravascular contrast
agent, usually gadolinium-based, to highlight either the susceptibility effects of the
contrast agent on the signal echo, namely, first-pass dynamic susceptibility contrast-
enhanced (DSC) MR perfusion, or the relaxivity effects of the contrast agent on the
signal echo, namely, dynamic contrast-enhanced (DCE) MR perfusion. The second
approach is to capitalize on the presence of an endogenous contrast agent by using
magnetically labeled arterial blood water as a diffusible flow tracer in arterial spin
labeling (ASL) MR perfusion, discussed below. In DSC MR perfusion (or bolus-
tracking MRI), the first pass of a bolus of contrast agent through the brain is moni-
tored by a series of T2- or T2*-weighted MR images. The susceptibility effect of the
paramagnetic contrast agent results in a signal loss, demonstrated on the signal
intensity-time curve. Using the principles of the indicator dilution theory, the signal
information can then be converted into a contrast medium concentration-time curve
on a pixel-by-pixel basis. From these data, parametric maps of cerebral blood vol-
ume (CBV) and flow (CBF) can be derived. Regional CBF and CBV values can be
obtained by region-of-interest analysis. DCE is based on the acquisition of serial
T1WIs before, during, and after administration of a gadolinium-based contrast
agent. The resulting signal intensity-time curve reflects a composite of tissue perfu-
sion, vessel permeability, and extravascular-extracellular space. Using pharmacoki-
netic modeling of perfusion data, several metrics are commonly derived, of which
the most frequently used is £”** and which appears to reproducibly measure perme-
ability in glioma patients.

Perfusion imaging using MRI has become an integral component of the complete
radiological assessment of brain tumors [28]. Tumor-associated neoangiogenesis
produces very high blood volume in tumor tissue. Thus, the increased capillary den-
sity in the tumor causes markedly elevated CBV and CBF (Fig. 11.1h), as compared
to normal brain parenchyma. Perfusion imaging is often useful to establish the diag-
nosis of tumor and to distinguish tumor from tumor mimics, such as abscess or tume-
factive demyelination, which show hypoperfusion with low values of CBV and CBF.

Perfusion imaging can noninvasively help evaluate tumor grade. Low-grade
astrocytomas are hypoperfused as compared to high-grade lesions. Up to one-third
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of the high-grade tumors do not enhance, which may lead to a false radiological
impression of low grade. Thus, a perfusion study can demonstrate hyperperfusion
associated with higher grade. Moreover, since primary high-grade tumors are infil-
trative by nature, their peritumoral edema show elevated CBV values. By contrast,
metastases are well marginated and noninfiltrative by nature, and their perilesional
edema is purely vasogenic with low CBV values.

CBYV maps may also be used to delineate tumor margins. The results of stereotac-
tic biopsy on high-grade tumors such as glioblastomas are frequently negative, and
this may be because the tissue sampling has not been obtained from the most aggres-
sive part of the lesion. MR perfusion may therefore help direct the localization of
stereotactic biopsies from the most aggressive components of morphologically het-
erogeneous tumors. Perfusion can also differentiate tumor recurrence from enhanc-
ing nonneoplastic tissue such as radiation necrosis (causing an endarteritis) which
would also be useful for surgical planning and targeting of biopsies and radiation
therapy. Perfusion imaging will likely be increasingly used as a surrogate marker to
study response to newer antiangiogenic pharmaceuticals in clinical trials.

Arterial Spin-Labeling Perfusion Imaging

Arterial spin labeling (ASL) is a newer perfusion technique that does not require
exogenous contrast, and instead it exploits the spins of endogenous water protons
that perfuse the imaging plane. It thus uses electromagnetically labeled arterial
blood water as a freely diffusible intrinsic tracer. In clinical applications, this tech-
nique has proved reliable and reproducible in the assessment of CBF in various
pathologic states, including cerebrovascular and neurodegenerative diseases, and
temporal lobe epilepsy [29]. There is also a general positive correlation between
ASL signal intensity and density of microvessels in brain tumors. ASL may be
useful in differentiating between high- and low-grade gliomas; distinguishing
glioblastomas from metastases, CNS lymphomas, and all other glioma grades;
and predicting the outcome for metastatic brain tumors after radiosurgery [30].
Hemangioblastomas have significantly higher ASL signal than gliomas, meningio-
mas, and schwannomas.

Magnetic Resonance Spectroscopy

MRS is a noninvasive technique capable of measuring chemicals within the body.
MRS distinguishes various metabolites based on their slightly different chemical
shifts or resonance frequencies. Nuclei that can be analyzed using MR are those
possessing odd numbers of protons and neutrons, e.g., 'H, *'P, 1*C, 'F, and **Na. Of
these, the most commonly used is hydrogen or proton spectroscopy. The metabolic
information received is displayed as a graph, with the resonance frequencies plotted
on the x-axis to identify each unique metabolite. These frequencies (in parts per
million, ppm) are plotted on the y-axis. MRS can analyze single or multiple voxels
of the brain. Multivoxel MRS is also called chemical shift imaging (CSI). When
using CSI it is possible to construct color maps of metabolites that spatially demon-
strate their peaks and ratios. These maps are overlapped with conventional MR
images to demonstrate anatomical localization.
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Clinically relevant metabolites that feature on a brain spectral graph are branch-
chained amino acids, lipid, lactate, alanine, N-acetyl aspartate (NAA), choline, cre-
atine, and myoinositol. MRS can help in establishing the diagnosis of tumor by
demonstration of elevated choline, a metabolite that is found in normal brain but is
raised in tumors owing to high cell turnover. Indeed, the characteristic spectral
graph of a glioma depicts depressed NAA (a neuronal marker), elevated choline and
lipid, and/or lactate peaks [21, 31, 32]. It is thus possible to differentiate tumors
from other lesions such as abscesses or radiation necrosis. Moreover, when elevated
choline is found in peritumoral edema, it may suggest a diagnosis of primary glioma
rather than metastasis. Meningiomas, on the other hand, are characterized by ele-
vated alanine. The disadvantages of MRS are that it has poor spatial resolution and
it is sometimes nonspecific.

Hyperpolarized *C MRS

The emergence of hyperpolarized *C MRS has opened many new possibilities
for novel metabolic imaging studies that are translatable to the clinic and can
serve to characterize brain tumors and their response to therapy [32, 33]. 1*C
MRS studies have been challenging owing to the significantly low intrinsic sen-
sitivity of the technique, and when using *C-labeled compounds, long acquisi-
tion times are required, currently limiting the application of this method in
patient studies.

Molecules containing NMR-visible nuclei, such as '*C, can be hyperpolarized
using dissolution dynamic nuclear polarization. This allows hyperpolarization and
dissolution of '*C-labeled compounds that cause an increase in their signal-to-noise
ratio by 10,000-50,000-fold as compared with thermal equilibrium. To achieve this,
the labeled compound, mixed with a free radical, is placed at low temperature
(<2 K) and at high magnetic field (3—-5 T). Microwave irradiation then saturates the
electron spin resonance, and polarization is transferred from the radical electron to
the labeled nucleus. This leads to an increase in polarization from parts per million
to 10-50%. However, a limitation of hyperpolarized agents is their lifetime.
Relaxation times are typically less than a minute. A meaningful brain study there-
fore requires rapid dissolution and injection of the hyperpolarized agents, as well as
rapid transport across the BBB and a fast metabolic rate. In addition, a rapid data
acquisition strategy is required. This has led to a trade-off between spatial resolution
and acquisition time. In spite of these challenges, several hyperpolarized *C agents
as well as novel imaging methods have been developed over the past decade to spe-
cifically image metabolic pathways that are reprogrammed in brain tumors. This
new imaging approach enables study of major metabolic pathways and their repro-
gramming in cancer in real-time, noninvasively, and with no ionizing radiation
involved.

Functional MRI

Functional MRI (fMRI) demonstrates brain function with neuroanatomic localiza-
tion on a real-time basis. Cortical activity may be studied by fMRI techniques based
on detecting focal blood flow and oxygenation changes following neuronal activity,
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using BOLD contrast, which requires the detection of very small signal intensity
changes, 0-3% at 1.5 T and up to 6% at 3 T, for voxel volumes as small as
3 x 3 x 5 mm. In the BOLD technique, the performance of a predefined cognitive
task leads to regionally increased neuronal activity and consequent localized hemo-
dynamic changes that produce a measurable signal. Thus, neural activation is fol-
lowed by an increase in local blood flow and an increase of oxygenated hemoglobin
in the capillaries of the activated brain tissue. The parallel drop in concentration of
paramagnetic deoxyhemoglobin leads to a focal signal increase in the affected tis-
sue using T2* sequences (the BOLD effect). This was first used to demonstrate
activated brain regions as a result of sensory or motor stimulation.

BOLD imaging in the brain has many useful applications, e.g., localizing neu-
ronal activities, display of areas affected by sensory stimuli or motor activation,
and as a noninvasive tool for presurgical mapping of cortical function in patients
with intracranial tumors [34, 35]. fMRI imaging is primarily used to preopera-
tively establish the relationship of a brain tumor to eloquent cortex. The latter may
show significant anatomical variability and displacement by the mass effect from
a tumor. Although functional MR imaging cannot yet replace intraoperative elec-
trocortical stimulation in patients undergoing neurosurgical tumor resection, it
may be useful in guiding surgical planning and mapping, thereby reducing the
extent and duration of craniotomy. Thus, fMRI can contribute to more efficient
surgical removal of both benign and malignant brain tumors with an increase in
patient survival and a decrease in surgical morbidity. In addition, it is necessary to
establish hemispheric dominance for language processing preoperatively in brain
tumor patients. A preoperative fMR imaging study of language processing pro-
vides information on the feasibility of surgical resection and allows adequate
assessment of the risk of neurological deficits in the postoperative period.
Unfortunately, fMRI is currently unable to distinguish critical areas for brain
function, whose resection would lead to permanent disability, from accessory or
modulatory brain areas that may be resected without significant postoperative
disability.

11.2.2.3 Radiogenomics of Gliomas

Genomic characterization has recently improved the assessment of glioblastoma
by describing distinct molecular gene expression profiles, underlying genomic
abnormalities, and epigenetic modifications. Radiogenomic mapping (a link
between MRI features and underlying molecular data) can potentially address the
clinical need for surrogate imaging biomarkers that accurately predict underlying
tumor biology and therapy response in glioblastoma [36—39]. For this, gene expres-
sion modules are first constructed from information on glioblastomas, e.g., those
available in The Cancer Genome Atlas (TCGA), depicting extensive molecular
characterization, including gene expression, copy number, and DNA methylation
status for each tumor. By correlating quantitative image features with such mod-
ules, we can hypothesize on how gene expression patterns may drive the morpho-
logic manifestations captured by quantitative MRI features. The VASARI MRI
feature set is a system designed to enable consistent description of gliomas using a
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set of defined visual features and controlled vocabulary. These standardized
VASARI feature-set criteria are 30 qualitative and quantitative imaging features
that describe the size, location, as well as numerous detailed morphological char-
acteristics of a tumor. MRI features of a tumor have been shown to noninvasively
reflect to some extent its biology and pathology, tumor microenvironment, and its
genomic makeup.

11.2.2.4 Challenges in MRI of Glioblastoma

There are some limitations and challenges to MRI assessment when defining glio-
blastoma progression and treatment response [17, 40, 41]. First, glioblastomas are
frequently irregular in shape and may change anisotropically or differentially in
response to therapy, which limits meaningful linear tumor measurements. In addi-
tion, visible contrast-enhancing components are not necessarily representative of
active tumor volume. The Response Assessment in Neuro-Oncology (RANO)
Working Group has suggested criteria for response assessment that include evalua-
tion of nonenhancing areas of tumor. Further, nonenhancing active tumor compo-
nents and therapy-related changes in enhancement are well-recognized challenges.
Radiation necrosis may manifest as edema and a range of nonspecific enhancement
patterns, which can be impossible to distinguish from true progression or recurrence
of tumor using MRIL.

Radiological pseudoprogression, where transient increases in apparent tumor
size and enhancement are seen during and shortly after aggressive chemoradiation,
is increasingly recognized. Thus, within 12 weeks of chemoradiation, progression
should only be considered on imaging if there are areas of new enhancement outside
the field of radiation treatment. Pseudoprogression is more common in tumors with
favorable methylation status of methylated O6-methyl guanine-DNA methyltrans-
ferase (MGMT), and these tumors show better overall treatment response.

Steroid treatment has been shown to decrease BBB permeability and regional
CBV (pseudoresponse). Controlling for steroid treatment is therefore important
when imaging patient response. Similarly, antiangiogenic agents specifically tar-
geted to vascular endothelial growth factor are used to treat glioblastoma, and may
have a complex effect upon vasculature, which in turn modulates contrast enhance-
ment. Accordingly, appearances on MRI following antiangiogenic treatment may
mask residual or recurrent disease by showing decreased enhancement without
actual tumor regression. Therefore, contrast enhancement alone is not a suitable
marker for tumor response in this context.

11.2.3 Positron Emission Tomography (PET)

PET imaging of brain tumors is increasingly used in clinical practice. PET is typi-
cally a second-level investigation in patients already evaluated by MRI or in con-
junction with it when hybrid technology is available.

The interest of PET imaging is thus to complement MRI for specific questions
that are only partially addressed by MRI, namely: (1) contribute to the diagnostic
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Table 11.3 Current potential indications of the main PET radiopharmaceuticals used in brain
tumors imaging

Therapy-

induced
PET changes vs. Therapy Tumor extent
radiopharmaceutical Diagnosis | Grading | recurrence monitoring delineation
BE-FET, ''C-MET v v v v v
SE-FDOPA - - 4 v v
BE-FDG - - 4 4 v
BE-FMISO - 4 - 4 —
SF-FPPRGD, - - - v -
BE-FLT Ve 4 s s v
C-Acetate - v - - -
18- and '"C-Choline v v v - v
Ga-DOTA-peptides | v v/ VP v/° v/

“In high-grade gliomas
°In meningiomas

process of intracranial masses of unknown origin, (2) help grading lesions to estab-
lish the appropriate management and target the highest grade component for biopsy
planning, (3) define tumor extent for surgical and radiation therapy planning, (4)
evaluate treatment response, and (5) differentiate between treatment-induced
changes and disease recurrence (Table 11.3).

This section will describe the most important PET radiopharmaceuticals used in
brain tumors imaging with a description of their advantages and drawbacks, as well
as a brief review of the literature on currently available studies conducted using
PET/CT.

11.2.3.1 Radiolabeled Amino Acids (*'C-MET) and Amino Acid
Analogues ('F-FET, '®F-DOPA)

Brain tumors are characterized by a higher protein metabolism than normal brain
tissue and inflammatory lesions; therefore, protein synthesis can represent a good
diagnostic marker. L-type amino acid transporterl (LAT1) is a membrane protein
responsible for amino acid (AA) transport through the cell membrane and is typi-
cally overexpressed in glial tumors, as well as in case of blood-brain barrier (BBB)
rupture, which can modulate and increase AA delivery. AA analogue radiopharma-
ceuticals have low uptake in normal brain tissue, whereas tumor lesions present as
focal uptake on PET imaging.

The first radiopharmaceutical of this extensively used class is !'C-methionine
(MET), an essential sulfur AA necessary for cellular proliferation and growth [42].
MET is not only transported within the cells by LAT1 but is also incorporated into
proteins, even if its uptake is correlated with methionine transport and not directly
with protein synthesis [43]. Its use is mainly limited by the short half-life of !'C,
which confines its application to hospitals equipped with an onsite cyclotron.
8FE-Fluoro-ethyltyrosin (FET) has been more recently developed and has gained
larger use, since fluorinated tracers can be easily delivered in multiple sites [44]. Its
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distribution and binding properties are similar to those of MET, with the character-
istic of a slower clearance, associated with a higher blood pool signal that might
hamper the analysis of regions close to the venous sinuses [45]. Comparative stud-
ies have shown similar diagnostic properties and a strong correlation of quantitative
measures such as tumor-to-background ratio (TBR) of MET and FET [46].

BE-DOPA is another AA analogue, sharing the same mechanism of uptake by
LAT1 as MET and FET. It has been shown that the uptake and distribution of DOPA
and MET are overall comparable [47].

A comparative study including DOPA and FET has highlighted some differ-
ences, namely, a faster kinetic both in high- and low-grade gliomas and a high con-
trast to background in extrastriatal regions for DOPA [48]. Indeed, DOPA might
have a higher sensitivity in low-grade tumors, as compared with the performances
reported for other AA analogues [49]. Its physiologic uptake in the basal ganglia
represents the main limitation for use in lesions close to the basal ganglia, even if
this can be partly overcome by scanning rapidly after injection (20 min) to limit
specific binding to dopamine receptors [47]. In addition, it does not show higher
uptake in oligodendroglial lesions, as reported for other AA analogues (see below).

Finally, preliminary data report the use in brain tumors of a synthetic AA ana-
logue, ®F-FACBC, or fluciclovine, a tracer mainly tested in prostate cancer [50, 51].

The use of AA analogues has been examined for all previously mentioned applica-
tions. Recently, recommendations for clinical use of PET imaging have been published
by the Response Assessment in Neuro-Oncology (RANO) Working Group [52].

Lesion Characterization/Diagnosis

The sensitivity of MET for identification of tumoral lesions is in the range of 80%,
with some low-grade lesions having lower uptake, while specificity is higher, around
90% [53, 54].

A meta-analysis has shown that FET PET has a pooled sensitivity of 82% and
pooled specificity of 76% to differentiate primary brain tumors from non-tumoral
intracranial lesions and suggested a TBRmean of 1.6 and TBRmax of 2.1 as cutoff
values [55].

For lesion characterization, almost all high-grade gliomas, brain metastases, and
oligodendrogliomas have intense uptake, while false negative (10-30%) might occur
in low-grade tumors [53]. Non-tumoral lesions have usually less or no uptake, even if
high FET uptake has been reported in hematoma, radiation necrosis, ischemic stroke,
and abscesses, given the passive tracer influx in case of rupture of the BBB [56].

Grading and Biopsy Planning

The uptake value on static imaging does not provide reliable grading information
with any AA tracer, even if higher-grade tumors usually show higher uptake in case
of high-grade tumors [57]. Furthermore, a higher uptake in oligodendroglial, 1p19q
codeleted tumors has been reported both for FET and for MET [54, 58, 59]. The
significant overlap between grades and the association with histological type does
not allow a reliable tumor assessment at an individual level, but justifies the interest
of targeting a high uptake region, if any, for biopsy planning, and previous studies
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have shown its usefulness [60, 61]. The uptake can also have prognostic value, dif-
ferentiating benign and grade I lesions from higher-grade lesions for MET [62, 63],
for FET [64], and for DOPA [65].

The analysis of the evolution over time of tracer uptake in FET PET dynamic
scans provides additional information on tumor grading [66]. Lower-grade lesions
or non-tumoral lesions typically show an increasing uptake over time and a late
time to peak, more than 15/20 min (pattern I), while higher-grade tumors are typi-
cally characterized by an early uptake (less than 15/20 min) followed either by a
plateau (pattern II) or a washout (pattern III) [58]. The added value of this analysis
has been shown in grading lesions and in characterizing recurrent lesions vs. radi-
ation necrosis [67]. A similar behavior, namely, an early peak in higher-grade
lesions, has been reported for DOPA images [68, 69], while it has not been
observed for MET [70].

Tumor Delineation and Radiation Therapy Planning

The tumor delineation based on molecular information is able to capture the infiltra-
tive component without BBB rupture and the low-grade component, both for surgi-
cal and radiation therapy planning.

The comparative accuracy of AA PET imaging for radiation therapy planning
has been compared in a review, showing that both MET and FET have good perfor-
mances, variable across series but in the range of 90% [71]. A good performance has
also been reported in a series of patients evaluated by DOPA [72]. A threshold of 1.6
with contralateral physiological uptake has been suggested for lesion segmentation
on the basis of a biopsy-controlled study [73]. Multiple studies concordantly show
that the volumes determined on the basis of PET and MRI differ significantly [74].
[75]-[79].

A tumor delineation using the molecular information has shown a positive prog-
nostic impact in a small population study, not confirmed in a subsequent larger
study [80, 81]. A randomized controlled trial is ongoing to test the added value of
PET in radiation therapy planning [82].

The presence of a residual uptake has negative prognostic value, while the pres-
ence of residual contrast enhancement had not [60, 83].

Therapy Response Monitoring

A few studies have shown that AA PET typically shows low uptake in cases of
pseudoprogression [46, 84]. AA PET imaging might also identify progressive dis-
ease under bevacizumab treatment earlier than MRI, with a favorable impact on
costs [85, 86].

The majority of these studies used FET, showing that, after temozolomide, a
reduction of TBRmax higher than 20% has a positive prognostic value [87] and that,
after bevacizumab, a reduction of more than 45% of the metabolically active vol-
ume has a positive prognostic value [88].

The added value in surgical planning has been shown for MET and for DOPA
[72, 89, 90].
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Fig. 11.3 'SF-FET PET/MRI images showing a moderate uptake (SUVmean 1.5) increasing over
time (pattern I1I) in a histologically proven radiation necrosis. From left to right, axial, sagittal, and
coronal view. From top to bottom, MRI, fused PET/MRI images, and FET PET images

Differential Diagnosis Recurrence/Treatment-Induced Changes

MET, FET, and DOPA PET have been tested for differentiating high-grade tumor/
metastasis recurrence and treatment-induced changes, reporting high sensitivity and
more variable, but overall high specificity, providing additional information as com-
pared to MRI (Fig. 11.3) [66, 67, 91-94].

11.2.3.2 Glucose Metabolism ("*F-FDG)

BE-FDG is the most commonly used radiopharmaceutical in oncology, given the
strong association between cellular proliferation and glucose metabolism in most
tumors. Importantly, 8F-FDG PET uptake is not influenced by BBB rupture,
increasing its specificity. However, its use in the brain is limited by the physiologic
uptake of the normal brain cortex, which uses glucose as the main metabolic sub-
strate. This limitation can be partly overcome using later imaging times, over 5 h
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after administration [95, 96]. A second limitation is the potent effect of corticoste-
roids, often used to treat edema associated with intracranial masses, on brain tumors’
BE-FDG uptake, through the increase of glycemia and the reduction of cerebral
blood volume [97].

The use of 8F-FDG for differential diagnosis of intracranial masses is a well-
established indication in differentiating toxoplasmosis and primary lymphoma,
reaching a sensitivity and specificity higher than 90%; toxoplasmosis lesions show
BE-FDG uptake lower than the gray matter uptake (SUVmax in the range of 2-6),
while lymphomas have uptake higher than the gray matter (SUVmax in the range
from 12 to 30) [98].

For grading and prognostic evaluation, 'SF-FDG imaging can be useful in glial
tumors: low-grade tumors (WHO grades I and II) have an activity in the range of
normal white matter, WHO grade III tumor uptake is close to the gray matter activ-
ity, and WHO grade IV tumors might have focally higher uptake, with inhomogene-
ities related to tumor necrosis [99]. A higher tumor-to-normal brain ratio has been
consistently associated with shorter survival [100]. For this reason different diag-
nostic cutoffs with the white matter and cortical activity have been suggested for
low- and high-grade glioma, with good sensitivity and specificity [101, 102]. There
are relevant exceptions represented by histological types with high glucose metabo-
lism despite a low grade, such as ganglioglioma and pilocytic astrocytomas [103].
Non-glial tumors, namely, lymphomas, also have a high '®F-FDG uptake [104]. '3F-
FDG cannot be used for tumor delineation, because of negative findings in low-
grade tumors/components and because of the high physiologic metabolism of the
brain.

For treatment monitoring, a change in management in 38% of patients was
observed in a large series of either primary brain tumors or metastases based on the
National Oncologic PET Registry [105].

For differentiating tumor recurrence and treatment-related changes, '*F-FDG
PET reaches a good sensitivity of 96% but variable specificity [106] [107]. One
study directly compared the performance of MET and '8F-FDG for this indication,
showing a higher sensitivity and interrater agreement of MET [63].

11.2.3.3 Tumor Hypoxia ('®F-MISO) and Angiogenesis
("®F-FPPRGD,)

Tumor Hypoxia The concept that radiosensitivity of tumor cells is increased
in the presence of oxygen has been long known [108]; consequently, it has been
thought that tumor hypoxia may have a major importance in the efficacy of radiation
therapy, with hypoxic tissues being more radioresistant. Decades of research have
brought us to the conclusion that tumor hypoxia changes gene expression patterns
in tumor cells, leading to more aggressive survival traits and altering their malig-
nant potential [109, 110]. Tumor hypoxia plays a crucial role in tumor cell survival,
tumor development, and resistance to treatment, therefore, it is an attractive tar-
get for PET radiopharmaceuticals development [111]. The noninvasive assessment
of tumor hypoxia by means of PET could help select patients, prior to radiation
therapy treatments that may benefit from the use of radiosensitizing drugs. The
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most extensively investigated PET radiopharmaceutical for tumor hypoxia imaging
is 8F-fluoromisonidazole ("8F-MISO), which showed a good potential in identify-
ing hypoxic brain tumors. It accumulates in tissues binding to intracellular mac-
romolecules when pO, is very low (pO, < 10 mmHg) [109] and in the periphery
of the tumor, but not in the necrotic center, because only viable, hypoxic tissue
can accumulate the radiopharmaceutical [112]. ®F-MISO has been used in several
clinical trials [113, 114], with the first study in humans published in 1992 by Valk
et al. [115]. In this proof-of-concept study, three patients affected by malignant
gliomas were evaluated, and feasibility of ®F-MISO PET, as well as its ability to
detect tumor hypoxia, was demonstrated. 15 years later, in a larger cohort of 22
patients with glioblastoma multiforme, Spence et al. have demonstrated that the
hypoxic burden, measured using '®F-MISO PET, impacts time to tumor progression
and overall survival in patients previously treated with surgical intervention [116].
Some groups evaluated the possible role of 'SF-MISO PET in differentiating tumor
grade [117, 118] with promising results, but larger cohorts might be needed to con-
firm clinical utility. Other groups investigated a possible correlation between tumor
hypoxia, measured with '8F-MISO PET, and glucose metabolism, measured with
BE-FDG PET, suggesting discordance between the two modalities [119, 120], but
the combination of the two studies was seen to be predictive of progression-free sur-
vival and overall survival in glioblastoma patients [121]. Similar results were seen
for F-MISO PET and MRI in a recently published multicenter study involving
42 patients with glioblastoma and aimed at assessing tumor hypoxia with the two
imaging modalities. The lack of strong correlation between PET and MRI param-
eters shows their complementary role in the assessment of tumor status. Overall,
the parameters measured by MRI (tumor blood volume/flow, vascular permeability)
and hypoxia measured by 'SF-MISO PET are strongly correlated to prognosis in
newly diagnosed glioblastoma patients [122].

Angiogenesis There is considerable evidence that hypoxia is strictly connected
to angiogenesis, another key player in tumor growth and metastatization [123,
124]. More aggressive and malignant brain tumors have shown an abundant vas-
cular proliferation histologically, and the vascular microenvironment highly
influences the pathophysiological characteristics of the tumor [124]. Since
angiogenesis has emerged in the last decade as a major target for drug develop-
ment for malignant brain tumors, it also spurred interest toward the development
of PET radiopharmaceuticals that may guide antiangiogenic treatment [125-127].
BE-FPPRGD, is a PET radiopharmaceutical targeting integrin o,ps;, which is
highly expressed in proliferating vascular endothelial cells and plays an impor-
tant role in angiogenesis [128]. Tagaru et al. used 'SF-FPPRGD, in the evaluation
of 17 patients affected by glioblastoma multiforme and suspected recurrence.
Patients were imaged before and after treatment with bevacizumab, and PET
measured parameters, i.e., SUV . and angiogenesis volume, were shown to be
correlated to prognosis.
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Despite the high potential utility of hypoxia and angiogenesis PET radiopharma-
ceuticals, too little is yet available on large cohorts of patients, therefore the use of
these families of radiopharmaceuticals is still limited to research settings.

11.2.3.4 Other Radiopharmaceuticals (Radiolabeled Choline,
11C-acetate, '®F-FLT, Somatostatin Receptor)

Phospholipid Synthesis Choline is an essential substrate for biosynthesis of phos-
phatidylcholine, a major component of all cell membranes. Cancer cells have an
increased cellular metabolism compared to normal cells, which entails an increased
need of choline, and therefore an increased uptake of radiolabeled choline detected
by PET [113]. Choline can be radiolabeled with either ''C or ®F. '!C-Choline and
natural choline are biochemically indistinguishable, whereas '*F-labeled choline,
8F-fluoroethyl-choline (FEC), and '8F-fluoromethyl-choline (FCH) have shown
some differences in pharmacokinetics that were not however observed in clinical
settings [129, 130]. Radiolabeled choline has been used in a variety of tumors, but
the main application remains prostate cancer. In brain tumors radiolabeled choline
has been used for the first time in 1997, when Hara et al. described very encouraging
results in visualization of brain tumors in 24 patients using ''C-choline. High
'C-choline uptake was seen in brain tumors, as opposed to very low uptake in the
surrounding healthy brain parenchyma, allowing easy tumor delineation [131].
Different groups have found that radiolabeled choline is able to differentiate high-
grade gliomas (high choline uptake) from low-grade gliomas (low choline uptake)
[132, 133], whereas another group found contrasting results [134]. Choline was
found able to differentiate benign from malignant lesions [135, 136] and also brain
metastases (highest choline uptake) from high-grade gliomas (higher uptake than
benign lesions, but lower than brain metastases) and benign lesions (low choline
uptake) [137]. In a cohort of 94 patients with suspected brain tumors, Huang et al.
found that ""C-choline, despite a superior diagnostic accuracy in comparison to '8F-
FDG, had a rate of false positive of 4.55% and false negative of 3.64% [138]. When
compared to '"C-methionine, radiolabeled choline had a worse performance than
the amino acid analogue in terms of visual evaluation of tumor localization [139]
and also in the differential diagnosis between brain tumors and monofocal acute
inflammatory demyelination (MAID), a demyelinating disease associated with MRI
characteristics (e.g., gadolinium enhancement, edema, and mass effect) mimicking
brain malignancies [140]. In the differential diagnosis between tumor recurrence
and radionecrosis, radiolabeled choline performed better than MRI and "F-FDG
[141]. In a posttreatment scenario, radiolabeled choline showed good diagnostic
accuracy in the detection of recurrence of high-grade glioma [142] and in low-grade
gliomas with equivocal findings on other imaging during follow-up [143].
'C-Choline uptake was also described in patients affected by meningiomas [144].
Despite some studies showing excellent results using radiolabeled choline in brain
tumors, the role of the radiopharmaceutical has not been clearly defined yet.

Tumor Proliferation The increase of cell proliferation rate is a key characteristic
of cancer; consequently, the identification of an accurate imaging biomarker of cell
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proliferation in vivo would be highly desirable. Thymidine, the only nucleoside
exclusively incorporated in DNA and not in RNA, has been evaluated for this pur-
pose. It has been initially radiolabeled with ''C [145], but due to the short half-life
of the radioisotope (20 min) and the rapid in vivo degradation of ''C-thymidine, it
was considered less suitable for clinical use [146]. The thymidine analogue 3-deoxy-
3’-["8F]-fluorothymidine (‘*F-FLT), developed by Shields et al. in 1998, has more
favorable characteristics and is now the most widely used PET radiopharmaceutical
for imaging and measuring tumor proliferation. '*F-FLT is taken up and phosphory-
lated by the enzyme thymidine kinase-1 (TK-1), whose activity is strongly related
to cell proliferation, and then trapped in the cell [113, 146]. A recent kinetic analysis
study showed that '®F-FLT uptake is more significantly correlated to BBB disrup-
tion than to TK-1 phosphorylation activity [147]. The high dependency of "*F-FLT
uptake from BBB damage is well known and represents a major disadvantage when
evaluating low-grade gliomas, since they are usually not associated with BBB dam-
age. In a comparative evaluation of 'SF-FDOPA, "®F-FDG, and '8F-FLT in 15 patients
with low-grade gliomas, Tripathi et al. conclude that *F-FLT PET should not be
used in the evaluation of recurrent low-grade gliomas because of its limited utility
[148]. Several groups demonstrated that '®F-FLT PET can be useful in grading glio-
mas and particularly in identifying high-grade gliomas and differentiating them
from low grades [149-154]. '8F-FLT has been directly compared to *F-FDG show-
ing a much better tumor-to-background contrast and better tumor visualization due
to the high glucose metabolism and negligible "*F-FLT uptake in normal brain tis-
sue. In a recent meta-analysis, Li et al. showed that '8F-FLT has a better overall
diagnostic accuracy in the detection of recurrent gliomas than '"SF-FDG [155]. In
comparison with the amino acid analogue ""C-MET, '8F-FLT showed a lower sensi-
tivity for tumor detection, but better correlation to cell proliferation index Ki-67,
and better tumor grading assessment in gliomas of different grades [154, 156]. In
the differential diagnosis between tumor recurrence and radionecrosis, ®F-FLT has
been compared to "*F-FDG and '"C-MET in two studies, and both showed no clear
superiority of one radiopharmaceutical over the other [157, 158]. The most impor-
tant application of "*F-FLT seems to be therapy monitoring in high-grade gliomas.
Different groups showed that ¥F-FLT is a good predictor of progression-free sur-
vival and overall survival in patients treated with the antiangiogenic drug bevaci-
zumab [159-163]. BF-FLT was also used in a large Phase II trial evaluating newly
diagnosed glioblastoma patients treated with everolimus, temozolomide, and radia-
tion therapy [164].

Acetate Acetate is a metabolic substrate of B-oxidation and precursor of choles-
terol and amino acids. In the cell, it is activated to acetyl-CoA via the enzyme
acetyl-CoA synthase, which can follow two different metabolic pathways, depend-
ing on the cell type. In myocardial cells, it is mainly oxidized in the mitochondria
by the tricarboxylic acid (TCA) cycle, whereas in tumor cells, it is mainly converted
into fatty acids which are incorporated into phosphatidylcholine, an important com-
ponent of cell membranes [165]. Due to its potential role in imaging myocardial
cells and tumor proliferating cells, acetate has been radiolabeled with ''C for PET
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imaging and initially used for imaging of myocardial oxidative metabolism [166].
In oncology, ''C-acetate is primarily used in prostate cancer imaging, but it has also
been evaluated in brain tumors. Different groups showed that !'C-acetate can be
useful in grading of brain tumors (gliomas, astrocytomas, and meningiomas), allow-
ing a clear differentiation between high grade and low grade [167-170]. In a com-
parative study with 'SF-FDG and '"C-MET for the evaluation of gliomas, Yamamoto
et al. found that ''C-acetate has a better sensitivity than *F-FDG, but lower than
C-MET [170].

Somatostatin Receptors Somatostatin receptors (SSTR) are G-protein-coupled
membrane glycoproteins that have received, particularly during the last two decades,
large interest due to their overexpression in neuroendocrine tumors (NETSs). Five
subtypes of human SSTR have been identified so far (SSTR-1-SSTR-5) with differ-
ent expressions and functions. Various PET radiopharmaceuticals targeting SSTRs
have been developed, with variable binding affinities to the different SSTR sub-
types. The most used are DOTA-TOC, DOTA-TATE, and DOTA-NOC, radiola-
beled with ®Ga using the universal chelator DOTA, which forms stable complexes
in vivo [171]. Due to the high expression of SSTRs in meningiomas, mostly SSTR-2
[172], several studies have investigated ®*Ga-DOTA-peptides in imaging meningio-
mas. In 2001, Henze et al. described their first experience using %¥Ga-DOTA-TOC
in a small cohort of patients with meningiomas, finding very promising results and
excellent imaging properties of the PET radiopharmaceutical, including very high
target-to-background ratio. Several groups described the utility of PET imaging
using %Ga-DOTA-peptides in tumor extent delineation, particularly in the setting of
therapy planning [173-179]. Ga-DOTA-TATE has been described by Sommerauer
et al. as a reliable predictor of tumor growth in WHO I and II meningiomas [180].
In alarge study involving 134 patients comparing ®*Ga-DOTA-TOC PET to contrast-
enhanced MRI in the detection of meningiomas, PET showed a better sensitivity
than MRI (190 lesions identified by PET vs. 171 by contrast-enhanced MRI), con-
firming the importance of the imaging modality also in the diagnostic setting [181].
Another attractive application of PET using %Ga-DOTA-peptides is the possibility
of theranostics, due to the radiolabeling of DOTA-peptides with f~emitting radio-
isotopes for peptide receptor radionuclide therapy (PRRT) [182]. Some groups have
evaluated ®*Ga-DOTA-peptides in the setting of PRRT for meningiomas, showing
that ®Ga-DOTA-peptides PET allows pre-therapeutic assessment of tumor radionu-
clide uptake in PRRT [183] and can be predictive of outcome [184].

11.3 Integrated PET/MRI in Brain Tumors Imaging

The introduction of integrated PET/CT tomographs in the clinical practice has rep-
resented a milestone opening a new era for hybrid imaging. The added value of the
simultaneous acquisition of PET and CT goes far beyond the sum of the utilities
deriving from the two single modalities performed separately. The thought that the
success obtained with PET/CT could be replicated with PET/MRI was obvious.
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Table 11.4 PET/MRI studies in brain tumors imaging
Patient Radiopharmaceutical/
Reference| population MR sequences Aim Conclusions
[189] 7 healthy ''C-MET/standard Feasibility of DTI | DTI is feasible
volunteers diagnostic MRI, DTI using using the combined
4 patients with simultaneous approach without
BT PET/MRI degradation of
image quality
[191] 4 patients with | '8F-FET /standard Feasibility of Description of
BT diagnostic MRI, DTI, | simultaneous acquisition
MRS, fMRI PET/MR protocols
[190] 15 patients F-FET/standard Test performance | Combined
(in total) diagnostic MRI, PWI, | and clinical approach is feasible
5 patients with | DTI applicability of in a clinical setting
BT: combined
2 GBM approach Satisfactory results
1 low grade
1 grade IV
1 choroid
plexus
carcinoma
[188] 28 patients ''C-MET/standard Feasibility of Metabolic mapping
with BT diagnostic MRI, MRS | simultaneous of gliomas before
16 low grade approach for histological
12 high grading purposes sampling is feasible
grade using metabolic using the combined
mapping approach
[197] 10 patients IC-MET and Comparison with | Combined
with BT: %Ga-DOTA-TOC/ PET/CT approach can be
3 low grade | standard diagnostic Feasibility and reliably performed
1 grade 111 MRI accuracy of in BT imaging.
2 GBM combined Image. f?uamy and
. approach uantification are
2 atypical o Similar to PET/CT
neurocytoma
3
meningioma
[198] 50 patients in BE-FDG, '"C-MET, Comparison with | Quality of MRI
total and ®Ga-DOTA-TOC/ | PET/CT images using the
20 patients standard diagnostic p combined PET/MRI
Witﬁ BT MRI, DTL ASL, and | 1mage quality of 1 chis

proton spectroscopy

PET/MRI

uncompromised.
Results are in high
accordance with
PET/CT

(continued)
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Table 11.4 (continued)

Patient Radiopharmaceutical/
Reference population MR sequences Aim Conclusions
[192] 15 patients %Ga-DOTA-TOC/ Comparison with | PET/MRI provides
with standard diagnostic PET/ flawless image
meningioma MRI CT. Feasibility of | quality
(33 lesions the combined
identified) approach
[193] 26 patients E-FET/standard Differentiation of | FET uptake with
with BT diagnostic MRI, DWI, | therapy-induced Cho/Cr ratio and
(post-surgery perfusion EPI, MRS changes from normalized
and chemo-RT) recurrence in rCBVmean can
glioma patients distinguish glioma
recurrence from
radiation necrosis
[194] 20 patients 8F-FDG/standard Differentiation of | PWI has better
with BT diagnostic MRI, PWI | therapy-induced diagnostic accuracy
changes from in differentiating
recurrence. therapy-induced
Tumor grading changes from
recurrence than
PET
[196] 4 pediatric "C-MET/standard Evaluation of PET/MRI provides
patients: diagnostic MRI "C-MET PET/ high-resolution data
2 grade I MRIin for neuronavigation
1 grade TII preoperative reducing radiation
1 GBM biopsy planning exposure and
and navigationin | avoiding additional
pediatric patients anesthesia in very
young patients
[195] 12 pediatric 8F-Choline/standard Feasibility of the | "*F-Choline PET/
patients with diagnostic MRI combined MRI is a reliable
astrocytic approach for imaging tool. It
tumors: diagnosis and permits therapy
8 low grade response monitoring
4 high grade assessment
[199] 69 patients "'C-MET/standard Role of ""C-MET | The use of PET/
with high- diagnostic MRI PET/MRI in MRI did not
grade gliomas tumor volume change the target
evaluation for RT | volumes defined on
planning FLAIR MRI
[200] 56 patients SE-FET/standard Direct BF-FET PET and
with gliomas diagnostic MRI, PWI | comparison of PWI yield different
BE-FET to PWI information

using PET/MRI

BT brain tumors, GBM glioblastoma multiforme, DT diffusion tensor imaging, MRS MR spectros-
copy, fMRI functional MRI, ASL arterial spin labeling, PWI perfusion-weighted imaging
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One of the settings where a combination of PET and MRI could be more useful is
undoubtedly the study of the brain, where a high soft tissue delineation and high
resolution are particularly relevant. After the initial attempt to simultaneously
acquire PET and MR data in 1997 [185], the first study conducted in humans was a
brain study by Schlemmer et al., published one decade later [186]. Fully integrated
PET/MRI scanners for humans are available for whole-body imaging since the end
of 2010 [187], and their valuable role in research settings is unquestionable. But the
real clinical utility of integrated PET/MRI still needs to be proven and sustained by
large prospective trials. The focus of this section will be on the current applications
of integrated PET/MRI systems, specific advantages of a combined PET/MRI
approach in neuro-oncology, and future perspectives.

11.3.1 Current Applications of PET/MRI in Brain Tumors

Only limited literature is currently available and is summarized in Table 11.4. The
initial studies conducted using integrated PET/MRI scanners were aiming at assess-
ing feasibility of the combined approach and confirmed that it is feasible and does
not degrade image quality of the single modalities [186, 188—191]. Some groups
evaluated performances of PET/MRI in comparison to the well-established hybrid
PET/CT in the evaluation of brain tumors. Afshar-Oromieh et al. [192] studied 15
patients affected by meningiomas with %Ga-DOTA-TOC PET/MRI in comparison to
PET/CT. Image quality of PET/MRI was described as flawless, but the authors state
that the small dimension of their cohort doesn’t allow a meaningful comparison, and
this would require larger studies. In another study, comparing the performance of
PET/CT and PET/MRI in the same population of ten patients affected by different
brain tumors, Boss et al. describe similar image quality and quantification. PET/MRI
has also been used in the setting of differential diagnosis between therapy-induced
changes (radionecrosis and pseudoprogression) and tumor recurrence. Contrast-
enhanced MRI cannot distinguish the two conditions, and different PET radiophar-
maceuticals have been found superior to MRI for this purpose [52]. Two different
groups have evaluated combined PET/MRI in this setting with promising results
[193, 194]. Another clinical setting where PET/MRI has been successfully evaluated
is that of pediatric patients with brain tumors. In such populations, the reduction of
iodizing radiation exposure and number of examinations (with better patient comfort
and reduced sedation time in very young patients) deriving from PET/MRI may play
a crucial role in the success of the combined approach [195, 196].

11.3.2 Specific Advantages of the Simultaneous PET/MRI
Approach in Neuro-oncology

The individual characteristics of PET and MRI in the evaluation of brain tumors
have been described in detail above. As for PET/CT, the advantages of the combined
PET/MRI approach are greater than the sum of its parts. Before the introduction of
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simultaneous PET/MRI scanners, research has been focusing on developing soft-
ware for co-registration of the two separate examinations, but this approach can be
affected by substantial differences in image quality. The simultaneous acquisition of
PET and MRI in hybrid scanners allows an optimal temporal and spatial co-
registration in one single imaging session. PET/MRI also has the potential to sig-
nificantly improve diagnostic workflows in neuro-oncology. Considering that a vast
part of the population affected by brain tumors require both PET/CT and MRI dur-
ing their clinical workup, a faster workflow would be considerably more conve-
nient. The lower radiation exposure using MRI instead of CT is another important
advantage. These aspects of the combined simultaneous approach are particularly
relevant in patients with brain tumors, who generally need repeated scans. PET/
MRI is particularly promising in the field of neuro-oncology, but large prospective
trials are still needed to demonstrate its practical benefits to the scientific and clini-
cal communities.
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