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Foreword

Clear and concise clinical indications for PET/CT in the management of the oncol-
ogy and non-oncology patient are presented in this series of 15 separate booklets.

The impact on better staging, tailored management and specific treatment of the
patient with cancer has been achieved with the advent of this multimodality imaging
technology. Early and accurate diagnosis will always pay, and clear information can
be gathered with PET/CT on treatment responses. Prognostic information is gath-
ered and can forward guide additional therapeutic options.

It is a fortunate coincidence that PET/CT was able to derive great benefit from
radionuclide-labelled probes, which deliver good and often excellent target to non-
target signals. Whilst labelled glucose remains the cornerstone for the clinical ben-
efit achieved, a number of recent probes are definitely adding benefit. PET/CT is
hence an evolving technology, extending its applications and indications. Significant
advances in the instrumentation and data processing available have also contributed
to this technology, which delivers high throughput and a wealth of data, with good
patient tolerance and indeed patient and public acceptance. As an example, the role
of PET/CT in the evaluation of cardiac disease is also covered, with emphasis on
labelled rubidium and labelled glucose studies.

The novel probes of labelled choline; labelled peptides, such as DOTATATE;
and, most recently, labelled PSMA (prostate-specific membrane antigen) have
gained rapid clinical utility and acceptance, as significant PET/CT tools for the
management of neuroendocrine disease and prostate cancer patients, notwithstand-
ing all the advances achieved with other imaging modalities, such as MRI. Hence a
chapter reviewing novel PET tracers forms a part of this series.

The oncological community has recognised the value of PET/CT and has deliv-
ered advanced diagnostic criteria for some of the most important indications for
PET/CT. This includes the recent Deauville criteria for the classification of PET/CT
patients with lymphoma—similar criteria are expected to develop for other malig-
nancies, such as head and neck cancer, melanoma and pelvic malignancies. For
completion, a separate section covers the role of PET/CT in radiotherapy planning,
discussing the indications for planning biological tumour volumes in relevant
cancers.
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viii Foreword

These booklets offer simple, rapid and concise guidelines on the utility of PET/
CT in arange of oncological indications. They also deliver a rapid aide-memoire on
the merits and appropriate indications for PET/CT in oncology.

London, UK Peter J. Ell, FMedSci, DR HC, AQA



Preface

The Hybrid Imaging with PET/CT and SPECT/CT combines the best of function
and structure to provide accurate localisation, characterisation and diagnosis. There
is extensive literature and evidence to support PET/CT, which has made significant
impact in oncological imaging and management of patients with cancer. The evi-
dence in favour of SPECT/CT especially in orthopaedic indications is evolving and
increasing.

The Clinicians’ Guides to Radionuclide Hybrid Imaging pocketbook series is
specifically aimed at our referring clinicians, nuclear medicine/radiology doctors,
radiographers/technologists and nurses who are routinely working in nuclear medi-
cine and participate in multidisciplinary meetings. This series is the joint work of
many friends and professionals from different nations who share a common dream
and vision towards promoting and supporting nuclear medicine as a useful and
important imaging speciality.

We want to thank all those people who have contributed to this work as advisors,
authors and reviewers, without whom the book would not have been possible. We
want to thank our members from the BNMS (British Nuclear Medicine Society,
UK) for their encouragement and support, and we are extremely grateful to Dr.
Brian Nielly, Charlotte Weston, the BNMS Education Committee and the BNMS
Council Members for their enthusiasm and trust.

Finally, we wish to extend particular gratitude to the industry for their continuous
supports towards education and training.

London, UK Gopinath Gnanasegaran
Jamshed B. Bomanji
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Introduction to Brain Disorders
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The World Health Organization (WHO) data indicate that, together, brain disorders
account for one-third of the burden of all diseases in the wealthy part of the world
[1], and data show that these disorders are a major public health and economic prob-
lem with an estimation of € 800 billion for the healthcare worldwide, comprising
direct and indirect assistance. Several definitions have been proposed for brain dis-
orders and the one below recently appeared on the Bulletin of the World Health
Organization [2].

“Mental and neurological disorders are complex and linked to hundreds of spe-
cific diagnoses [3]. The causes of such disorders are heterogeneous, ranging from
pathological protein aggregation leading to neurodegeneration or dysregulation of
the immune process to developmental and functional abnormalities. These disorders
also frequently involve an intricate interplay between genetic and environmental
factors.”

In this pocket guide for radiologists and nuclear medicine physicians, the authors
have reviewed the clinical and research application of PET/CT and PET/MRI in the
most common neurological and neuro-oncology disorders.

In the first chapters, the authors will discuss pros and cons of most used radiolo-
gical imaging techniques, scanners, and main radiopharmaceuticals, with emphasis

J. Bomanji
Institute of Nuclear Medicine, University College London Hospitals NHS Foundation Trust,
London, UK

F. Fraioli (<)
Institute of Nuclear Medicine, University College London, London, UK
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on the state-of-the-art hybrid modalities and PET/MR and clinical and research trac-
ers used in neurodegeneration, movement disorders, epilepsy, and neuro-oncology.
In the second part of the book, the four killers above will be discussed in detail
highlighting the role of PET and molecular imaging in their assessment. All chap-
ters will be correlated with exhaustive images to better explain the diseases.
The final chapter will provide to the readers a large sample of teaching cases and
files which can help in the daily clinical practice.
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2.1 Neuroimaging Modalities and Techniques

The key role of neuroimaging in brain disorders is to assist clinical management by
either making a precise diagnosis or providing clinically relevant differential diag-
noses. There is a marked diversity of neuropathologies spanning a constellation of
conditions including vascular, infectious-inflammatory, degenerative and neoplastic
entities, and the clinical presentations can often be quite nonspecific, hence the key
role of neuroimaging is formulating a management plan. Cranial Ultrasonography
(US), Computed Tomography (CT) and Magnetic Resonance (MR) are the cur-
rently available modalities of neuroimaging, each with its specific strengths and
limitations. Overall, MR Imaging (MRI) is the most useful technique to study the
brain, given its higher soft tissue contrast, although CT has a central role still in
acute imaging and is also the best technique to investigate for associated bony
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disorders. Cranial US has a vital role in foetal and neonatal imaging given its bed-
side ease and the presence of a good acoustic window—the skull foramina in this
population. This chapter focuses on those clinical applications of neuroimaging that
complement the practice of nuclear medicine with special relevance to CT and MRI.

2.1.1 Computed Tomography (CT)

The advent of fast multi-detector CT scanners with superior multi-reformat capabili-
ties and their universally easy availability makes it the primary imaging modality in
acute care. The acquisition protocol consists of contiguous thin sections (I mm or
less) or overlapping axial slices (slice thickness no greater than 5 mm). CT is primar-
ily indicated in cases of sudden onset of new symptoms or deterioration, in the assess-
ment of intracranial shunts or in the immediate post-neurosurgical evaluation [1]. It is
mainly useful to detect calcifications and to establish the presence of blood within a
lesion or in acute head trauma. It can also assist with characterising brain tumours, by
showing increased density in hypercellular tumours and presence of calcification and
or haemorrhage in tumour matrices. CT scan also provides a much better assessment
of the bones of the skull vault and the skull base which can be secondarily affected in
some diseases, such as metastases or lymphomas. In some cases, the administration of
iodinated contrast medium can provide additional information in the assessment of
the blood brain barrier or, through CT angiography (CTA) technique, in the noninva-
sive investigation of intracranial vessels and vascular malformations.

2.1.2 Magnetic Resonance Imaging (MRI)

MRI is the diagnostic tool of choice in investigating the brain, owing to its superior
soft tissue contrast resolution. MRI protocols are tailored on diagnostic indications
and all provide multiparametric information. The standard protocol includes
T2-weighted (w) sequences, with and without CSF signal suppression (FLAIR),
T1-w sequences and diffusion-weighted imaging (DWI). Susceptibility-weighted
imaging (SWI) is a helpful adjunct in a large spectrum of diseases in order to iden-
tify blood, calcification or iron deposition. The use of different acquisition planes
for a three-dimensional evaluation is always useful: in particular the acquisition of
sagittal plane to investigate midline structures and coronal acquisition on temporal
lobes for the assessment of hippocampal and parahippocampal regions. Three-
dimensional T1-w sequences are also commonly employed in neuro-oncology and
epilepsy protocols, in guiding neurosurgery (intraoperative neuronavigation) and
also for their accuracy in identifying tiny lesions, to facilitate volumetric measure-
ments of tumour burden, and for better alignment of tumour regions on subsequent
follow-up examinations [2].

2.1.2.1 Perfusion MRI
MR perfusion imaging is an increasingly common mean for the evaluation of a
variety of pathologies mainly tumours and ischaemia. Three techniques are now
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available: two of them use T1- or T2-weighted changes after the injection of a
gadolinium-based contrast agent, respectively, dynamic contrast-enhanced (DCE)
MRI and dynamic susceptibility contrast-enhanced (DSC) MRI, and a third, arte-
rial spin-labelling perfusion (ASL-MRp), in which magnetically labelled arterial
blood water is used as an endogenous contrast agent. The main application of
perfusion in neuro-oncology is in providing additional information for the differ-
ential diagnosis, in particular between lymphomas and glioblastomas or metasta-
ses, for the assessment of brain tumour grade and for the evaluation of treatment
response. In acute stroke it can be used together with DWI for the identification of
potentially salvageable brain tissue or even to assess vasospasm in particular con-
ditions [3].

2.1.2.2 MR Spectroscopy

Spectroscopy provides information about normal and pathological tissue compo-
nents by an analysis of the chemical environment of the brain. The most commonly
studied metabolites are choline (Cho), a marker of cell membrane integrity and cell
proliferation; creatine (Cr), a marker of cell metabolism; N-acetyl-aspartate (NAA),
a marker of neuronal integrity; lactate (Lac), a marker of anaerobiosis; and lipids
(Lip), which correlate with membrane disintegration. The typical indications
include detecting the presence of neoplasms, grading of gliomas (low versus high
grade), evaluation of temporal lobe epilepsy and certain neurometabolic and neuro-
degenerative diseases [4].

2.1.2.3 Diffusion Tensor Imaging

Diffusion tensor imaging (DTI) is useful in the preoperative planning for oncology
and epilepsy. The technique enables the 3D localisation, orientation and anisotropy
of the white matter tracts of the brain and their relationship to the lesion under man-
agement [5].

2.1.2.4 Functional MRI (f-MRI)

f-MRI uses blood oxygenation level-dependent imaging (BOLD) technique, which
is based on the localisation of hemodynamic changes caused by regionally increased
neuronal activity during a cognitive task. This information is useful to determine the
hemispheric dominance and the presence of eloquent cortex in relation to a focal
lesion to plan surgical treatment [6].

2.2 Radiological Imaging in Neurodegenerative Diseases

Dementia, as a prototypical group of neurodegenerative disorders, can be subclassi-
fied based on certain neuroimaging criteria. Alzheimer disease (AD), dementia with
Lewy bodies (DBL), frontotemporal dementia (FTD) and vascular dementia are its
commonly encountered subtypes. Anatomic neuroimaging with MRI can differenti-
ate normal age-related degenerative processes from early signs of dementia, exclude
alternatives causes and identify specific patterns of brain volume loss that can sup-
port the clinical diagnosis [7]. Functional and metabolic imaging is suggested for
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Fig. 2.1 Neurodegenerative diseases. (a) Vascular dementia in a 69-year-old patient. (a) Axial
T2-w image shows moderate diffuse small vessel disease (arrow heads) and generalised brain
atrophy. (b, ¢) Mild cognitive impairment (MCI) and Alzheimer disease (AD). (b) Mild and (c)
severe atrophy, with reduced volume of the hippocampi (arrows) and enlargement of the liquoral
spaces, is seen in patients with MCI and AD. Coronal T1-w images better allow the assessment of
medial temporal lobe. (d, e, f) Frontotemporal dementia. (d) Axial and (e) coronal T1-w images
show disproportionate atrophy of the frontal and temporal lobes, with relative sparing of the pari-
etal and occipital lobes in a 67-year-old. (f) Coronal T2-w image shows a severe atrophy of frontal
and temporal lobes in a 70-year-old (Figures are courtesy of Dr. H. Hyare, University College of
London Hospital, NHS Foundation Trust, London)

problem-solving purposes, and a multimodality approach allows an earlier and
more confident evaluation [8]. Initially it is important to evaluate if there is a spe-
cific pattern of volume loss with a lobar predominance, looking for enlarged tempo-
ral and/or frontal ventricular horns, widened sulci and thinned gyri. Disproportionate
atrophy of the medial temporal lobes is generally the earliest sign identified in AD,
and its progression correlates well with clinical progression of cognitive impair-
ment [9]. The imaging assessment should therefore include the hippocampi, which
appear atrophic, the entorhinal cortex and the perirhinal cortex in the coronal plane.
AD changes involve parietal and frontal lobes subsequently, whereas the occipital
lobes and sensorimotor cortices are relatively spared.

Anatomic imaging findings in FTD on the other hand show symmetric or asym-
metric frontal or temporal lobe atrophy, with relative sparing of the parietal and
occipital lobes; these signs are subtle at the early stage, but later they can be severe
with a ‘knife blade’ appearance of the atrophied gyri [10]. The pattern of volume
loss in DLB is nonspecific, with a relative preservation of the hippocampi [11].
Figure 2.1 shows pattern of volume loss in different types of dementia.
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2.3 Radiological Imaging in Movement Disorders

MRI is used to evaluate certain key structures of the brain in parkinsonian disorders,
namely, the basal ganglia (caudate, putamen and globus pallidus) and the midbrain,
with particular focus on the substantia nigra, the pons and the cerebellum.

The primary step is to exclude structural pathologies involving these areas, for
instance, neoplasms, haemorrhagic or ischaemic lesions involving the basal ganglia [12].

Change in the signal pattern at the substantia nigra on susceptibility-weighted
MR sequences, relating to an increased iron content, is the most typical feature
described in Parkinson’s disease (idiopathic parkinsonism). This is eloquently
described as the absent swallow tail sign (the swallow tail sign is present in nor-
mal individuals as a comma-shaped focus of high signal on susceptibility-
weighted sequences in the posterior 1/3 of the substantia nigra). A relative
reduction in putaminal volume is also described as an early feature, though it is
not specific [13].

In other parkinsonian conditions such as multisystem atrophy (MSA), the puta-
men is particularly involved, initially with reduced T2 signal along its lateral edge
due to iron deposition, with atrophy and even frank gliosis in later stages. This
condition is typically accompanied by degeneration of the pons and cerebellum,
with associated prominence of the longitudinal and transverse pontine fibres, giving
the typical ‘hot cross bun’ sign of the hind brain in MSA (Fig. 2.2a).

Conversely, in progressive supranuclear palsy (PSP), there is selective atrophy of
the midbrain giving rise to the ‘hummingbird’ sign on a midline sagittal section
(Fig. 2.2b). This is accompanied by a widening of the interpeduncular fossa as well
as signal abnormality in the superior cerebellar peduncles [14]; this appearances
result in the “Mickey Mouse sign” in axial plan (Fig. 2.2c).

Another condition in this respect is corticobasal degeneration (CBD), that pres-
ents with movement disorders and cognitive decline and shows selective brain vol-
ume loss in the posterior parietal regions (Fig. 2.2d, e).

In paediatric practice, there is a wide differential to movement disorders, and
once again MRI has a primary role in the evaluation of relevant structures such as
the basal ganglia, in conditions such as neuronal brain iron accumulation
(NBIA) (Fig. 2.2f).

24 Radiological Imaging in Epilepsy

The role of neuroimaging in epilepsy is multifold: to detect a causative structural
lesion, to guide management and to monitor disease. There is a vast and diverse
constellation of conditions that can cause seizures and radiology helps in their
identification. These entities include malformations of cortical development,
tumours, stroke, infections, traumatic brain injuries, vascular malformations, pri-
mary or secondary mesial temporal sclerosis (MTS), phakomatoses, hypoxic isch-
emic encephalopathy and inborn error of metabolism [15]. Twenty to 30% of
patients with temporal lobe epilepsy and 20-40% of patients with extra-temporal
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Fig. 2.2 Movement disorders. (a) Multisystem atrophy (MSA). T2-w axial image demonstrates
the presence of pontine and cerebellar atrophy with degeneration of pontocerebellar tracts passing
through the middle cerebellar peduncles that results in the ‘hot cross bun sign’ at the level of the
pons (black lines in magnification). (b, ¢) Progressive sopranuclear palsy (PSP). (b) Sagittal plan
shows marked midbrain and tegmental atrophy compared with the pons which results in the
appearance referred as “hummingbird sign. (¢) Axial T2-w image demonstrate atrophy of the mid-
brain, involving the cerebral peduncles and resulting in the “Mickey Mouse sign”. (d, e)
Corticobasal degeneration (CBD). (d) Axial T2-w image and (e) parasagittal T1-w image show
cortical atrophy involving predominantly the pre- and postcentral gyri and the superior parietal
lobule. (f) Susceptibility-weighted imaging (SWI) demonstrates iron accumulation within the
globi pallidi in a 5-year-old patient with movement disorder (ataxia), in keeping with neurodegen-
eration with brain iron accumulation (NBIA)

epilepsy have no clear lesion visible on a standard conventional MRI [16]; there-
fore, a dedicated epilepsy protocol and a meticulous review of the scan is essential
as structural lesions can be completely resected with long-term seizure freedom.
Lesion detection and characterisation are improved with 3T-MRI, especially for
cortical lesions. Moreover T2-w and FLAIR coronal oblique images with thin
slices (commonly 2-3 mm slice thickness), acquired perpendicular to the hippo-
campal long axis, in combination with a coronal 3D inversion recovery sequence
are crucial for the identification of subtle cortical abnormalities, disturbances in
cortical migration and MTS [17]. The latter comprises of gliosis, atrophy and loss
of the internal architecture of the hippocampus; atrophy may be present in the other
structures of limbic system along with increased T2-w signal in the mesial tempo-
ral region. Many times a retrospective review of the MR images after nuclear imag-
ing may reveal a subtle cortical abnormality overlooked at the initial MRI
interpretation. Focal epileptogenic lesions, as haemorrhage and vascular



2 Radiological Imaging in Brain Disorders: An Overview 9

Fig. 2.3 Epilepsy in paediatric patients. (a—c) A 6-year-old boy with seizures. Axial T2-wi (a), coro-
nal FLAIR (b) and T1-wi (¢) show frontal bilateral heterotopic grey matter (white arrows) extending
from the ventricular surface to the cortex in keeping with FCD. (d—f) A 2-year-old boy with temporal
epilepsy. Coronal FLAIR (e) and T1-w (f) images oriented on the temporal pole (d) show a smaller
left hippocampus which has altered signal and poor detail of the internal architecture: the temporal
horn of the left ventricle is consequently enlarged. Symptoms resolved after right pole resection.
(g—i) A 7-year-old girl. Axial T1 and T2-wi and coronal T1-wi show a cortical/subcortical non-
enhancing lesion in the left inferior frontal gyrus in keeping with DNET undergoing surgery

malformations, can be better detected on susceptibility-weighted sequences [18].
Contrast injection is useful for the evaluation of known or suspected focal brain
lesions or in neurocutaneous syndromes; therefore its use depends on clinical his-
tory, especially in the paediatric population. MRI can also show transient seizure-
related signal changes, which can mimic other pathologic conditions but normalise
over time, and permanent brain injury, including cortical volume loss, laminar
necrosis and hippocampal sclerosis [17]. Figure 2.3 shows different causes of epi-
lepsy in paediatric patients.
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2,5 Radiological Imaging in Neuro-Oncology

In neuro-oncology diagnostic imaging has to provide, in the first instance, the dif-
ferential diagnosis between primary or secondary neoplasms and then additional
clues for the further management. CT maintains a role in detecting calcifications,
typically present in different types of tumours as meningioma, oligodendrogliomas,
germinomas, haemorrhages and tumour-related bone changes. However MRI is the
modality of choice in the comprehensive characterisation of tumours. Conventional
imaging provides essential information about the structure of the tumour, the pres-
ence of necrosis, the presence and the type of the enhancement, multifocality, lep-
tomeningeal and/or subependymal seeding; nevertheless these features cannot be
specific. DWI, being sensitive to random motion of water molecules, can give infor-
mation about cellularity, allowing the identification of hypercellular lesions with
restricted diffusion and low apparent diffusion coefficient (ADC), as typical lym-
phomas and embryonal tumours and sometimes germ cells tumour and pineoblasto-
mas (Fig. 2.4a, b). The hypercellularity in these cases is also demonstrated as
hyperdensity on CT scanning (Fig. 2.4c). Perfusion-weighted sequences and MR
spectroscopy can provide further information of the tumour environment assisting
with its grading, characterisation and response to therapy.

As an example, the differentiation between lymphomas and high-grade gliomas
(HGQG) is crucial considering their different managements. This differentiation is
difficult based on conventional sequences, as lymphomas may not have their typical
appearances of homogeneous enhancement with involvement of the corpus callo-
sum, lack of calcifications or haemorrhages. Herein, diffusion-weighted imaging
helps by showing lower ADC in lymphomas and lower perfusion on PWI that
reflects the leakage of contrast in the interstitial space [19, 20] (Fig. 2.4d-f). HGG
can be differentiated using these techniques as they usually demonstrate necrotic-
ring enhancement, a peritumoral area of signal abnormality with low ADC, increased
CHO-NAA ratio on MRS and higher vascularity on PWI [21, 22] (Fig. 2.4g—1).

Another practical application of MRI is the noninvasive grading of gliomas.
HGGs demonstrate lower ADC, higher CHO-NAA ratio and relative cerebral blood
volume on PWI compared with LGG [21]. These features can even be used to rec-
ognise areas with greater anaplasia within a lesion to target biopsy.

The other challenge for diagnostic imaging is response assessment of tumours to
various and emerging forms of therapy. In this context it is useful to advocate mul-
timodal imaging, using a combination of conventional imaging, along with perfu-
sion MRI and PET imaging. Comparing true tumour progression to therapy-related
necrosis or pseudo progression, for instance, lower relative blood volume on PWI is
noted in the latter. Another important role of MRI is the identification of tumour
pseudo response after anti-angiogenic treatment. These differentiations are not
always obvious, and then repeat imaging is recommended to evaluate for persisting
or progressing changes in 3 months’ time to confirm true progression [23].
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Fig. 2.4 Imaging of brain tumours. (a—c) Posterior fossa lesion in a 3.5-year-old child. (a) Axial
post-contrast T1-wi shows a large midline enhancing mass centred in the cerebellum causing
effacement of the fourth ventricle. The lesion has restricted diffusion in keeping with hypercellu-
larity (b) confirmed by ADC maps (not shown); this finding is congruous with the hyperdensity of
the lesion in CT scan (c). These appearances are in keeping with the histological diagnosis of
medulloblastoma. (d—f) A large mass in a 39 years old man. (d, ¢) DWI and corresponding ADC
map show a restricting lesion with very low ADC values centered in the right basal ganglia; (f)
axial post-contrast TIw image shows intense enhancement of the lesion in keeping with lym-
phoma. (g-i) A large mass in a 65-year-old man. (g) Axial T2, (h) coronal FLAIR and (i) axial
post-contrast T1-w images show a heterogeneous enhancing mass centred in the left deep grey
matter, with a large area of necrosis, confirmed on histology to be a glioblastoma multiforme
(Figures d—i are courtesy of Dr. H. Hyare, University College of London Hospital, NHS Foundation
Trust, London)
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Key Points

¢ Key role of neuroimaging is to assist clinical management by either making
a precise diagnosis or providing clinically relevant differential diagnosis.

e Computed tomography (CT) is mainly used in cases of sudden onset of
new symptoms or deterioration, immediately after neurosurgery, to rule out
the presence of calcifications, hemorrhages, or bone alterations.

e Magnetic resonance imaging (MRI) is the most useful technique to inves-
tigate the brain, through morphologic and advanced imaging.

e Advanced MR imaging comprises perfusion imaging, mainly used in
tumours and ischemia; spectroscopy, which evaluates brain tissue metabo-
lites; and diffusion tensor imaging, employed in pre-surgical planning to
study white matter tracts.

e In neurodegenerative diseases, MRI can differentiate normal age-related
degenerative processes from early signs of dementia, exclude alternatives
causes, and identify specific patterns of brain volume loss that can support
the clinical diagnosis.

e In motor disorders MRI is helpful in evaluating key structures, as the basal
ganglia (caudate, putamen, and globus pallidus), midbrain, pons, and cer-
ebellum, that can demonstrate signal changes and atrophy.

e The role of neuroimaging in epilepsy is multifold: to detect a causative
structural lesion, to guide management, and to monitor disease.

e The combined use of MRI and nuclear imaging in epilepsy management is
crucial, as the retrospective review of the MR images after nuclear imaging
may reveal a subtle cortical abnormality initially overlooked.

¢ In neuro-oncology diagnostic imaging has to provide, in the first instance,
the differential diagnosis between primary or secondary neoplasms and
then additional clues for the further management.

e Multimodal imaging, using PET imaging in combination with conven-
tional MRI and advanced MR techniques, helps in assessing tumour
response to therapies.
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3.1 Introduction

Positron emission tomography (PET) is an imaging technology developed to use
compounds radiolabelled with positron emitting radioisotopes to image biochemi-
cal and molecular properties in vivo. The use of molecular imaging include diagnos-
ing the biological nature of disease and assessment of therapies [1]. 2-['8F]
Fluoro-2-deoxyglucose (FDG) is the most widely available tracer used in PET neu-
roimaging to image cerebral metabolism of glucose.

FDG-PET has been used since the 1970s to examine glucose transport across the
cell and phosphorylation. Neuronal glucose metabolism can be increased with syn-
aptic activity or reduced from neural degeneration or dysfunction at the level of the
pre or post synapse [2]. There are limitations posed with FDG-PET, for instance, in
neuro-oncology imaging, the high baseline glucose metabolic rate of normal brain
tissue can lead to underdetection of low-grade tumours or recurrent high-grade
tumour post-treatment. Since the development of FDG, several novel PET
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radiotracers over the last decade have been approved by the US Food and Drug
Administration (FDA). The findings in PET research are promising in providing
information on the neurological processes in normal-functioning brain and patho-
logical diseases which can be overlapping clinically. A comprehensive discussion of
all PET radiotracers is beyond the scope of this chapter; instead a summarised over-
view of some of the most used and few experimental non-FDG-PET tracers used in
neuroimaging will be discussed.

3.2 Neurodegenerative

The two main neurodegenerative disorders of interest are Alzheimer’s and
Parkinson’s disease. They are associated with misaggregated proteins; therefore
these are targeted by radiotracers to detect and quantify these proteins including
amyloid beta, tau and a-synuclein.

Deposition of beta-amyloid is the neuropathological hallmark of Alzheimer’s
disease (AD) which results in formation of neurofibrillary tangles and the loss of
neurons and synapses. Amyloid imaging with ''C-labelled Pittsburgh compound B
(PIB) was first reported in 2004 [3]. PIB is a radioligand which crosses the blood-
brain barrier and binds to amyloid plaques [3]. The limiting factor with this radioli-
gand is the relatively short half-life of ''C which requires a cyclotron on-site for
isotope production. As a result of this limited clinical use, fluorine-18 amyloid beta
(Ap)-specific radiolabelled tracers have been developed for clinical use: florbetapir,
flutemetamol and florbetaben which are FDA approved. These amyloid radiotracers
have variable kinetic behaviours, Ap binding and different interpretation criteria for
positive studies. The binding to white matter is more variable amongst the
18F-labelled tracers when compared with PIB; however the quantification of cortical
AP deposition has been found to be comparable with PIB [4, 5]. Currently first-
generation 8F AP radiotracers have been studied, and further clinical trials will be
required to standardise imaging protocol and interpretation criteria. A further “*F
radiotracer, NAV4694, is undergoing clinical trials. The regional uptake and distri-
bution in the brain of this radioligand to AP deposition are similar in profile to the
aforementioned '8F Ap radiotracers. It has been reported to have high affinity with
amyloid fibrils in vitro. Further comparative studies are still being investigated [6].

Fig.3.1 The HO

radiopharmaceutical

structure of L-FDOPA, an

aromatic amino acid HO (6]

BF H,N OH
6-[18F]-fluoro-DOPA
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The neuropathological hallmark of Parkinson’s disease (PD) is characterised by
a combination of abnormal protein aggregation and loss of selective neurons with
involvement of serotonergic, cholinergic and noradrenergic pathways.

The loss of dopaminergic neurons in the substantia nigra is the pathological hall-
mark of Parkinson’s disease. PET with radioligands can target these pre-
dopaminergic markers and is used to measure dopaminergic function. These include
dopa decarboxylases ("SF-DOPA) (Fig. 3.1) and vesicular monoamine transporter
type 2 [7]. "SF-DOPA uptake in the striatum is determined by the number of func-
tioning dopaminergic cells. There is a reduced striatal uptake typically in the rostro-
caudal axis. "®F-DOPA uptake in the striatal and extrastriatal regions can provide
information on the clinical behaviour of this neurodegenerative disease and the
types of compensatory mechanisms which occurs with disease progression [8].

3.3 Neuroinflammation

Neuroinflammation is the central nervous system’s (CNS) immune response to cell
injury with activation of microglial cells. This inflammatory process has been impli-
cated also in many neurodegenerative disorders such as AD, PD and frontotemporal
dementia which can lead to chronic cerebral damage. In addition to microglial cell
activation, there is upregulation of the peripheral benzodiazepine receptor, 18 kDa-
translocator protein (TSPO) in neuroinflammation [9]. Increase in TSPO density
acts a biomarker of microglial activation and neuroinflammation and thought to be
an ideal imaging target to monitor disease progression and therapeutic efficacy of
novel treatments in neurodegenerative disorders [9, 10]. Radioligands targeting
TSPO expression have been the most studied in the past two decades. The most
widely used TSPO radiotracer is a [''C] PK11195 (Fig. 3.2), a lipid soluble
3-isoquinoline carboxamide which was first developed in the 1980s [11]. However
there are technical limitations with this radiotracer including poor signal-to-noise
ratio due to non-specific binding, low penetration in the brain, high plasma binding
and the short half-life of carbon-11 (20 min) [11, 12]. This has resulted in the

Fig.3.2 The O Me
radiopharmaceutical
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development of second-generation TSPO PET tracers which are currently evalu-
ated. These PET tracers include phenoxyarylacetamides derivatives labelled with
carbon-11 ("'C-PBR28, ""C-DAA1106) or fluorine-18 ("*F-FEPPA (Fig. 3.2), 'F-
PBRO6), pyrazolopyrimidines derivatives ("*F-DPA-714) and imidazopyridines
derivatives (''C-CLINME).

These second-generation radioligands demonstrate different binding affinity
depending on genetic polymorphism divided into low-affinity, mixed-affinity and
high-affinity binders [12]. A recent study by Kreisl et al. [13] demonstrated increased
binding of the TSPO radioligand ''C-PBR28 to different regions of the brain includ-
ing the inferior parietal lobe, precuneus, middle and inferior temporal cortex, hip-
pocampus and occipital cortex in AD patients when compared with control. This
radioligand may have a potential role as a biomarker in evaluating AD progression
[13]. These findings have yet to be replicated and confirmed in larger studies. These
second-generation TSPO radioligands are still undergoing clinical trials with cur-
rently few comparative studies (between first- and second-generation tracers) per-
formed. In the published studies in literature, there remains heterogeneity in
methodology and results. Currently there is insufficient evidence of reliable microg-
lial activation detection with novel TSPO radioligands [10, 11].

3.4 Neuro-oncology

The fundamental qualities of tracers used in brain tumour imaging would be the
ability to transport across the blood-brain barrier (BBB) and imaging the metabolic
reaction within cells [14]. Over the past decade, there has been growing interest in
seeking novel radiotracers in brain tumour imaging to overcome limitations posed
by FDG-PET [15]. The most relevant non-FDG-PET tracers used in neuro-oncology
imaging include amino acid and nucleoside radiotracers.

Common amino acid radiotracers utilised in brain tumour imaging include the
following radiotracers: '8F labelled amino acid O-(2-['®F]-fluoroethyl)-L-tyrosine
(8F-FET) (Fig. 3.3), L-[methyl-!!C]methionine [MET] and “*F-fluoro-L-dihydroxy-
phenylalanine (FDOPA). One of the PET imaging qualities is detecting amino acid
metabolism. Protein synthesis is upregulated in tumour tissue with elevated prolif-
erative activity which makes amino acids labelled analogues ideal imaging markers
of tumour growth [15, 16]. The common transporter mechanism utilised by the
aforementioned radiotracers is the L amino acid transporters, with LAT1 being

Fig.3.3 The CO,H
radiopharmaceutical
structure of ¥F-FET

18F\/\O NH

18F-FET
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widely expressed in cancer cell lines and LAT?2 in non-cancer cells. After transpor-
tation across the BBB and into the tumour, a number of metabolic reactions can
occur which can be utilised in imaging and are fundamental features in brain tumour
radiotracers [17].

The use of the nucleoside PET radiotracers [F-18]FLT (3’-deoxy-3'-
fluorothymidine) was first developed by Grierson and Shields in the 1990s [18].
FLT is used in glioma tumour detection and treatment response assessment. This
radiotracer measures the level of cellular thymidine kinase activity which is propor-
tional to tumour cell proliferative activity. The limitations of this tracer occur at the
level of the BBB in low-grade gliomas. Penetration is poor in intact BBB in low-
grade gliomas.

3.5 Conclusion

Nuclear imaging is growing in all areas of neuroimaging providing cellular and
molecular information. Over the past four decades since the introduction of FDG-
PET, there have been a growing number of radiotracers developed and undergoing
clinical research, used to target neural receptors and transporters underlying normal
and pathological neural processes. In vivo PET imaging provides a noninvasive
method in advancing our knowledge of the neuropathological processes, disease
evolution and treatment response in many neurodegenerative, neuroinflammatory
and neurooncological disorders. Further validation in large clinical trials in order to
assess the diagnostic and prognostic value of novel second line radiotracers is
required prior to translation into clinical practice. A ‘gold standard’ in diagnosing or
evaluating some of the aforementioned neuropathological diseases does not exist. In
the future this maybe a combination of multimodality and multi-tracer imaging in
order to identify early disease, differentiate from overlapping disease processes and
provide prognostic information [16, 19, 20].

Key Points

e BFE-FDG is the most widely available tracer used in PET neuroimaging to
image cerebral metabolism of glucose.

* Neuronal glucose metabolism can be increased with synaptic activity or
reduced from neural degeneration or dysfunction at the level of the pre- or
post-synapse.

e The limitations of FDG-PET in neuro-oncology imaging are related to the
high baseline glucose metabolic rate of normal brain tissue which can lead
to underdetection of low-grade tumours or recurrent high-grade tumour
posttreatment.
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Deposition of beta-amyloid is the neuropathological hallmark of
Alzheimer’s disease (AD) which results in formation of neurofibrillary
tangles and the loss of neurons and synapses

Fluorine-18 amyloid beta (A)-specific radiolabeled tracers, which cross
the blood-brain barrier and bind to amyloid plaques, have been developed
for clinical use.

The loss of dopaminergic neurons in the substantia nigra is the pathologi-
cal hallmark of Parkinson’s disease.

BE-DOPA uptake in the striatum is determined by the number of function-
ing dopaminergic cells.

Neuroinflammation process has been implicated in many neurodegenera-
tive disorders.

Increase in TSPO density acts a biomarker of microglial activation and
neuroinflammation.

The most widely used TSPO radiotracer is a [!!C] PK11195; however there
are technical limitations with this radiotracer including poor signal-to-
noise ratio due to non-specific binding, low penetration in the brain, high
plasma binding, and the short half-life of carbon-11 (20 min).

The second-generation TSPO radioligands are still undergoing clinical tri-
als with currently few comparative studies (between first- and second-gen-
eration tracers) performed.

The non-FDG-PET tracers used in neuro-oncology imaging include amino
acid and nucleoside radiotracers.

Common amino acid radiotracers utilized in brain tumour imaging are '*F-
FET, ""C-MET, and "®F-DOPA.

The transporter mechanism utilized by the amino acid radiotracers is the L
amino acid transporters, with LAT1 being widely expressed in cancer cell
lines and LAT2 in non-cancer cells.

The nucleoside PET radiotracer '8F-FLT was first developed by Grierson
and Shields in the 1990s.

BE-FLT measures the level of cellular thymidine kinase activity which is
proportional to tumour cell proliferative activity.
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4.1 Introduction

BE-2-Fluoro-2-deoxyglucose ("*F-FDG) can be used to image regional cerebral
glucose consumption which allows diagnostic imaging for a number of neurologi-
cal indications such as dementia, epilepsy and movement disorders. Although not
often used in neuro-oncology, it remains the method of choice in the diagnosis
and staging of CNS lymphoma. Adhering to guidelines for patient preparation,
using the correct imaging acquisition and reconstruction parameters, as well as
defining the optimal image display for reporting are all crucial in order to obtain
images of diagnostic quality. Furthermore, reporting images in the presence of
neurological degenerative diseases can benefit hugely using additional
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post-processing and quantification of the images [1, 2]. This chapter summarises
published guidelines, at the time of writing, on optimal imaging procedures for
brain F-FDG PET/CT and introduces the reader to some of the more widely
available quantification tools and references for optional further reading of devel-
opments in the field.

4.2 Patient Preparation

Patient preparation is broadly similar for all ®F-FDG imaging studies; patients
should fast prior to injection. European and American guidance advise 4-6 h [3, 4]
to prevent competition between elevated plasma glucose and FDG, especially since
the injected volume is at trace concentrations. For this reason it is also recom-
mended that blood glucose levels are checked before administration; European and
American guidelines state that patients should be rescheduled if glucose levels are
>160 mg/dL [1] or >150-200 mg/dL [2], respectively, and also give recommenda-
tions for diabetic patients. Caffeine, alcohol or drugs that may affect cerebral glu-
cose metabolism must also be avoided [5] during the fasting period. Patients are
required to stay in a quiet and dimly lit room for several minutes prior to injection
and during the uptake phase to avoid enhanced uptake due to brain activity [6] typi-
cally in the visual and/or auditory cortex. So for interictal epilepsy imaging, it is
important to ensure the patient has not had a recent seizure and the activity is not
administered unless the patient has been seizure-free for at least 20 min [3, 4] since
for this test the associated affected cortex is detected as a region of hypo-glucose
metabolism during the interictal state. There have been some studies that suggest
the patient should be seizure-free for at least 24 h prior to imaging since glucose
hypermetabolism after a partial seizure may not return to baseline immediately [5,
7]. In the clinical setting, this may not be feasible, but it remains essential that the
reporting radiologist is aware of seizure activity that may have occurred prior to
imaging. In fact both European and American guidelines suggest EEG monitoring
for 2 h prior to injection could help in this regard.

4.3 Imaging Protocol

Table 4.1 outlines the recommended administered activity in the UK for 'SF-FDG
brain imaging, and associated doses taken from the Administration of Radioactive
Substances Advisory Committee (ARSAC) note for guidance [8]. Paediatric
administered activity should be kept to a minimum but while still allowing for
acceptable image quality. To ensure a robust signal, the reduced activity can be
calculated using scaling factors for appropriate patient weights. ARSAC guidance
supports advice on scaling provided by the European Association of Nuclear
Medicine (EANM) [9] but are of the view that more research is required and fur-
ther optimisation should be conducted locally. As with all PET/CT, imaging preg-
nancy is contraindicated.
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Table 4.1 ARSAC guidance for administered activity and associated patient dose [8]

Diagnostic Dose to the

Chemical reference level Effective uterus
Investigation Radionuclide form (MBq) dose (mSv)  (mGy)
Brain tumour 18 FDG 250 4.8 4.5
imaging
Differential
diagnosis of
dementia
Focal epilepsy

Fig.4.1 Patient positioning for brain imaging. (a) Orbital-meatal plane (b) Median sagittal plane

After the injection the patient should remain in a quiet darkened room for a mini-
mum of 30 min [3], although a longer uptake time is useful for neuro-oncological
applications since it can give better differentiation between tumour and normal
brain tissue. In fact, a longer time of 60 min is usually used in clinical practice since
this allows better contrast between white and grey matter in the cortex and still pro-
vides sufficient counts for acceptable image quality. It would be advisable, however,
for the uptake time to be decided locally and standardised for repeatability; for
example, in a busy nuclear medicine department, it is also easier to schedule along-
side other FDG PET/CT imaging of the body which requires a minimum 60 min
uptake for optimal imaging in oncology, and the ability to schedule PET/CT imag-
ing efficiently should not be taken lightly.

Once sufficient uptake time has passed, the patient should be carefully posi-
tioned, aligning the orbital-meatal plane in the x-axis and median sagittal plane in
the y-axis as demonstrated by the diagram in Fig. 4.1.
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Modern PET scanners operate in 3D image acquisition mode (as opposed to 2D
with collimation) which allows acceptable image quality with 50-200 million
detected events [3]; this can equate to scanning times of 10-30 min depending on
the scanner sensitivity. Reconstruction of PET images uses an iterative technique
which combines information about the scatter properties of the radionuclide as
well as the geometry of the scanner to improve image contrast and signal to noise
ratio [10]. The last step to providing images for reporting by the radiologist is to
apply attenuation correction to account for the attenuating properties of the tissue
through which the photon passes. In order to apply this correction, an attenuation
map is created using either a transmission scan (a photon source that rotates around
the patients head before the scan) or for hybrid scanners, a low-resolution CT or
MR image for PET/CT and PET/MRI, respectively. Figure 4.2a shows a uniform
region of a phantom with no attenuation correction, giving the appearance of

Fig. 4.2 Images with no attenuation correction. (a) Uniform area of phantom. (b) Active spheres
in image quality phantom. (¢) Example patient *F-FDG brain image
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higher activity at the edge of the phantom. In Fig. 4.3a, the CT attenuation correc-
tion has corrected for the counts lost from the centre of the phantom, giving a more
uniform appearance. The importance of this correction is further highlighted by
Figs. 4.2b and 4.3b where you can see the spheres are clearer in the corrected
image (Fig. 4.2b ) with better image contrast. Figure 4.2¢ illustrates this effect on
a brain image showing the reduction of detail seen compared to the attenuation
corrected image (Fig. 4.3c). One of the recent developments in PET scanner tech-
nology is that of PET/MRI a hybrid scanner that is able to image using PET and
MR simultaneously. Unlike x-ray CT, the intensity values within a MR image are
not directly related to the attenuating properties of the tissue and so a pseudo-CT
must be created by assigning a fixed CT value to certain categories of tissue, corti-
cal bone, brain and air (see Fig. 4.4). However, imperfections in the complete

Fig. 4.3 Images with attenuation correction. (a) Uniform area of phantom. (b) Active spheres in
image quality phantom. (¢) Example patient "*F-FDG brain image
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Fig. 4.4 PET/MR attenuation correction map. (a) MR UTE image used to create the p-map. (b)
MR p-map showing the different categories (brain, bone and air) tissues has been assigned to

representation of cortical bone in the image can lead to discrepancies in tracer
uptake values [11].

Image acquisition can take anywhere between 10 and 30 min, and therefore it is
essential to ensure that steps are taken to prevent patient movement both during the
acquisition and between the CTAC or MRAC and the PET. A radiographer/nuclear
medicine technologist will clearly explain the procedure to the patient and the
requirement to remain still. Once the patient has been placed in the preferred orien-
tation (this may be harder in elderly patients due to limited flexibility), they should
be restrained but made to feel comfortable by using padding or bandages to hold the
head in place. Another measure that can be taken is to acquire the data dynamically
(using list mode) and to allow the data to be checked for movement after acquisition
(e.g. by reconstructing images at short frame durations), and then the final image is
compiled from the frames unaffected by motion. Guidance on image reconstruction
is provided by EANM [3].

4.4 Image Processing and Display

Once reconstructed, it is important to ensure that the images are correctly displayed
in a standard anatomical position in order to ensure consistent reporting and avoid
potential artefacts in the image (Fig. 4.5). This is particularly important in reporting
of interictal epilepsy images where asymmetries in the uptake pattern in the tempo-
ral lobes are indicative of seizure focus. Although software can be used to align the
images in post-processing, correct patient positioning helps this process. The images
can also be co-registered with high-resolution x-ray CT or MR for structural
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Fig. 4.5 An example of two'®F-FDG brain PET/CT patient images with indication of epilepsy.
The images show how misalignment can contribute to image artefacts. (a) Patient 1: A 'F-FDG
brain PET/CT epilepsy scan with normal uptake that has been correctly aligned. (b) Patient 1: The
same patient with the images rotated in the coronal plane giving an impression of asymmetry in
uptake and the potential to be incorrectly reported as the right temporal lobe epilepsy. (c) Patient
2: A correctly aligned patient with right temporal lobe epilepsy for comparison

comparisons and anatomical localisation. Images can be displayed in the transaxial,
coronal and sagittal planes for reporting, as shown in Figs. 4.6 and 4.7. Further
orientations can be used such as the long axis of the temporal lobes (Fig. 4.7c) to
provide a more informative representation of the medial temporal lobe in the report-
ing of interictal images.
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Fig.4.6 'SF-FDG brain PET/CT for dementia showing optimal display as well as 3D-SSP (stereo-
tactic surface projections) with typical patterns of reduced uptake indicative of Alzheimer’s dis-
ease. (a) Transaxial slice. (b) Coronal slice. (¢) Sagittal slice. (d) 3D-SSP showing significant areas
of reduced uptake (normalised to pons). Panel d demonstrates surface-rendered images of the sta-
tistical analysis. Showing a z-score map normalised using the pons with a threshold of z > 2

4.5 Quantification

There are a variety of PET analysis methods to quantify functional information
related to neurodegenerative disease. There are several commercial software pack-
ages available (CortexID, GE; Scenium, Siemens; BRASS, Hermes; Vista, MIM
and more); none are approved to be used without the supervision of a radiologist
that provides this quantitative information to assist with the visual reporting of
images. What all these software packages have in common is an image realignment
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Fig. 4.7 "F-FDG brain PET/CT for epilepsy image showing hypometabolism in left temporal
lobe. (a) Transaxial slice. (b) Coronal slice. (¢) Temporal slice. (d) Surface-rendered images of the
statistical analysis (3D-SSP), showing significant areas of reduced uptake. This is a z-score map
normalised using the global mean with a threshold of z > 2 and overlaid on the patient MRI. This
clearly identifies reduced metabolic activity in the left temporal lobe (Cortex ID, GE Healthcare)

step to previous images for longitudinal evaluation or to other modalities for visuali-
sation and display, a co-registration step to standard anatomical templates for statis-
tical comparisons against normal patient databases and univariate or multivariate
statistical analysis tools for this purpose, including some kind of intensity normali-
sation step to account for differences in global measured activity between patients.
Statistical comparisons can be done using regions of interest (ROI) or on a voxel-
by-voxel basis. Most use simple t-tests or a number of standard deviations to map
abnormal regions (Scenium and Cortex ID); other more sophisticated methods use
multivariate-type statistics to look at how well each individual patient’s pattern fits
to an expected pathological pattern [12], e.g., the pattern of regional cerebral glu-
cose metabolism associated with Parkinson’s disease.
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Fig. 4.8 Diagram of
AC-PC line for the
standard and individual — U
brain for anatomical

localisation [16]

Intercomissural AC-PC line

o

4.,5.1 Anatomical Standardisation

In order to statistically compare patient images to a control database, the patient image
is anatomically standardised, often referred to as spatial normalisation. There are a
number of different image templates or brain atlases available [13] that are created
from an average of a number of normal datasets such as the Montreal Neurological
Institute (MNI) templates [14, 15]. Images are re-orientated, transformed and warped
to map the patient image to the template image in standard space [13, 16]. Spatial co-
ordinates x, y and z, with reference to the x-axis through the Anterior Commissure-
Posterior Commissure (ac-pc) line (Fig. 4.8), can then be used to anatomically localise
abnormalities in the PET images [13, 17].

4.5.2 Intensity Normalisation

Once the patient study has been mapped to standard space, in order to perform a
comparison with metabolic FDG uptake, the dataset must also be normalised for the
relative intensity. This is to account for non-pathological differences in uptake for
intra-subject comparison and between the patient study and the control database due
to differences in imaging protocol, such as differences in administered activity. There
are a number of options for intensity normalisation. One option is to simply take the
total global counts and normalise to the cerebral global mean. However this can
introduce bias if there are large outliers that skew the mean value. To avoid this sort
of phenomenon, a reference region can be chosen that is known to be less affected by
the disease process; cerebellum, thalamus or pons are popular choices depending on
the indication. For example, it is common to use the cerebellum for both differential
diagnosis of Alzheimer’s disease or for seizure focus localisation in epilepsy. For
others, it can be difficult to find an unaffected region. Data-driven intensity normali-
sation techniques for PET images have also been used to overcome these issues [18].

Figure 4.9 shows an example of statistical analysis for a '*F-FDG scan for a pre-
surgical epilepsy patient using Cortex ID. All four images show the same patient
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Fig. 4.9 Example patient statistical surface projections, showing effects of intensity normalisa-
tion method, processed on commercial software (Cortex ID, GE Healthcare). (a) Cerebellum. (b)
Thalamus. (¢) Pons. (d) Global mean

with different normalisations, (a) cerebellum, (b) thalamus, (c) pons and (d) global
cortical mean), illustrating how the chosen normalisation method can affect the
results.

4.5.3 Statistical Analysis

The same statistical analysis methods can be used to statistically evaluate ROI-
based data as well as voxel-wise data. In this chapter we will use voxel-by-voxel
data to describe the method, but ROI could be substituted. Now that the individual
patient data has been spatially normalised and intensity normalised a statistical
analysis that compares this patient’s image to the normal database, image can be
performed at each voxel. For example, a z-score can be calculated where z is the
number of standard deviations of the patient’s voxel value away from the mean
voxel value in the normal database. It is important that the age range of individuals
that make up the normal database should not be significantly different from that of
the patient, as there are known to be systematic differences in cortical glucose
metabolism with respect to age [19]. A z-score map can then be displayed onto a
corresponding anatomical image or onto a cortical surface rendering where z < 0
shows hypermetabolism and z > 0 shows hypometabolism (Figs. 4.5d and 4.7d).
This allows a threshold to be set to show only the voxels above this threshold (typi-
cally z~2 corresponding to a p value of 0.05) on a surface rendered image.
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4.5.4 Limitations

There are limitations to voxel-based statistical analysis which users should be aware
of when reporting. Transformation errors can occur when mapping an individual’s
unique anatomical variations on to the template used to create the standard space.
This may lead to incorrect deformations and incorrect mapping of brain structures.
Spatial smoothing can ameliorate this effect to some extent, but if the anatomical
deviation is, for example, unusual brain anatomy, atrophy, surgical resection or of a
different age to the template used, then gross mismatches can occur. For paediatric
populations cortical gyral folding is age dependent and has been shown not to map
to adult MNI standard space terribly well [20] and the normal cortical glucose meta-
bolic rate in children under the age of 10 can be distinctly different to that of adults
[21, 22]. In this case it is more appropriate to use an age-matched paediatric popula-
tion [23], and some commercial applications allow the employment of a locally
developed database to be used in their pipelines [24]. In conclusion while these
automated image analysis pipelines can be useful, the user must be well informed in
normal neuroanatomy and physiology as well as the statistical theory used to calcu-
late these visualisation aids.

Key Points

» (Caffeine, alcohol or drugs that may affect cerebral glucose metabolism
must be avoided for patient preparation and during the fasting period for the
scan. Patients are required to stay in a quiet and dimly lit room for several
minutes prior to injection and during the uptake phase to avoid enhanced
uptake due to brain activity typically in the visual and/or auditory cortex.

* Once sufficient uptake time has passed (30—60 min), the patient should be
carefully positioned, aligning the orbital-meatal plane in the x-axis and
median sagittal plane in the y-axis. Scan time is dependent on scanner sen-
sitivity and local protocol. To improve image quality attenuation maps can
be created to provide attenuation correction and dynamic imaging can pro-
vide benefits to account for patient movement. Once reconstructed, it is
important to ensure that the images are correctly displayed in a standard and
symmetrical anatomical position in order to ensure consistent reporting and
avoid potential artefacts in the image (for example in reporting interictal
epilepsy an incorrect reconstruction may cause asymmetries in the uptake
pattern in the temporal lobes wrongly indicative of seizure focus).

e There are a variety of PET analysis methods to quantify functional infor-
mation related to neurodegenerative disease. These software packages can
realign images to previous images for longitudinal evaluation or to other
modalities for visualisation and display and can perform co-registration to
standard anatomical templates for statistical comparisons against normal
patient databases.
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5.1 Indications

Neurodegenerative diseases are characterized by the progressive degeneration and
death of neurons. They represent a heterogeneous group of conditions characterized
by different etiologies and different neuropathological and neurochemical alterations
leading to different clinical pictures and courses [1]. As neurodegenerative diseases
are associated with deposition of pathological proteins both in the brain and in
peripheral organs, their classification is protein-based [2]. However, as the progres-
sive dysfunction and loss of neurons lead to distinct involvement of functional
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systems, major clinical symptoms are mainly determined by the anatomical regions
showing neuronal and synaptic dysfunction (which in turn do not necessarily reflect
the molecular changes in the background) [2]. Neuropathological studies have dem-
onstrated that in AD and in other neurodegenerative diseases, synaptic degeneration
precedes neuronal death for a substantial period of time [3]. This phenomenon can be
reflected by the in vivo FDG uptake that is strongly correlated to cerebral synaptic
density and activity [4]. For this reason, the hypometabolic pattern highlighted by
FDG-PET provides information on the extent and localization of neuronal dysfunc-
tion and thus on the endophenotype of neuronal injury. In 2007, the International
Working Group (IWG) research criteria [5] included FDG-PET among biomarkers
for prodromal AD. In 2011, the National Institute of Aging and the Alzheimer
Association defined the so-called NIA-AA criteria which regarded FDG-PET as a
biomarker of neuronal injury able to support the diagnosis of mild cognitive impair-
ment (MCI) due to AD [6]. Even before in 2004, based on a large body of literature
on its diagnostic value for the identification of AD, FDG-PET imaging was approved
by the Centers for Medicare and Medicaid Services (CMS, USA) as a routine exami-
nation tool for early and differential diagnosis of AD. FDG-PET has in particular
demonstrated impact in patients with MCI or dementia in case of atypical presenta-
tion or course [7]. With respect to the differential diagnosis between AD and fronto-
temporal dementia, several studies demonstrated an accuracy ranging between 87%
and 89.2% (similar to what is highlighted for amyloid PET) [8].

The clinical role of FDG-PET is quoted in clinical, neuroimaging-oriented, and
procedural guidelines, but specific evidence-based recommendations on the use of
FDG-PET in neurodegenerative are still lacking [9-11]. FDG-PET plays its major
role in the early diagnosis of MCI due to AD and in the differential diagnosis of AD
and other dementing disorders such as dementia with Lewy bodies (DLB) and dis-
eases belonging to the spectrum of frontotemporal degeneration [12—14]. This tool
has a well-established role in the evaluation of pre-dementia stage by showing or
not specific disease patterns. In fact, given its high sensitivity and negative predic-
tive value, a normal FDG-PET in MCI indicates a low chance of progression to AD
dementia, even if there is a clinically evident memory deficit on neuropsychological
testing (which in presence of a negative '®F-FDG-PET may be due to non-dementing
conditions, such as a depressive trait) [5].

FDG-PET was also found to be superior to postsynaptic dopaminergic imaging
with [1231]IBZM SPECT for the differential diagnosis within neurodegenerative
parkinsonisms [15]. Pattern of hypometabolism characterizing neurodegenerative
Parkinsonian syndromes will be described in a dedicated chapter of this book.

5.2  Classical Patterns
5.2.1 Alzheimer’s Disease (AD)
Hypometabolism in the medial temporal lobes (MTL), parietotemporal association

area, posterior cingulate cortices, and precuneus is a typical feature of AD dementia
[16]. On the contrary, glucose uptake is usually preserved in the primary visual
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Normal FDG distribution in a 74 years old female with MCI due to Depression

B

Fig.5.1 FDG-PET normal distribution and AD-typical pattern in two patients with mild cognitive
impairment (MCI). Patient A, showing a normal scan, was confirmed as an MCI due to depression
at clinical follow-up, while patient B is an MCI due to AD. Red arrows highlight the AD-typical
pattern in patient B (hypometabolism in temporo-medial, temporo-lateral, and posterior parietal
cortex as well as in the left precuneus)

cortices, striatum, thalamus, cerebellar hemispheres, and especially primary motor-
sensory cortices that usually stand out compared to the adjacent hypometabolic areas
(Fig. 5.1). In more advanced stages, frontal associative cortex hypometabolism could
also occur [13, 17] with a relative preservation of anterior cingulate gyrus. It should
be noted that, while the entorhinal cortex and hippocampus are among the first
regions targeted by AD pathology, hypometabolism in MTL is not always clearly
evident partially due to the relatively poor resolution of PET equipment (in compari-
son to hippocampal thickness) [18]. However, the decreased posterior cingulate
activity, one of the most sensitive and early FDG-PET indicators for AD, is consid-
ered to reflect the decreased connectivity of this region with the entorhinal cortex and
hippocampus [19, 20]. To improve MTL evaluation, a different reorientation of PET
images (Ohnishi reorientation with 30—40° with the nose upward with respect to the
bicommissural plane) has been proposed in order to improve the evaluation of asym-
metry in FDG uptake in MTL [21] (see Fig. 5.2). Regardless to the affected cortical
regions, a very frequent feature of FDG-PET scans is the asymmetric involvement,
especially in the early stages. As a consequence, visual analysis of scans strongly
relies on asymmetric evaluation of FDG uptake.
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Improving accuracy in visual inspections of FDG uptake in Medial Temporal Lobes

Normal Distribution Mild Asymmetry (Right<Left)

in MCI due to AD

. f&a’i\f \( D ; ¥

Fig.5.2 Evaluation of medial temporal lobe (MTL) on FDG-PET. Panel a: FDG-PET images of
a healthy control (normal scan, left side) and of an AD patient (right side: mild asymmetry in MTL
with right < left). Both scans are reoriented along the anterior-commissural/posterior-commissural
line (AC-PC). Panels b and ¢ show the FDG-PET images of the same AD patient visualized
according to Ohnishi reorientation and in coronal view, respectively. The asymmetry between right
and left MTL (yellow arrows) is more evident both in Panels b and ¢ than in Panel a. See the main
text for further details
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There are several sources of heterogeneity within the AD-typical pattern. Patients
with early-onset AD tend to show a more extended and “neocortical” (parietal and
frontal) pattern of hypometabolism than late-onset AD expressing the same level of
cognitive impairment. By contrast, late-onset AD patients are characterized by a
less extended hypometabolism more typically restricted to the MTL. Indeed, these
features are considered to be due to both the disease heterogeneity and the higher
cognitive reserve characterizing younger patients [22, 23] (see Fig. 5.3).

Specific features are also evident in AD atypical variants (see Fig. 5.4). In the
logopenic variant, a more prominent metabolic reduction tends to be present in the
left parietal and posterolateral temporal lobes [24].

A predominant impairment in parieto-occipital visual association cortices is
associated to posterior cortical atrophy which is characterized by visuospatial defi-
cits consistent with damage to the dorsal stream of visual processing [25, 26].

Finally, compared to typical AD, frontal metabolism (in particular medial and
orbital frontal) is more compromised in patients with atypical behavioral, language,
and dysexecutive presentation of AD [27]. All these atypical subtypes are character-
ized by the presence of brain amyloidosis which further allows an accurate differen-
tial diagnosis with respect to frontotemporal dementia [28]. Finally, while the
clinical presentation and MRI (rather than FDG-PET) findings are required to sup-
port the diagnosis of vascular dementia, FDG-PET might be performed in
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Typical Hypometabolic Pattern in Early versus Late-onset AD
MCI due to AD: MMSE 27; 79 years old male

Fig.5.3 AD-typical hypometabolic pattern in late- (LOAD) versus early-onset AD (EOAD) at the
same level of cognitive impairment. In LOAD hypometabolism is less extended and mainly
restricted to the medial temporal lobes (red arrows) with only mildly reduced uptake in posterior
parietal cortex (light blue arrows). In EOAD the hypometabolic pattern is significantly more
extended and involves several neocortical regions including bilateral frontal cortex (yellow
arrows). (a) AD-typical hypometabolic pattern in late-onset (LOAD) patient. (b) AD-typical hypo-
metabolic pattern in early-onset (EOAD) patient

particularly challenging cases to identify an AD-typical pattern in patients with vas-
cular pathology by showing that this hypometabolic pattern is not co-localized with
vascular damage on structural MRI [29].

5.3  Frontotemporal Degeneration (FTD)

Frontotemporal degeneration (FTD) refers to a highly heterogeneous group of dis-
orders from the neuropathological, genetic, clinical, and radiological point of view
[30]. The most frequent subtype is the behavioral variant of frontotemporal demen-
tia (bvFTD) that is characterized by progressive deterioration in personality, social
behavior, and cognition [31]. bvFTD may be hard to recognize, especially in the
prodromal stage where behavioral changes may mimic psychiatric disorders and
cognitive impairment might be milder. Neuroimaging studies showing typical pat-
tern of atrophy and/or hypometabolism are required by current diagnostic criteria
for probable bvFTD at the dementia stage [31]. Moreover the presence of a specific
pattern of hypometabolism together with the clinical picture helps not only in the
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Fig. 5.4 FDG-PET and amyloid PET findings in AD atypical variants. Each AD atypical variant
is characterized by a specific pattern of hypometabolism (light blue arrows; see the main text for
further details). All these variants are characterized by high amyloid deposition and are thus amy-
loid PET positive (right panel showing lack of contrast between gray and white matter uptake in
the amyloid PET scans of all patients)

differential diagnosis between AD and bvFTD but also within the FTD variants
(frontal-behavioral variant, temporal-variant/semantic dementia (SD), and progres-
sive nonfluent aphasia (PNFA) [32, 33]. (See Fig. 5.5.)

Correctly recognizing FTD is particularly important because, despite no specific
drugs have been approved yet, the use of cholinesterase inhibitors should be avoided
because they can further worsen clinical status [34, 35].

bvFTD is characterized by extensive cortical hypometabolism in the frontal and
anterior temporal areas, cingulate gyri, uncus, insula, and subcortical areas, possi-
bly including basal ganglia and thalamic regions [36]. In this framework, anterior
cingulate and anterior temporal cortices have showed the higher specificity for the
differential diagnosis with AD [37]. FDG-PET might also play a role in the differ-
ential diagnosis of progressive primary aphasia (PPA) including the two language-
related variants of FTD and the already mentioned logopenic variant of AD [38].
Indeed specific patterns of atrophy and/or hypometabolism are necessary for the
diagnosis of PPA according to the available diagnostic criteria [38].
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Clinical variant of Fronto-Temporal Dementia

Behavioural or classical variant (bvFTD o fvFTD)
-> frontal and anterior temporal hypometabolism

Semantic Dementia (SD o tvFTD)
-> left temporal hypometabolism

Progressive Non Fluent Aphasia (PNFA)
-> left lateral frontal and fronto-insular hypometabolism

Fig. 5.5 FDG-PET patterns of hypometabolism in clinical variant of frontotemporal dementia

In particular, SD is characterized by an asymmetric predominately anterior tem-
poral lobe pattern of hypometabolism with left dominant asymmetry [39, 40].
Conversely, in PNFA the asymmetric hypometabolism is more evident in the left
anterior perisylvian cortical area as well as in the fronto-insular cortex. Finally, two
atypical Parkinsonian syndromes, cortico-basal degeneration and progressive supra-
nuclear palsy, belong to the spectrum of FTD and are characterized by specific pat-
terns of hypometabolism which will be commented in the chapter on FDG in
Movement Disorders [15].

5.4 Dementia of Lewy Body (DLB)

DLB is the most frequent cause of degenerative dementia after AD. It is character-
ized by Parkinson’s disease-like symptoms such as rigidity and slow movement,
with cognitive decline usually being the first symptom, and by the frequent occur-
rence of hallucinations (usually independent of dopaminergic drugs) and fluctua-
tions in attention and alertness [41]. The diagnosis of DLB is based on the McKeith
criteria first published in 2005 and revised in 2017 [41]. During the past decades,
FDG-PET has been increasingly used in DLB and is listed among the supportive
biomarkers for its identification. The metabolic pattern of DLB is characterized by
hypometabolism in posterior associative cortex and by a more prominent
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Fig. 5.6 Molecular imaging findings in dementia with Lewy bodies (DLB) versus Alzheimer’s
disease (AD). Panel a: with respect to AD, DLB patients are characterized by hypometabolism in
lateral occipital cortex as well as in precuneus with relatively spared metabolism in posterior cin-
gulate (yellow arrows) and in medial temporal lobe (red arrow). Panel b shows the temporoparietal
hypometabolic pattern (with marked posterior cingulate hypometabolism) in an AD patient
expressing the same level of cognitive impairment. It has to be noted that DAT SPECT is to date
the most appropriate tool to support the clinical differential diagnosis between DLB (Panel c:
markedly reduced uptake) and AD (Panel d: normal scan)

hypometabolism affecting the primary visual cortex and occipital cortex with rela-
tive sparing of subcortical structures and primary somatomotor cortex [42]. In par-
ticular, the presence of hypometabolism in the precuneus with a relative preservation
of metabolism in posterior cingulate gyrus (the so-called cingulate island sign) has
been demonstrated to provide a high specificity for the differential diagnosis with
respect to AD (although the specificity of DAT SPECT was demonstrated to be
superior in this context [43]) (see Fig. 5.6).

5.5 Other Neurodegenerative Diseases

In recent years research evidence has been provided about specific patterns of hypo-
metabolism in other neurodegenerative diseases including Huntington disease (see
Chap. 1 Movement Disorders) and amyotrophic lateral sclerosis (ALS). ALS is a
neurodegenerative disease involving upper and lower motor neurons, extra-motor
neurons, microglia, and astrocytes.

While FDG-PET is not clinically indicated, several studies have highlighted hypo-
metabolic clusters in frontal, motor, and parietal cortex associate to relative hyperme-
tabolism in the brain stem [44]. Finally, a continuum of frontal lobe metabolic
impairment reflecting the clinical and anatomic continuum from pure ALS, through
ALS with intermediate cognitive deficits, to ALS-FTD has been highlighted [45].
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5.6 Advantages and Limitations

FDG-PET represents a valuable and widely available tool, helping the clinicians in
challenging cases since the earliest stages of neurodegenerative dementia. FDG has
the unique ability to estimate the local cerebral metabolic rate of glucose consump-
tion, thus providing information on the distribution of neuronal death and synapse
dysfunction in vivo [46]. As synaptic failure precedes neuronal death, the presence
of patterns of hypometabolism typical of neurodegenerative diseases precedes the
appearance of typical pattern of atrophy at structural MRI.

However, FDG-PET is listed among AD neurodegeneration biomarkers which
according to some authors should be considered less relevant for the diagnosis and
more useful to follow disease progression and to predict time to disease milestones
[47, 48]. Considering the current clinical availability of amyloidosis biomarkers
(CSF abeta and amyloid PET), the added value of FDG-PET over other AD bio-
markers will also need to be addressed as complete definition of a cost-effective
diagnostic algorithm in AD has not been established yet [49].

In the last decades, the introduction of statistical mapping approaches in the
research field, able to semiquantitatively analyze subtle metabolic changes, has
improved the differential diagnostic accuracy of FDG-PET even in the earliest
stages of the disease [50].

However, despite a huge amount of literature, available studies show very large
range of values for sensitivity and specificity due to heterogeneity of the included
patients (converter/nonconverter, inclusion of amnestic or non-amnestic MCI, etc.),
and the different methods used to read the images (visual versus semiquantitative
reading with different software; lack of cutoff values) [51, 52].

In conclusion, a huge body of literature has suggested that the availability of
FDG-PET (and of other biomarkers) can provide advances in the clinical evaluation
and understanding of the endophenotype of neurodegenerative diseases. The trans-
lations of its use in the clinical setting should be further addressed to balance costs,
thus meeting the needs of both patients and health-care systems.

Key Points

» The hypometabolic pattern highlighted by FDG-PET provides information
on the extent and localization of neuronal dysfunction and thus on the
endo-phenotype of neuronal injury.

* FDG-PET plays its major role in the early diagnosis of MCI due to AD and
in the differential diagnosis of AD and other dementing disorders such as
dementia with Lewy bodies (DLB) and diseases belonging to the spectrum
of frontotemporal degeneration.

* Hypometabolism in the medial temporal lobes (MTL), parietotemporal
association area, posterior cingulate cortices, and precuneus is a typical
feature of AD dementia. On the contrary, glucose uptake is usually
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preserved in the primary visual cortices, striatum, thalamus, cerebellar
hemispheres, and especially primary motor-sensory cortices that usually
stand out compared to the adjacent hypometabolic areas.

* The most frequent subtype is the behavioral variant of frontotemporal

dementia (bvFTD) that is characterized by progressive deterioration in per-
sonality, social behavior, and cognition. bvFTD is characterized by exten-
sive cortical hypometabolism in the frontal and anterior temporal areas,
cingulate gyri, uncus, insula, and subcortical areas, possibly including
basal ganglia and thalamic regions.
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6.1 Introduction

Movement disorders are defined as neurologic syndromes in which there is either an
excess of movement or a scarcity of voluntary and automatic movements, unrelated
to weakness or spasticity [1]. Movement disorders are related to dysfunction of dif-
ferent nervous system structures involved in the modulation and regulation of move-
ment. Among them the basal ganglia, cerebellum, cortex, and different thalamic
nuclei represent the dynamic assembly that is differently impaired in movement
disorder syndromes. The broad set of functions regulated by those neuronal circuits
may explain the variability and richness of clinical signs in different domains
expressed by patients with movement disorders. Different neurodegenerative or
acquired central nervous system diseases that affect any part of this circuitry may
cause movement disorders, which in many of the cases are of neurodegenerative
nature. From a classification perspective, movement disorders are classified by the
clinical phenomenology of the movement disorders (parkinsonian syndromes,
tremor, chorea, myoclonia, dystonia, and ataxias) and are grossly subdivided in
hypokinetic and hyperkinetic movement disorders.

The focus of this chapter will be to define the capabilities of ['"*F]JFDG-PET as a
supportive diagnostic tool in the aforementioned disease entities. The most known
and accepted application of ['*F]JFDG-PET in movement disorders is the use of it as
a supportive instrumental biomarker for the differential diagnosis of parkinsonian
syndromes [2]. Indeed the accuracy of the clinical diagnosis of parkinsonism at
early stages is low [3] because of a wide overlapping between the described clinical
syndromes and by the intrinsic heterogeneity of the underlying pathological pro-
cesses [4].

The readout of images obtained with ['*F]JFDG-PET studies is highly correlated
with neuropathological findings, and an introduction of different pathological pro-
cess in those disorders is helpful to explain classical ['*F]JFDG-PET patterns detected
in the different conditions such in parkinsonian syndromes [5].

Other potentially useful applications are in the subfield of choreas with the detec-
tion of disease-specific patterns. More recently, efforts have been made to apply
molecular imaging techniques on earlier or prodromal phases of different neurode-
generative diseases, and a clear example is given by the experience gained with
imaging of premanifest Huntington’s disease patients.

6.2 Parkinson’s Disease
6.2.1 Clinical Phenotypes

From a neurobiological perspective, the so-called idiopathic Parkinson’s disease
(PD) has been recently considered more as a group of disorders with a characteristic
dopamine deficit due to degeneration of the dopaminergic nigrostriatal system and
with a broad set of non-motor symptoms. From a “movement disorder” perspective,
PD is characterized itself by a progressive reduction of motor capacities with
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rigidity, hypo-/bradykinesia, resting tremor, postural instability, and an overall
reduction of automatic movements. These typical motor signs are associated with a
variegate set of non-motor signs such as cognitive decline, autonomic dysfunctions,
sleep-related disorders, and affective disorders. Non-motor signs and symptoms are
becoming progressively more relevant to distinguish all different phenotypes [6]
and to characterize the so-called prodromal phase (i.e., rapid eye movement [REM],
sleep behavior disorders, constipation, and olfactory dysfunctions).

6.2.2 Neuropathology Findings

The neuropathology of PD is characterized by a multisystemic progressive accumu-
lation of misfolded oligomers and larger aggregates of a-synuclein (a-syn). The
extensive distribution of aggregates called Lewy bodies (LB) leads to a widespread
neuronal and synaptic deficit responsible for the subsequent global and progressive
derangement of the brain signaling in different portions of the nervous systems
(central, peripheral, and autonomic) [7]. The variability of biochemical changes and
the consequences of the described multisystem LB pathology might very well
explain the clinical heterogeneity.

6.2.3 ['®*F]FDG-PET Typical Patterns

In established PD patients, the defining features of glucose metabolism are charac-
terized by a relative preservation of the metabolism in the dorsolateral putamen
accompanied by other supportive features such as an increased metabolism observed
in the ventral thalamus, cerebellum, and cortical motor areas and a decrease metab-
olism in parietal and occipital cortex [8, 9]. In early PD patients, the metabolic
reduction seems to be confined in posterior cortical regions [10, 11].

Analysis of [®F]JFDG-PET data using spatial covariance image analysis
approaches has become a well-recognized approach to analyze ["*F]FDG-PET data
in cross-sectional and longitudinal clinical studies (Fig. 6.1). This method led to a
definition of a disease-specific pattern of glucose metabolism defined as PD-related
pattern (PDRP) [5, 12]. The PDRP is characterized by a relative decrease in metabo-
lism in the posterior parietal association cortex, occipital primary visual areas, and
lateral premotor and prefrontal cortices and by a relative increase of metabolic
activity in different regions involved in motor control such as the putamen and glo-
bus pallidus, thalamus, pons, and primary motor cortex [13, 14]. This pattern has
been found to be consistent and replicable [14—-16] and did correlate with clinical
motor scores and with other imaging biomarker such as dopaminergic imaging bio-
markers [17, 18]. A clear and established advantage of this approach is that it is
automated and thus unbiased. Another value is that the PDRP was able to provide a
solid foundation for a differentiation from other parkinsonian syndromes [19].

The PDRP analysis has been recently used to test whether patients in prodromal
stages of PD such individuals with a diagnosed RBD retain or show similar
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PD patient (Disease duration 4 years)

Fig. 6.1 FDG-PET images from a representative Parkinson’s disease patients, showing decreased
metabolism in the parietal and occipital cortex (arrows). Courtesy of Dr. Stelvio Sestini Nuclear
Medicine Unit, Azienda Unita Sanitaria Locale 4, Prato, Italy

metabolic pattern compared to de novo PD patients. Recent data suggested that the
RBD-related metabolic pattern is similar but less severe if compared to the PDRP
observed in de novo PD patients [20].

[MFIFDG-PET with the spatial covariance analysis has been used to detect meta-
bolic changes after advanced therapeutical approaches such as deep brain stimulation
(DBS) [21]. After 1 year of bilateral nucleus subthalamicus (STN) DBS, a significant
increase in glucose metabolism was observed in the occipital and parietal cortices
associated with a hypometabolism in the frontal cortex and cerebellar cortex [22].

Another useful application of ['*F]JFDG-PET is represented by the evaluation of
cognitive impairment in PD-associated syndromes (e.g., Parkinson’s disease demen-
tia (PDD) or PD-mild cognitive impairment (PD-MCI)). The development of a cog-
nitive decline is associated with clear metabolic changes within visual associative
and posterior cingulate cortices and in the caudate nucleus [23]. Recently a predic-
tive value for the development of cognitive deficits in early PD has been attributed
to the reduction of the FDG metabolism in the inferior parietal lobule [10].

The utility in the clinical practice of ['*F]FDG-PET is related to the capability of
differentiating the sporadic form PD from atypical parkinsonism such as MSA or
PSP/CBD syndromes.

6.3  Multiple System Atrophy
6.3.1 Clinical Phenotypes

MSA is a degenerative disorder characterized by parkinsonism, cerebellar, and auto-
nomic dysfunctions. Depending on the predominant phenomenology, different phe-
notypes of MSA are possible. The MSA-parkinsonism (MSA-P) is characterized by
parkinsonism associated with clinical signs of autonomic failure such as erectile dys-
function, orthostatic hypotension, and urinary symptoms. In MSA cerebellum
(MSA-C) cerebellar signs occur together with autonomic failure. Patients with MSA
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do present different additional features (e.g., pyramidal signs, myoclonus, dystonia),
and usually patients do not show significant cognitive decline [24].

6.3.2 Neuropathology Findings

The pathological hallmark of MSA is the presence in postmortem brain of a-syn
inclusions in oligodendroglia and neurons associated with progressive neuronal loss
and axonal damages involving mainly different brain structures in the central auto-
nomic, striatonigral, and olivopontocerebellar systems (basal ganglia, cerebellum,
and brainstem). Those pathological features are complemented by astrogliosis and
microglial activation. The distribution is inherently variable, but the two neuro-
pathological subtypes mirror the two clinical entities so that a predominant olivo-
pontocerebellar degeneration is observed in MSA-C and a predominant striatonigral
degeneration is recognized in MSA-P [25].

6.3.3 ['®F]FDG-PET Typical Patterns

The classical ["®F]JFDG-PET pattern detected in MSA is a decrease of glucose
metabolism in the striatum (relevant in the posterior part of the putamen) associated
or not to a decrease metabolism in the cerebellum (hemispheres) according to the
phenotypical subdivision between MSA-P and MSA-C (Figs. 6.2 and 6.3). Reduced
regional metabolism is also observed in the brainstem.

Fig. 6.2 FDG-PET images from a representative case of MSA-P, showing decreased metabolism
in the putamen bilaterally (arrows). Courtesy of Dr. Irina Savitcheva, Department of Nuclear
Medicine, Karolinska Huddinge University Hospital
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Fig. 6.3 FDG-PET images from a representative case of MSA-C. Decrease metabolism can be
observed in the cerebellum (arrows). Courtesy of Dr. Irina Savitcheva, Department of Nuclear
Medicine, Karolinska Huddinge University Hospital

Analysis of MSA ["®F]FDG-PET data using spatial covariance image approaches
led to the description of a MSA-related pattern characterized by a relative hypo-
metabolic pattern in the putamen and caudate nucleus associated with variable
reduction in frontal and posterior cortical areas. Relative increases are described in
the thalamus and cortical region temporal cortex [13, 14].

The utility in the clinical practice of ['*F]JFDG-PET is related to the capability of
detecting specific patterns of MSA (MSA-P and MSA-C). The diagnostic accuracy
for MSA is high and can be easily used as supportive diagnostic tools [2, 5].

6.4 The Spectrum of Progressive Supranuclear Palsy
and Corticobasal Degeneration

6.4.1 Clinical Phenotypes

Progressive supranuclear palsy disorders are nowadays considered as a heteroge-
neous group of clinical syndromes aggregated because of a common neuropatho-
logical substrate [26, 27]. The spectrum includes progressive supranuclear
palsy-Richardson’s syndrome (PSP-RS), corticobasal syndromes (PSP-CBS),
progressive supranuclear palsy with parkinsonism (PSP-P), progressive supranu-
clear palsy with gait freezing (PSP-PGF), and more rare entities such as PSP with
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predominant speech or frontal or cerebellar disorder (PSP-SL, PSP-F, PSP-C).
The classical PSP-RS form is mainly characterized by a symmetric parkinsonism,
axial rigidity, early falls, personality changes, supranuclear vertical gaze palsy,
dysphagia, and dysarthria and a lack of response to levodopa. PSP-CBS refers to
a rare presentation of PSP that resembles corticobasal degeneration (CBD) but
with defined PSP neuropathology. The clinical overlap between the two entities is
such that is impossible to distinguish the two phenotypes separately without the
neuropathological examination post-mortem [28]. A detailed description of other
alternative rare phenotypes described by the new MDS PSP criteria is beyond the
scope of this chapter since there are not yet described disease-specific ["*F]FDG-
PET-related pattern. Clinical CBD phenotypes are characterized by a set of asym-
metric motor symptoms such as rigidity, bradykinesia, stimulus-sensitive
myoclonus, and focal dystonia and by a broad range of cortical dysfunction that
includes dementia, limb apraxia, and alien limb phenomena. There are also spe-
cific variants such as progressive fluent aphasia characterized by a language dis-
order or frontobehavioral spatial syndrome where behavioral dysfunctions
dominate the clinical picture [29].

6.4.2 Neuropathology Findings

Neuropathology findings of PSP-related disorders are characterized by a progres-
sive accumulation of a misfolded protein called tau (four repeats) with neuronal and
glial tau-immunoreactive lesions located at the postmortem analysis in the basal
ganglia, diencephalon, and brainstem (substantia nigra) with an additional involve-
ment of the neocortex (medial frontal and frontoparietal cortex) [30]. Most of the
clinical syndromes can present also mixed pathology with other misfolded proteins
such as a-syn and B-amyloid that contribute to the neurodegenerative process [31].
The different distribution of pathological findings reflects and partly explains the
differences between the clinical variants of PSP-related disorders with a greater
cortical pathology in PSP-CBS, PSP-SL, and PSP-F and a more subcortical pathol-
ogy in PSP-RS, PSP-P, or PSP-PGF [32].

The neuropathology findings in clinically diagnosed CBD are characterized by
highly heterogeneous tau pathology associated with asymmetrical and focal cortical
atrophy (frontotemporal cortical areas), with frequent ballooned neurons (not so
often found in PSP), by the involvement of the substantia nigra and striatal areas,
and by a relative preservation in the brainstem [30, 33].

6.4.3 ['®*F]FDG-PET Typical Patterns

In pathologically confirmed PSP case, a reduction in the glucose metabolism has
been described bilaterally in the caudate and in supplementary motor areas in asso-
ciation with a milder hypometabolism in the midbrain and thalamus [34] (Fig. 6.4).
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Fig.6.4 FDG-PET images from a representative case of PSP. Decreased metabolism can be found
in the medial frontal cortex and the caudate bilaterally (arrows). Courtesy of Dr. Irina Savitcheva,
Department of Nuclear Medicine, Karolinska Huddinge University Hospital

Analysis of PSP [®F]FDG-PET data using spatial covariance image analysis led to
the description of a PSP-related pattern characterized by a bilateral relative hypo-
metabolism in prefrontal and frontal cortical regions (mainly motor regions), in the
caudate nucleus and in the brainstem associated with a relative hypermetabolism in
posterior cortical areas [5, 9, 13]. Despite this clear description, the clinical variety
of PSP syndromes described in the new classification is such that the diagnostic
utility and phenocopies/subtypes specificity of ['"SFJFDG-PET in PSP cannot be
established [14, 26].

In CBD a characteristic pattern of glucose metabolism has been described in
different studies. The most consistent metabolic pattern is characterized by a dis-
tinctive asymmetrical hypometabolism in fronto-temporo-parietal cortical areas
and basal ganglia structures (contralateral to the most affected side) (Fig. 6.5),
associated with a relative hypermetabolism in the same regions but on the oppo-
site side [9, 13].

The utility in the clinical practice of ['*F]JFDG-PET in the spectrum of pro-
gressive supranuclear palsy and corticobasal degeneration is mainly related to
the differentiation from the PD and MSA. A distinctive and specific pattern for
those two heterogeneous nosological entities is not yet available. One recent
suggestion is to use a combined pattern for the PSP/CBD for ["*F]FDG-PET
readouts [2].
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Fig. 6.5 (a) FDG-PET, (b) MRI, and (c) fused PET/MR images from a representative case of
CBD. Decreased metabolism can be observed in the cortical regions (frontal, temporal, and pari-
etal cortex, including precuneus) and basal ganglia of the left hemisphere. The degree of hypome-
tabolism seemed to be more severe than the atrophy observed at the MRI. In this case
hypometabolism of the cerebellar cortex of the contralateral hemisphere, indicating cerebellar
diaschisis, can be observed. The PET examination was performed at the Biostructure and
Bioimaging Institute, National Research Council and University Federico II, Naples, Italy

6.5 Huntington’s Disease
6.5.1 Clinical Phenotypes

Huntington’s disease is a neurodegenerative disorder caused by a single gene muta-
tion characterized by a highly variable and complex clinical phenotype consisting of
movement disorders, neuropsychiatric impairments, and cognitive deficits. Motor
deficits are characterized by choreic movements, dystonia, parkinsonism,
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oculomotor dysfunctions, gait and balance disturbances, dysarthria, and dysphagia.
Cognitive symptoms encompass deficits in the executive dysfunction (concentra-
tion, attention, multitasking), lack of motivation and insight, reduction of problem-
solving, and social cognition. Psychiatric problems include depression, anxiety,
obsessive-compulsive disorders, irritability, disinhibition, delusions, apathy, and
suicidality [35]. The disease has a well-characterized natural history generally
divided in a premanifest stage and in a manifest stage that is conventionally associ-
ated with the onset of motor symptoms and reduction of functional measures.

6.5.2 Neuropathology Findings

HD belongs to the family of expanded CAG repeat disorders and is characterized by
a progressive accumulation of a misfolded protein called mutant huntingtin (mHTT).
The variability and richness of clinical signs in different domains are the conse-
quence of a broad deranged signaling mainly linked to the loss of functions and
degeneration of the cortico-striatal connections, to the toxic gain of function of
mHTT, and to a toxic accumulation of protein aggregates. The traditional neuro-
pathological grading system was developed according to the neurodegenerative
pathological (gross and microscopic level) temporal patterns found in the striatum
[36]. It is becoming more evident that the disease has a more multisystem character
[37] with evidences of structural and functional abnormalities in the cerebral neo-
and allocortex, selected thalamus nuclei, pallidum, and different nuclei of the brain-
stem such as the substantia nigra, pontine nuclei, reticulotegmental nucleus of the
pons, and superior and inferior olives [38].

6.5.3 ['®F]FDG-PET Typical Patterns

Different PET imaging studies investigating the glucose metabolism in Huntington’s
disease gene expression carriers (HDGECs) were able to describe definite subcorti-
cal and cortical metabolic patterns across the entire disease spectrum of the neuro-
degenerative process with a progressive reduction of subcortical and cortical glucose
metabolism [39-41]. The reduction in striatal metabolism was an early feature that
can be observed in the premanifest phase of the disease (before the motor onset of
the disease) (Fig. 6.6).

Noteworthy the striatal reduction of glucose uptake in premanifest HDGECs pre-
ceded the beginning of neuronal loss [40, 42]. Longitudinal analysis of premanifest
HDGCs using spatial covariance image approaches led to the description of a
HD-metabolic progression pattern that consisted in a progressive subcortical and
cortical hypometabolism in the striatum, thalamus, insula, posterior cingulate gyrus,
and prefrontal and occipital cortex associated to a relative hypermetabolism in the
cerebellum and pons [43]. The progressive cortical hypometabolism was correlated
with the progression of the cognitive deficits [44]. Unfortunately no specific pat-
terns were detected for the progression of the psychiatric features of the disease.
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Fig. 6.6 Representative ['*FJFDG-PET/CT images at different stages of Huntington’s disease.
Courtesy of Prof. Andrea Ciarmiello, Nuclear Medicine, S. Andrea Hospital, La Spezia, Italy

The utility in the clinical practice of ['*F]JFDG-PET is limited to rare occasions in
which a suspected or confirmed HDGECS present an unclear motor onset. There are
also studies that suggested a possible application of [*F]JFDG-PET imaging as a
tool to predict the time of symptomatic conversion [45].

HD is the most common form of heredo-degenerative condition that causes cho-
reatic syndromes in adulthood. There are other rare heredo-degenerative conditions,
defined as HD phenocopies, that become relevant as alternative diagnosis when the
causative HD mutation is excluded [46]. The ['*F]JFDG-PET metabolic pattern for
many of those condition has been described in different small or case studies [47].
Metabolic patterns that essentially mimic those observed in HD (a predominant
striatal hypometabolism) have been described for different heredo-degenerative
conditions such as in neurochoreacanthocitosis syndromes [48, 49], spinocerebellar
ataxial7 (SCA17) [50], or Wilson’s disease [51]. According to the literature, the
pattern basically reflects the neurodegenerative nature of those conditions. In con-
trast ['®F]JFDG-PET imaging studies performed in acquired/non-degenerative forms
of chorea such in the antiphospholipid syndrome [51], polycythemia vera [51], and
Sydenham’s chorea [51] showed an increased striatal metabolism.

6.6 Advantages and Limitations
6.6.1 General Advantages
['®F]JFDG-PET is currently the most accurate method to study in vivo the human

brain metabolism, and it is increasingly being used to study the brain for diagnostic
purposes [52]. This technology is widely available in the current clinical setting,
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and an impressive amount of data have been collected in the area of movement dis-
orders. A recent meta-analysis showed that ['®F]JFDG-PET is highly accurate
(>90%) in the differential diagnosis of parkinsonian disorders [2].

6.6.2 General Limitations

Despite its acceptance in clinical practice, several known confounders might poten-
tially represent a limitation for the application of ['"*F]JFDG-PET in the investigation
of movement disorders.

In neurodegenerative disorders, drastic structural and functional changes of the
composition of brain tissue are the rule. Among them of importance for the present
consideration are the known gray matter loss, astrogliosis [53], alteration in perme-
ability of the blood brain barrier [54], and accumulation of misfolded proteins (e.g.,
a-synuclein, tau, or m-Huntingtin) which are major putative neuropathological pro-
cesses that occur in neurodegenerative disorders. Altogether those dynamic pro-
cesses/changes might influence the delivery, the metabolism, and the uptake of FDG
in brain tissues. It is already known that heterogeneous tissues might influence the
metabolism and the kinetic of FDG uptake [55]. In our view those reflections are
more relevant for the interpretation and understanding of the observed metabolic
patterns rather than the validity of the aforementioned and described patterns.
Another caveat is represented by the incomplete knowledge about the effect of the
different medications acting on the central nervous system onto regional FDG brain
metabolic patterns. Caffeine, alcohol, amphetamines, cocaine, anesthetics, benzodi-
azepines, neuroleptics, but also corticosteroids and chemotherapy have a known
effect on FDG uptake [56]. Specific studies conducted to evaluate the FDG uptake
in PD patients in a levodopa “on” state as compared with patient in “off”” levodopa
found that the brain glucose metabolism is asymmetrically reduced in the putamen,
thalamus, and cerebellum with an impact also on the PD-related pattern activity
[57]. Unintended cerebral activations due to motor activation or visual stimulation
and artifacts due to the presence of unvoluntary movements (i.e., dyskinesia, dysto-
nia, tremor) might represent an additional caveats in the interpretation of glucose
metabolism patterns. Another phenomenon that might affect brain PET studies
evaluating regional distributions in basal ganglia subregions is the partial volume
effect (PVE). Because of PVE, the radioactivity concentration in different regions is
under- or overestimated due to “spillover” of measured radioactivity between neigh-
boring regions. This effect is also enhanced by the presence of significant brain
atrophy resulting in predictable underestimations of target availability (e.g., striatal
atrophy in the striatum in HD). The application of PVE correction (PVEc) methods
is thus important, despite the fact that such methods can be associated with possible
biases due to noise amplification.

And last but not least, only recently the notion that the brain glucose consump-
tion is primary generated by neuronal and synaptic activity has been challenged by
new evidences that suggest a role for the astroglial unit in the generation FDG
uptake [58].
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Key Points

* [®F]FDG PET in movement disorders can be used as a supportive instru-
mental biomarker for the differential diagnosis of parkinsonian syndromes
with readouts of images that are correlated with neuropathological
findings.

 In clinical practice ["*F]JFDG PET can be used to differentiate with high
accuracy the sporadic Parkinson’s disease form from atypical parkinson-
isms such as multiple system atrophy (MSA-P and MSA-C).

* The classical ['*F]FDG PET pattern detected in MSA is a decrease of glu-
cose metabolism in the striatum associated or not to a decrease metabolism
in the cerebellum according to the phenotypical subdivision between
MSA-P and MSA-C.

* A distinctive and specific ['**F]JFDG-PET pattern in the spectrum of pro-
gressive supranuclear palsy and corticobasal degeneration is less defined.

* In pathologically confirmed PSP case, a reduction in the glucose metabo-
lism has been described in the caudate and supplementary motor areas,
whereas an asymmetric FDG uptake in different cortical regions and basal
ganglia is characteristic in corticobasal degeneration syndromes.

* In clinical practice ["*F]FDG PET can be used to differentiate acquired or
genetic forms of Huntingtonism. In Huntington’s disease the utility of ['*F]
FDG PET is limited to the rare occasions in which suspected or confirmed
Huntington’s disease gene expression carriers present an unclear clinical
motor onset.

* The interpretation and understanding of ['8F]JFDG-PET patterns in neuro-
degenerative/movement disorders is challenged by the potential interfer-
ence of concomitant medication and by the dynamic pathological changes
of the brain tissues.
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This chapter will summarize the evidence supporting the clinical use of FDG-PET
brain imaging in the evaluation of patients with pharmaco-resistant epilepsy consid-
ered for surgical treatment. We will discuss the clinical indications, the main pat-
terns of hypometabolism observed, and the main advantages and limitations
associated with its use.
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7.1 Introduction

Epilepsy is a common chronic neurological condition, affecting 0.7% (0.5-1%)
of the population. Patients with epilepsy might suffer from social and profes-
sional consequences and might be at risk for accidents and increased mortality.
Seizures consist in an abnormal neuroelectrical activity, occurring either in one
region of the brain (focal seizures) with or without propagation (with or without
secondary generalization) or in both hemispheres already at onset (generalized
seizures) [1]. In about 30% of the patients, seizures persist despite antiepileptic
drug treatment [2, 3] and surgery, i.e., the resection of the epileptic focus is then
the only curative option. The outcome of epilepsy surgery is very good in well-
selected patients, with over 50% seizure freedom at long follow-up [4]. The
abnormalities most often observed in adult pharmaco-resistant patients are hip-
pocampal sclerosis, low-grade tumors, brain malformations, and vascular
abnormalities, while in children tumors and malformations are the most fre-
quent causes [5].

A presurgical evaluation in a specialized center is thus recommended as soon
as pharmaco-resistance is documented and a focal origin is possible. The aim of
the presurgical work-up is diagnostic and prognostic at once, localizing the
abnormality and evaluating the feasibility of surgery. Patients undergo long-term
video-EEG recording, MRI, clinical and neuropsychological evaluations, and
nuclear medicine investigations, namely, interictal FDG-PET and/or ictal/inter-
ictal SPECT [6]. On the basis of the analysis of the multimodal imaging results,
patients are selected for invasive EEG recording with intracranial electrodes, in
case of discordant results or proximity to eloquent cortex, or for surgical resec-
tion [7-9].

7.2 Clinical Indications

BE-FDG is the most explored tracer for PET imaging of epilepsy and provides key
additional information, particularly in cases of non-lesional (or “nonstructural”)
epilepsy or multifocal lesions [1].

In non-lesional focal epilepsy, an undetected focal cortical dysplasia might be
suspected. For example in children less than 2 years old, immature myelination and
poor gray to white matter differentiation render lesion detection on morphological
imaging more difficult [10, 11]. The review of MRI after an FDG PET examination
showing a focal abnormality might reveal subtle structural lesions that were previ-
ously undetected [12]. The presence of a focal hypometabolism might also, in spe-
cific cases, avoid the need for invasive recordings, e.g., in MRI-negative temporal
lobe epilepsy. Indeed, patients with a clear unilateral anterior temporal PET abnor-
mality, even without lesions visible at MRI, have an excellent prognostic outcome,
comparable to lesional cases [13].
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PET can also contribute to the evaluation of patients with multifocal abnormali-
ties. In dual pathology, characterized by the presence of hippocampal sclerosis
together with extrahippocampal lesions (i.e., focal cortical dysplasia, tumor, vascu-
lar malformation, contusion, infarct) with a frequency ranging from 5 to 30% in
patients with refractory partial epilepsy, resection of both pathologies, when possi-
ble, has the most favorable outcome [14]. In multifocal disorders, such as tuberous
sclerosis (discussed below) PET imaging might help selecting, in a multimodal
approach, the “most epileptogenic” lesion.

Finally, FDG-PET can be useful for the evaluation of the functional status of the
rest of the cortex, which could serve as a predictor of the cognitive outcome after
resection. In children in particular, neural plasticity, expected to a certain degree
postsurgically, requires a certain degree of functional integrity of the remaining
cortex [10, 11].

7.3 Classical Patterns
7.3.1 Temporal

The hypometabolic region seen on interictal PET-FDG often extends beyond the
epileptogenic foci, covering a broader area, rendering the exact localization of the
lesion difficult [15]. This hypometabolism may represent areas of neuronal loss,
reduction of synaptic activity, or inhibitory phenomena [10, 15].

In mesio-temporal lobe epilepsy, there is anterior and mesial temporal hypome-
tabolism ipsilateral to hippocampal sclerosis (Fig. 7.1) or bilateral, asymmetric with
ipsilateral predominance [16].

FDG-PET could help differentiate presurgically mesial from lateral temporal
lobe epilepsy, given that in lateral temporal lobe epilepsy there is relative sparing of
the mesiotemporal metabolism [17].

Alteration of thalamic metabolic activity, especially the dorsomedial nucleus is a
common extratemporal manifestation of temporal lobe epilepsy [18, 19]. Typically
we expect a hypometabolism ipsilateral to the temporal anomaly, that can also serve
as a supplementary argument for lateralization of the epileptogenic focus [20].
Thalamic hypometabolism can be bilateral but asymmetric with ipsilateral predomi-
nance. Other extratemporal alterations that can be observed include ipsilateral
hypometabolism of the basal ganglia, insula, inferior frontal lobe, and lateral pari-
etal cortex [16]. Particularly interesting is the presence of hypometabolism in the
ipsilateral frontal lobe, as it is the most common route of seizures’ spread, arising
from the mesio-temporal lobe. Interpretation of frontal lobe hypometabolism in
temporal lobe epilepsy is advised to be interpreted in conjunction with the results of
ictal SPECT, as hypometabolism could be a consequence of seizures’ spread or
eventually decreased synaptic activity in the context of surrounding inhibition [15],
but further studies need to confirm this hypothesis.
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Fig.7.1 Temporal lobe epilepsy. In patient a (coronal plane of MRI T2-weighted fluid-attenuated
inversion recovery (FLAIR), PET/MR fusion, and FDG-PET), MRI showed a discrete atrophy of
the right hippocampus (white arrow), without clear hippocampal sclerosis. Fusion PET/MR and
PET demonstrated a clear mesio-temporal hypometabolism on the right (white and red arrows,
respectively). In patient b (coronal plane of MRI T2-weighted turbo spin echo (TSE), PET/MR
fusion, FDG-PET), MRI showed a hippocampal sclerosis at the left (white arrow), with increased
T1 and T2 signal, without evidence of atrophy yet. Fusion PET/MR and PET confirmed the results
by revealing a left mesio-temporal hypometabolism (white and red arrows, respectively)

Controlateral cerebellar hypometabolism (crossed cerebellar diaschisis) might
occur in patients with temporal lobe epilepsy when prominent frontal lobe hypome-
tabolism is present, possibly suggesting that cerebellar dysfunction in patients with
temporal lobe epilepsy is associated with seizures’ spread via the frontal lobe [24].

7.3.2 Extratemporal

In extratemporal epilepsy, FDG-PET does not perform as well as for temporal lobe
epilepsy, with sensitivities varying from 45% to 92% for frontal lobe
epilepsy [10].

FDG-PET may aid in the localization of the epileptogenic region in such difficult
cases, with a reported sensitivity for frontal lobe epilepsy of 36% in patients with
normal MRI and 73% in patients with MRI abnormalities [21] (Fig. 7.2). The addi-
tion of analytical and quantitative approaches can improve the detection rate of
epileptogenic foci [22], particularly in frontal lobe epilepsy [23].

Hypometabolism can appear larger than the structural lesion, encompassing the
lesion, the peri-lesional epileptic cortex, and a wider area of normal cortex, which
becomes functionally hypometabolic (Fig. 7.3).
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Fig. 7.2 Extratemporal lobe epilepsy. (a) axial view; (b) coronal view; (c) sagittal view of MRI
T2-weighted fluid-attenuated inversion recovery (FLAIR), PET/MR fusion, and FDG-PET). Left
frontal superior focal cortical dysplasia discretely hyperintense in the FLAIR sequence (white axes
in the first column) and isointense in T2 and T1. PET/MR fusion and FDG-PET demonstrated a
hypometabolism of the lesion (white and red axes in the second and third columns, respectively)

In addition, remote hypometabolism can be noticed, related to seizure propaga-
tion pathways, which could help indirectly to narrow the potential regions of seizure
onset. Crossed cerebellar diaschisis is mainly seen in frontal lobe epilepsy, due to
the fronto-ponto-cerebellar connections [24], as well as in parietal lobe epilepsy
[10, 11]. Ipsilateral thalamic and striatal hypometabolism has also been described in
frontal lobe epilepsy [19].

Extratemporal epileptogenic foci are typically hypometabolic, with the excep-
tion of heterotopia, malformations of cortical development due to abnormal neuro-
nal migration usually in subcortical and subependymal positions (Fig. 7.4). It can
either be a true hypermetabolic lesion, higher than the normal cortex, or relatively
hypermetabolic, meaning lower than or similar to the normal cortex, but higher than
the surrounding white matter [25, 26].
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Fig. 7.3 Extratemporal lobe epilepsy. (a, coronal view; b, axial view; ¢, sagittal view of MRI
T1-weighted, PET/MR fusion, and FDG-PET). Left frontal posterolateral cortical dysplasia seen
as a focal thickening of the cortex (white axes in the first column). PET/MR fusion and FDG-PET
showed a left frontal posterolateral hypometabolic area, larger than the morphological abnormality
(white and red axes, in the second and third columns, respectively)

Fig. 7.4 Subependymal cortical heterotopia. Subependymal nodule at the frontal corn of the left
ventricule, with intensity similar to the normal cortex ((a) T1-weighted magnetization-prepared
rapid gradient echo (MP RAGE)) (white arrow), appearing hypermetabolic as compared to the
adjacent white matter in PET/MR fusion (b), and FDG-PET (c¢) (white and red arrows,
respectively)
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7.3.3 Syndromes

The main syndromes associated with seizures as well as their metabolic patterns are

outlined in Table 7.1 [11, 27-30].

Table 7.1 Syndromes associated with seizures and corresponding metabolic pattern

Metabolic pattern

Impact on surgical management

Epileptic spasms, also known as infantile spasms [11, 27]

Four metabolic patterns in FDG-PET

1. Unifocal hypometabolism, probably due to
cortical dysplasia

2. Multifocal hypometabolism

3. Diffuse hypometabolism, which is likely
associated with an underlying
neurodegenerative disorder

4. Bilateral temporal hypometabolism, with
distinct clinical characteristics, such as severe
developmental delay

Tuberous sclerosis

Cortical tubers appear as multiple
hypometabolic foci. Both epileptogenic and
non-epileptogenic tubers present a decrease of
metabolism [11]. The larger hypometabolic
volume in FDG-PET relative to the MRI tuber
size could help identifying the epileptogenic
foci [28]

Lennox-Gastaut syndrome

Four main metabolic patterns [29]

1. Unilateral focal hypometabolism, extending
in an area of one hemisphere

2. Unilateral diffuse, with decreased
metabolism of practically the whole
hemisphere

3. Bilateral diffuse hypometabolism, with
hypometabolism of the whole cortex but
sparing of the primary sensory areas (visual
and auditory cortex)

4. Normal cortical metabolism

Sturge-Weber syndrome [11]
Hypometabolism of the cortex underlying the
leptomeningeal angiomatosis

Usually hypometabolism extends beyond the
abnormality seen on CT or MRI. The opposite
can also occur

Rapidly evolving hypometabolism

Cessation of spasms and improved cognitive
outcome after resection

Occasionally palliative surgery, if the majority
of the seizures originate from one region, with
improvement of the quality of life but
restricted cognitive development

Not candidates for surgical treatment and other
therapies have to be considered

Not candidates for surgical treatment and other
therapies have to be considered

Cessation of seizures, with improved quality
of life and cognitive outcome after resection of
the epileptogenic tuber

Surgical outcome in Lennox-Gastaut
syndrome usually remains unfavorable [11]

In patients with poorly controlled seizures and
unilateral focal hypometabolism, if EEG
results are consistent with the localization of
hypometabolism, cortical resection for seizure
control could be considered [29, 30])

As most seizures originate from one
hemisphere, seizure control could be
attempted with corpus callosotomy [29]

Not candidates for surgical treatment

Not candidates for surgical treatment

A kind of auto-resection of the affected cortex,
with improvement of seizures and cognitive
function without surgical intervention

(continued)
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Table 7.1 (continued)

Metabolic pattern Impact on surgical management

Slowly evolving hypometabolism Surgical intervention required in order to
control seizures and improve cognitive
function

Paradox hypermetabolism: Hypermetabolism  Possibly an imaging sign of subsequent severe

of the affected cortex, possibly due to active seizure, requiring early intervention

cellular damage. Eventually metabolism will

decrease in these patients too

Hemimegalencephaly [11]

The affected hemisphere can show hypo- or FDG-PET has a predictive value on
hypermetabolism depending of the seizure postsurgical seizure control and cognitive
status outcome

FDG-PET is useful for the evaluation of the

contralateral normal hemisphere before

surgical intervention

Rasmussen encephalitis [11]

Early stage (<1 year from seizure onset): FDG-PET is useful in lateralization of the
Unilateral hypometabolism in the frontal and  affected cortex, before biopsy confirmation of
temporal cortex, the parietal cortex can also be the diagnosis, in morphologically equivocal
affected, but the occipital cortex is usually cases and in evaluating the extent of the
spared disease, before surgical intervention

Late stage (>1 year from seizure onset):

Hypometabolism of the whole hemisphere,

including the occipital cortex

7.4  Advantages and Limitations

FDG-PET is a noninvasive technique that apart from the localization of the epilep-
togenic focus provides additional information on the functional status of the rest of
the brain [31] with a predictive value on the postoperative seizure control and neu-
rocognitive function. FDG-PET imaging carries important prognostic information
in the presurgical evaluation of patients with epilepsy. This is well established for
mesial temporal lobe epilepsy, showing that extratemporal changes have a negative
prognostic value, while data in extratemporal epilepsies are more limited but sug-
gest a similar association between multifocal FDG-PET abnormalities and worse
outcome [32-34].

Although it is an expensive exam, its use has been proven not only diagnostically
relevant but also cost-effective when used in cases of discordance between EEG and
MRI, with invasive EEG electrodes implantation limited to patients with inconclu-
sive PET results [35].

With routine visual assessment, which is subjective and experience-dependent,
subtle hypometabolic lesions may be missed; complementary quantitative
approaches add objectivity and could increase the detection rate independently of
the reader’s experience [22, 23].

FDG-PET image analysis should always include the evaluation of coregistered
and fused PET and MRI sequences, to identify focal cortical abnormalities [36, 37].
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Due to the relatively slow uptake of FDG (about 20 min), ictal FDG-PET scans
are not recommended, as they represent a mixed ictal-postictal-interictal metabo-
lism, rendering conclusions more complex [38], except maybe in cases of continu-
ous or very frequent seizures [39]. In addition, the relatively short half-life of
18-Fluorine (110 min) limits the bedside availability of the radiotracer and schedul-
ing of the PET scan.

Another factor that should be kept in mind during interpretation of the scan is
that patients addressed for FDG-PET are under antiepileptic treatment, such as bar-
biturates, valproate, phenytoin, or carbamazepine, known to globally decrease cere-
bral metabolism [10, 11].

A novel development in the field is represented by integrated PET/MRI tomo-
graphs, offering the possibility to assess in one single session the panel of MRI-
based markers and FDG-PET. The feasibility of this approach has been reported
with the different tomographs available on the marker, and the main limitation for a
wider use is the availability of the technology [40—43].

7.5 Conclusion

Overall, FDG-PET imaging represents a relevant diagnostic and prognostic tool in
focal epilepsy and could be offered to all patients undergoing a presurgical evalua-
tion, when available.

Key Points

e About 30-40% of patients with epilepsy suffer from seizures refractory to
anti-epileptic drug treatment.

* In well-selected patients with refractory epilepsy and focal origin of sei-
zures, surgical resection is the only curative option.

e The pre-surgical workup involves video-EEG recording, MRI, clinical and
neuropsychological evaluations, interictal FDG-PET, and/or ictal/interictal
SPECT.

e BE-FDG PET is a noninvasive technique that provides key additional infor-
mation particularly in cases of non-lesional epilepsy or multifocal lesions,
as well as information on the functional status of the rest of the brain with
predictive value on the postsurgical outcome.

e The identification of 'SF-FDG PET abnormalities relies on visual analyses
of PET images fused with MRI and supported by appropriate semiquantita-
tive analyses comparing the individual scan with a normal reference
database.
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e In temporal lobe epilepsy, mesio-temporal lesions demonstrate anterior

and mesial temporal hypometabolism ipsilateral or bilateral with ipsilateral
predominance, while in lateral temporal lesions, there is relative sparing of
the mesial basal metabolism.

e Extratemporal manifestations of temporal lobe epilepsy include ipsilateral

hypometabolism of the thalamus (the most common), the basal ganglia,
insula, inferior frontal and lateral parietal lobe, and contralateral cerebellar
hypometabolism.

e Sensitivity is lower for extratemporal epileptogenic foci.

e In extratemporal lobe epilepsy, there is typically hypometabolism of the

epileptogenic foci extending to the peri-lesional cortex and a wider area of
normal cortex; an exception is heterotopia in subcortical and subependy-
mal positions, where the lesion appears hypermetabolic.

e In syndromes associated with seizures, PET FDG presents typical meta-

bolic patterns, useful in selecting candidates for surgical resection with
predictive value on postsurgical seizure control and cognitive outcome.
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8.1 Introduction

Gliomas account for 80% of all intrinsic primary brain tumours, including several
subtypes with different prognoses [1]. Histological characterisation following the
World Health Organisation (WHO) groups gliomas on cell origin (astrocytoma, oli-
godendroglioma), with assessment of pathological features of malignancy.
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Low-grade gliomas (LGG, WHO grades I-1I) show a better prognosis than high-
grade gliomas (HGG, WHO grade III-1V) [2].

Mutations in the isocitrate dehydrogenase (IDH) gene is an early event in glioma-
genesis [3] and enables distinction between primary (IDH wild type) and secondary
(IDH mutated) glioblastomas. Previous investigations have demonstrated a prog-
nostic role of this mutation. IDH wild-type LGG often presents a clinical course
similar to glioblastomas regardless treatment. The new WHO brain tumour classifi-
cation includes molecular assessment as part of an integrated diagnosis [4].

Anatomical MRI offers excellent visual detail [5] but lacks sensitivity and speci-
ficity in prediction of glioma grade, malignant transformation and molecular status.
Advanced MRI techniques (diffusion, perfusion and spectroscopy) can add infor-
mation but do not completely predict tumour grade, possible transformation or
molecular status [6]. Molecular imaging has been proposed as emerging imaging
technique assisting glioma characterisation noninvasively. In this chapter, the main
applications of PET in neuro-oncology will be discussed.

8.2  PETin Primary Glioma Diagnosis and Differential
Diagnosis

8.2.1 '®F-FDG

BE-FDG PET is the most used tracer in oncology but effectively not often used in
glioma due to the high uptake in cerebral parenchyma which can obscure the visu-
alisation of underlying malignancy. However old studies reported that '*F-FDG PET
may distinguish HGG from other malignant brain tumours [7]. Most recent small
retrospective studies [8, 9] demonstrated a significantly higher "*F-FDG uptake in
CNS lymphomas compared to HGG and metastases. SUV ., >12 had sensitivity of
100% (but lower specificity 71.4% for primary central nervous system lymphoma
[PCNSL]). These were small studies with no follow-up data, and some patients had
pre-PET steroids, known to reduce FDG accumulation, potentially affecting overall
results (Fig. 8.1).

8.2.2 "C-MET

Few data have assessed ''C-MET in brain tumour diagnostics. One paper showed sig-
nificantly higher '"C-MET uptake in lymphoma compared to glioblastomas [ 10], which
correlated with high FDG uptake. This was done in a small cohort; therefore ''C-MET
PET is not recommended at present for the differential diagnosis of brain lesions.

8.2.3 '®F-FET

In five studies with 180 patients included in a meta-analysis, '®F-FET uptake of
TBRean >1.7 (sensitivity 71%, specificity 72%) and TBR,,,, >2.1 (sensitivity 65%
and specificity 56%) provided best diagnostic performance for glioma



8 PET in Neuro-Oncology 79

Fig. 8.1 Axial fused 18F FDG PET/MR (a) and post contrast TIWI (b) demonstrates intense
increased FDG uptake in the periventricular region of the posterior horn of the left lateral ventricle
(a, arrow) which corresponds to an enhancing lesion on the post contrast MR (b), in a patient with
CNS lymphoma

Fig.8.2 FET-PET/MRI in tumor diagnosis, delineation and grading diagnosis in a 50 y-old patient.
MRI: right to left the images show a ill defined, non-enhancing tumor in the right temporal hemi-
sphere. FET PET fused with coronal MRI identifies a focus of uptake at the same level: SUVmax
7.6. Guided biopsy: Pathology: Anaplastic oligoastrocytoma WHO 111

characterisation (Fig. 8.2) [11]. In a more recent meta-analysis including patients
with brain lesions undergoing both "®F-FET and "*F-FDG PET, it was demonstrated
that "8F-FET PET was significantly higher in gliomas than in non-tumoural lesions
and superior to '®F-FDG, which could not make this distinction [12].

A study by Rapp et al. showed that neoplastic lesions had significantly higher
F-FET uptake than nonneoplastic lesions (NNLs). TBRmax >2.5 was the optional
cutoff to differentiate between neoplastic lesions and NNLS (sensitivity 57%, speci-
ficity 92%). However, the same cutoff value was also optimal for the differentiation
between HGG and LGG (sensitivity 79%, specificity 72%). Thus uptake of >2.5
may be useful in excluding HGG only [13].

8.2.4 'F-FDOPA

Several studies have compared *F-FDOPA with other tracers. Correlation between
BF-FDOPA and ""C-MET uptake demonstrated almost identical uptake on visual
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Fig. 8.3 Intense F-Dopa uptake in non-enhancing high grade glioma

inspection [14]. Similar results were shown between ®F-FDOPA and “*F-FET on
visual inspection in 27 HGGs (and reported sensitivity 100%) [14]. However, it is
worth to remind that even if ®F-FDOPA may be more appropriate for clinical use
because of longer half-life and limited scanning time, their cost limits the applica-
tion in routine clinical setting (Fig. 8.3).

8.2.5 'F-CHO

In a large retrospective study involving 95 gliomas (grade II-IV), both ¥F-CHO and
UC-MET were superior to 8F-FDG in diagnosing gliomas. Only 13.7% of gliomas
demonstrated increased uptake (T/N ratio >2) with ®F-FDG, compared to 71.6%
with 8F-CHO and 87.4% with "C-MET. Moreover, ®F-CHO uptake in normal
brain parenchyma was lower than that of ''C-MET (SUV 4, 0.29 £+ 0.007 compared
to 1.25 + 0.39) [15], demonstrating potential adding value of this tracer in tumour
burden. Another small sample study comparing *F-CHO and "'C-MET in imaging
brain metastases found that '8F-CHO had significantly higher L/N ratios in tumour
tissue (LNR i 6.6) [16] (Fig. 8.4).

8.2.6 '®F-FLT

Different studies have evaluated *F-FLT in the diagnosis of glioma. In a small
cohort of 18 brain tumours (n = 12 HGG, n = 6 LGG) and 8 non-tumoural lesions,
BE-FLT presented sensitivity 79% and specificity of 65% in brain tumour diagnosis
[17]. Jacobs et al. investigated with both ®F-FLT and ""C-MET 23 patients and
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Fig.8.4 Large WHO 4 glioma with limited enhancement on MRI and intense uptake on F-Choline
PET

found that F-FLT sensitivity for tumour detection was good (78.3%) but lower
than ""C-MET (91.3%) [18]. Similar sensitivity (83.8%) for tumour detection with
BE-FLT was also demonstrated in subsequent comparative study with ""C-MET
PET again with ""C-MET superior in sensitivity (87.8%) [19, 20]. *F-FLT SUV
appear lower than with other tracers; TN ratios are higher because of low back-
ground uptake, thus providing good image contrast.

In summary, current evidence suggest '*F-FDG is able to distinguish lymphoma
from other entities by demonstrating significantly higher SUV values. Amino acid
tracers such as ''C-MET have also demonstrated significantly higher uptake in lym-
phomas compared to gliomas, but due to the limited availability of these tracers,
BE-FDG remains the first choice. '8F-FET appears to have some value in glioma
diagnostics where a negative "*F-FET indicates glioma as an unlikely diagnosis.
F-FDOPA may have similar uptake on visual inspection to '"C-MET and '8F-FET
but compared to "'C-MET may be advantageous clinically because of long half-life
(but high cost). F-CHO appears to have low physiological uptake, with potential
benefit in tumour delineation, but has limited evidence for use in gliomas as less
sensitive than other tracers. "*F-FLT appears sensitive to malignant glioma, but ''C-
MET PET may be more sensitive overall for glioma detection (both HGG and
LGG).

8.3  Amino Acid Tracers PET in Glioma Histological
Subtyping

E-FET may be valuable in histological subtyping; low-grade oligodendrogliomas
have a higher *F-FET uptake compared to astrocytomas. Similar observations have
been made using ''C-MET and "*F-FDOPA where higher uptake was demonstrated
in grade II oligodendrogliomas compared to diffuse astrocytomas [22]. These
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observations may be secondary to elevated microvessel density in oligodendroglio-
mas and higher tumour perfusion allowing for increased amino acid uptake [23].
Oligoastrocytoma tracer uptake is between that of oligodendrogliomas and astrocy-
tomas, perhaps reflecting mixed metabolic features. These studies, however, had no
follow-up data, and grading was based on the old WHO classification. Since diffuse
astrocytomas are more likely to undergo malignant transformation, one could argue
that characterisation of tracer uptake in these tumours would be of greater clinical
importance.

8.4 PETin Glioma Grading

Routine methods for tumour grading involve biopsy or surgical resection but as
known they are invasive, thus with additional risk to the patient and possible limita-
tions with underestimation and misinterpretation of tumour tissue secondary to tis-
sue sample errors. Discrimination between LGG and HGG remains crucial for
treatment-related decisions and prognosis.

8.4.1 '*F-FET

Dunet et al. [25] comparing "®F-FET and "F-FDG for glioma grading found that
both tracers demonstrated higher uptake in HGG compared with LGG. Suggested
HGG cutoff values using *F-FDG were TBR 0, >1.4, TBR,, >1.8, and ¥F-FET
TBRean >2.0, TBR,,,« >3.0 [26]. BF-FET cutoffs yielded higher sensitivity, speci-
ficity and accuracy and have been studied more frequently, but there was statisti-
cally no significant difference in using these two tracers for glioma grading
(P>0.11).

Rapp et al. also reported significantly higher *F-FET uptake in HGG compared
to LGG. Optimal HGG TBR,,,, cutoff >2.5 (sensitivity 80%, specificity 65%) was
lower than that suggested by Dunet et al. Limitations of this latter study was low
PPV 66% and NPV 79%, meaning histological confirmation would still be needed.

8.4.2 "C-MET

In two retrospective studies, ''C-MET uptake was higher in glioblastomas (T/N
ratio 5.03 + 1.65) and anaplastic astrocytomas (3.03 = 1.02) compared to diffuse
astrocytomas (2.24 + 0.90) (P < 0.001) [26]. However none of these studies pro-
vided HGG cutoff values. Without standardisation and establishment of reliable
cutoff values, interpretation of results is difficult and of limited use clinically [27].
In another small (35 patients) study, Takano et al. used ""C-MET T/N ratio >2 to
discriminate HGG from LGG. However results are still controversial, and high
uptake does not necessarily indicate HGG [28]. A low uptake could perhaps exclude
HGG however but requires careful evaluation.
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8.4.3 'F-FDOPA

BE-FDOPA uptake also appears significantly higher in HGG compared to LGG in
newly diagnosed gliomas; SUV,,,, >2.72 discriminated between HGG and LGG
(sensitivity 85%, specificity 89%). There was no significant difference in uptakes
between recurrent HGG and LGG however [29]. This is in contrast to a more recent
study, where a significant difference in uptake was demonstrated regardless of
whether tumours were newly diagnosed or recurrent. In this cohort, SUV,,, >2.5
discriminated between HGG and LGG (sensitivity 76%, specificity of 70%) [13].

Uptake patterns and characterisation of tumour grade may again be difficult due
to the inhomogeneous cohort in small retrospective studies.

8.4.4 TSF-FLT

Chen et al. found that '8F-FLT was negative in LGG without MRI contrast enhance-
ment [20]. Studies consistently report negative ®F-FLT PET in LGG, with sensitiv-
ity for detecting LGG ranging from 20 to 60% [30]. Also reported is the lack of
statistically significant difference in uptakes between grades II and III. This may be
due to small sample size. Both these studies demonstrated significant difference
between grades III and IV and grades II and IV however. When compared to 3F-
FDG, ®F-FLT showed significantly increased uptake in all HGG. In nine gliomas
evaluated, "®F-FLT also correlated with tumour grade and cellular proliferation in
contrast to ¥-FDG which failed to show any such correlations [31]. T/N ratio varies
between studies, due to differences in protocols and study populations some of
which include mixed glioma cohort. This makes comparisons difficult, and limited
semiquantitative data and cutoff values have been reported.

In a more recent comparison study, both ¥F-FLT and “F-FET were able to dif-
ferentiate HGG from LGG and differences in SUVmax, and T/N ratio were statisti-
cally significant [32]. ¥F-FLT detected 100% of the HGG (n = 17) but none of LGG
(n = 3). This was in contrast to "*F-FET PET which was positive in all tumours
regardless of grade.

8.5 Glioma Treatment Effect and Recurrence

Standard glioma treatment involves maximal resection followed by radiotherapy
(RT) with/without adjuvant chemotherapy with PCV (procarbazine, lomustine, vin-
cristine) regimen or temozolonide (TMZ) for glioblastoma. RT planning relies on
neuroimaging where targets have to be precise to minimise radiation damage to
healthy tissues. The aim of PET and molecular imaging is to improve delineation of
metabolically active lesions not necessarily evident on structural MRI [33]. Post
treatment, patients undergo MRI surveillance for tumour recurrence (high incidence
due to infiltrative nature) [34] and/or treatment-related effects including pseudopro-
gression (PP) and radiation necrosis (RN). RN occurs in 3-24% post
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radio-chemotherapy for glioblastoma [35], and PP occurs in up to 10-30% of glio-
blastoma following standard treatment.

PP is thought to represent a subacute (within 12 weeks) post-treatment reaction;
typically, there is increased enhanced lesion and oedema on MRI, mimicking
tumour progression and recurrence. However, it does not require treatment and
undergoes spontaneous resolution [2]. RN tends to be a later complication, mani-
festing within 6 months after standard RT but can occur within months to years [35].
RN is also associated with oedema, contrast enhancement and mass effect on MRI
[36], in close vicinity to original tumour [37]. Conventional imaging does not allow
for discrimination between PP, RN and recurrence [2], because of similar MRI fea-
tures; PET may assist in discriminating these entities which is crucial, considering
that therapeutic strategies and prognosis are very different; PP and RN are indica-
tors of response to chemo-radiation, associated with prolonged survival in glioma
patients. Recurrence, however, is usually more aggressive than the primary tumour,
carrying a very poor prognosis.

8.6  PET Tracers in Differentiating Recurrence
from Treatment Effects

Itis unclear which PET tracer is superior in distinguishing recurrence from RN. One
retrospective study comparing ""C-MET, '8F-CHO and "8F-FDG in 50 patients post
resection and RT for malignant glioma found that ''C-MET was superior in differ-
entiating glioma recurrence from RN. ""C-MET uptake may be lower in RN than in
recurrence; ''C-MET uptake in RN may be through passive diffusion through a
disrupted BBB, which is different from tumour recurrence where there is active
transport of 'C-MET across cell membranes in proliferating tumour cells. RN may
also have increased biological activity, however, in the context of inflammatory
reactions and reactive glial cells post treatment. The difficulties with this is when
there is mixed pathology, i.e. both RN and residual/recurrent tumour cells. An L/N
of >2.51 had sensitivity of 91.3 % and specificity of 87.5% for detection of recur-
rence [38]. L/N cutoff values were higher in this study compared to previous stud-
ies; Terakawa et al., also using ''C-MET in 26 glioma patients, found that a L/N ¢,
cutoff >1.58 provided the best sensitivity and specificity (75% and 75%, respec-
tively) for differentiating recurrence from RN [39]. Takenaka et al. may have found
higher values due to multiple injections of PET tracers (three in total in the course
of a day) in their population. However, half-lives of '"C-MET and "®F-CHO are
short, and PET scans were done after set time intervals to minimise “cross talk”
between tracers (Figs. 8.5 and 8.6).

BE-FDOPA has also been used to evaluate recurrence but in much smaller and
fewer studies. One prospective study with 21 recurrent gliomas demonstrated
BE-FDOPA T/N ratio of >1.3 (sensitivity of 100% and specificity 85.7%) was supe-
rior to F-FDG (sensitivity 47.6% and specificity 100%) in evaluating recurrence
[40, 41]. Sample size was small and there were few patients in each histological
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Fig. 8.5 An 18-year-old man with a low-grade glioma. Baseline (a) and postchemotherapy scans
(b, 2 months; ¢, 6 months). Magnetic resonance image shows similar size among the three exami-
nations but with a decrease in SUVmax/mean in 18F-Choline

Fig. 8.6 Astrocytoma III after surgery in a 41-year-old female. PET MET shows the presence of
a small focus of faint uptake (SUVmax 2 T/B ratio 1.3) in the right temporal lobe. The finding is
suspicious for initial local recurrence and deserves strict monitoring (case courtesy of Dr.
Castellucci, University St. Orsola Malpighi, Bologna, Italy)

grade. Histopathological conformation of recurrence was only available in four
patients, with the remaining diagnosed as such based on clinical deterioration or
death in keeping with recurrence. The seven nonrecurrent patients were disease-free
at 1 year follow-up. Fifteen patients were evaluated in another prospective study,
with nine patients having recurrence and all visualised on *F-FDOPA PET. Only
six of these were visualised on '®F-FDG [42]. Because of a small sample, they did
not provide cutoff values for SUV Max for comparison among the two tracers.

Evidence for tracers other than 8F-FDG, "®F-FDOPA and '"C-MET is sparse.
Although studies may suggest increased amino acid uptake in recurrence, validation
of these results are needed in larger prospective multi-centre studies to provide
larger quantitative data sets for comparisons.
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8.7 Conclusion

PET in conjunction with structural data appears to be useful in some oncological
settings to characterise and quantify metabolically active tumours, differentiating
these from normal tissue. In brain imaging, high physiological glucose uptake has
made "®F-FDG, a widely available tracer, less reliable. While the interest for amino
acid tracers is increasing, major limitations to their use include difficulties in pro-
duction and short half-lives. Based on the hypothesis that amino acid transport is
upregulated in tumour cells, high tracer uptake in gliomas has been demonstrated in
several studies; these imaging techniques may differentiate between glioma and
non-glial tumours and predict tumour grade and, in some cases, possibly support
glioma work up in the clinical setting. However, without standardisation of PET
techniques, results remain difficult to compare and interpret. High tracer uptake is
also frequently reported in non-tumoural lesions, which reduces its specificity.
Reliable diagnostic tracer uptake values and cutoffs are currently lacking in the lit-
erature, thus limiting the value of these techniques clinically. There is no strong
evidence for clinical use currently, bearing in mind the additional radiation burden
associated with PET. More prospective, multi-centred studied are needed, to vali-
date PET as a beneficial noninvasive imaging technique in glioma diagnostics, grad-
ing and assessment of molecular status.

Key Points

e Anatomical MRI offers excellent visual detail but lacks sensitivity and
specificity in prediction of glioma grade, malignant transformation, and
molecular status. Molecular imaging has been proposed as emerging imag-
ing technique assisting glioma characterization noninvasively.

» BE-FDG uptake is much higher in CNS lymphomas compared to HGG and
metastases. '®F-FDG PET is not effectively often used in glioma due to the
high uptake in cerebral parenchyma which can obscure the visualization of
underlying malignancy.

¢ Amino acid PET tracers have demonstrated a certain value in discriminat-
ing low- and high-grade gliomas.

* Conventional imaging does not allow for discrimination between pseudo-
progression, radiation necrosis, and recurrence, because of similar MRI
features; PET may assist in discriminating these entities.

e Several reports showed an impact of FET-PET, MET PET, and FDOPA
PET to assess treatment response, superior to MRI.
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9.1 Introduction

18F-labeled fluoro-2-deoxyglucose (‘*F-FDG) positron emission tomography/com-
puted tomography (PET/CT) is currently the most useful and broadly used neuroim-
aging modality of global brain activity in neurologic patients. The images provide a
tridimensional information on both cortical and subcortical structures allowing to
consider brain activity in functional networks.

The local glucose consumption, and thus the *F-FDG cerebral uptake, correlates
strictly with local neuronal activity. It proportionally increases with stimulus intensity or
frequency [1] or decreases in conditions of sensory deprivation [2]. Such metabolic
variations take place at the level of synaptic connections [3]. As such, neurotransmission
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and signal transduction are the processes with the highest energetic requirements. It has
been estimated that the energetic demand of neurotransmission and related events
exceeds 80% of total cerebral energetic consumption [4].

There is already a large body of literature demonstrating that '*F-FDG PET/CT
adds significant value to the diagnostic evaluation of several neurological diseases,
including brain tumours.

9.2 Indications

The National Comprehensive Cancer Network and the European Association of
Neuro-Oncology have incorporated 'F-FDG PET/CT in the practice guidelines and
management algorithm of a variety of malignancies including brain cancer [5, 6].
The use of 'F-FDG PET/CT in neuro-oncology is recommended in the following
clinical scenarios: (1) identification of low-grade gliomas undergoing malignant
conversion, (2) differentiation of radiation effect from tumour recurrence, (3) guid-
ance of biopsy to site of maximum uptake and (4) planning radiation therapy [5, 6].

On the other hand, '"*F-FDG PET/CT is indicated in the evaluation of seizure
disorder patients in the interictal. Furthermore, it substantially improves accuracy
and differential diagnosis and enables earlier and better treatment planning of neu-
rodegenerative diseases [7, 8].

9.3  Classical Pattern of '8F-FDG Uptake in the Brain

Glucose is the only source of energy of the brain, which is known to account for as
much as 20% of total-body glucose metabolism in the fasting state. For this reason,
the brain exhibits an intense '*F-FDG uptake compared to other tissues in the body.
BF-FDG uptake is predominant in the grey matter, as in the cerebral cortex, cerebel-
lum, basal ganglia and thalamus, while '®F-FDG uptake in white matter is about
one-third to one-fourth that of the grey matter.

Differences in '*F-FDG distribution have been described among different brain
regions. '®F-FDG uptake is usually higher in the frontal, parietal and occipital areas
than in the temporal cortex, while the basal ganglia have slightly higher activity than
the cortex [9]. Moreover, focal areas of increased uptake were observed in frontal
eye fields, posterior cingulate cortex and visual cortex of normal subjects. On the
contrary, metabolic activity is lower in the medial temporal cortex, including hip-
pocampal areas, than in neocortical regions (Table 9.1 and Fig. 9.1) [9, 10]

Table 9.1 Normal pattern of  Areas of higher metabolic activity Basal ganglia
"F-FDG uptake [12] Frontal eye fields
Posterior cingulate cortex
Visual cortex
Areas of lower metabolic activity = Medial temporal cortex
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Fig.9.1 Coronal maximal intensity pixel FDG PET/CT images. (a) There is a normal distribution
of FDG uptake throughout the body with intense uptake in the brain. (b) FDG PET/CT of a patient
with increased plasma glucose level during FDG administration shows altered FDG uptake with
low FDG accumulation in the brain but high uptake in the heart and skeletal muscles

Brain ®F-FDG uptake is usually homogeneous and symmetrical. Slight asym-
metries in 8F-FDG uptake have been described in the Wernicke area, the frontal eye
fields and the angular gyrus, with a prevalence of generally less than 10% [11].

Importantly, many factors can influence and alter the cerebral metabolic activity
and, thus, change the normal distribution of F-FDG in the central nervous system.
It is therefore imperative that, for an accurate diagnosis of pathological conditions,
these variations in '8F-FDG uptake are recognised.

924 Pitfalls and Limitations

The value of 8F-FDG PET/CT in brain tumour imaging is hampered by the poor
tumour-to-background contrast due to the physiologically increased glucose uptake
of cortical and subcortical structures in the brain. On the other hand, the intense
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physiological glucose metabolism in the brain cortex makes "*F-FDG PET/CT a
powerful imaging modality in identifying brain hypometabolism occurring in the
interictal phase after an epileptogenic onset or hypometabolism in neurodegenera-
tive disorders.

9.4.1 Scanning Time After '®F-FDG Administration

Regional ®F-FDG uptake differences were observed in the normal human brain
depending on scanning starting time after intravenous tracer administration. Studies
comparing the "F-FDG uptake in the cortex at different time points after tracer
injection have shown relatively higher 'SF-FDG uptake in the bilateral posterior
cingulate gyrus, parietal and frontal association cortices and subcallosal cortices at
60 min postinjection compared to the earlier images [13]. In contrast, a lower uptake
in the cerebellum and orbitofrontal areas is observed at 60 min postinjection [13].
While the cause of such effects remains unclear, this might be due to regional dif-
ferences in '®F-FDG transportation from plasma to tissue, or in glucose phosphory-
lation or dephosphorylation kinetics in different regions over time [14].

9.4.2 Patient’s Age

While the adult pattern of ®F-FDG uptake in the brain is established by the age of
2, there are subtle differences between the normal adult distribution of *F-FDG and
that in the brain of younger patients.

In the newborn, there is decreased perfusion and metabolism of the frontal and
parieto-temporal cortical regions, while the glucose metabolism is the highest in prim-
itive brain areas, such as the basal ganglia, cerebellar vermis, thalamus, visual cortex
and senso-motor cortex, and comparable to the level observed in adults [15, 16].

Ageing can also alter the distribution of 'F-FDG in the brain. The most common
metabolic reductions with advancing age have been observed in the frontal lobes. In
particular, the reduction in '8F-FDG uptake involves anterior cingulate cortex, dor-
solateral and medial prefrontal cortices and orbitofrontal cortex bilaterally [17-24].
The metabolic reduction in medial prefrontal cortices is correlated with age-
associated cognitive decline in healthy subjects [24].

In contrast, several cortical and subcortical areas have been reported to be rela-
tively unaffected during ageing, including the primary motor cortices, occipital cor-
tices, precuneus, mesial temporal lobes, thalamus, putamen, pallidum and
cerebellum (Table 9.2) [18, 19, 21, 25].

Dementia can alter the normal distribution of *F-FDG in the brain and, by the
resulting pattern of distribution, can help characterise the particular type of demen-
tia sometimes years before clinical signs or symptoms occur. For instance, the
regional distribution of age-related hypometabolism, which involves primarily the
frontal lobes, is substantially different from the patterns of brain metabolic impair-
ment typical of Alzheimer’s disease and other dementias. Alzheimer’s disease is
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Table 9.2 Age-related metabolic changes in healthy individuals

Age-related hypometabolism Frontal lobes

e Anterior cingulate

* Dorsolateral and medial prefrontal cortices

¢ Orbitofrontal cortex

Insula

Temporal lobes

e Temporal pole

e Lateral temporal cortex

Parietal lobes

e Supramarginal, superior and inferior parietal cortices
Least altered regions during Primary motor cortices
ageing Occipital cortices

e Visual areas

¢ Posterior cingulate cortex

e Precuneus

Mesial temporal lobes

e Hippocampus

*  Amygdala

e Parahippocampal gyrus

Thalamus

Putamen, pallidum

Cerebellum

characterised by hypometabolism in precuneus and posterior cingulate cortex,
parieto-temporal regions and, more variably, medial temporal regions, while the
frontal cortex becomes affected at late disease stages [7, 26].

9.4.3 Patient’s Gender

Several F-FDG PET/CT studies focused on the effect of gender on brain metabo-
lism to highlight possible metabolic differences and corresponding behavioural dif-
ferences between men and women. Brain volume is reportedly greater in men than
in women, with a higher percentage of grey matter in female and a higher percent-
age of white matter in male subjects [27]. However, ®F-FDG findings have been
controversial. The inconsistencies among studies are likely due to differences in
sample size, subjects’ age and image analysis procedures. Hormones (i.e. oestro-
gen) are another potential source of variations in cerebral metabolism of female
subjects [28]. The lack of correction for differences in brain size and skull thickness
between gender groups is another potential confounding factor which should be
taken into account [29].

9.4.4 Brain Stimulation Conditions, Substances and Medications

Cerebral activation during and shortly after '®F-FDG injection leads to increased
uptake in the brain cortex. Cognitive performance leads to an increase of 2-5% in
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cerebral '8F-FDG uptake. The visual cortex, in particular, shows elevated glucose
metabolism and 30% increase in FDG uptake under subject’s exposure to intense or
stroboscopic light. For brain scanning, it is therefore advisable to follow standard
procedures that include FDG injection in a darkened room.

Insulin stimulates '®F-FDG uptake in the somatic cells, and, therefore, injection
of insulin or the presence of postprandial, endogenous insulin often results in rela-
tively diminished '®F-FDG uptake in the brain, with alternatively increased uptake
within the skeletal muscles and other soft tissues (Fig. 9.1).

Among the substances capable of altering cerebral metabolism, caffeine is one of
the most commonly used. Caffeine is part of the methylxanthine family and plays a
vasoconstrictive effect. It has been shown that caffeine consumption prior PET
examination decreases global cerebral glucose metabolism as measured with '°F-
FDG with a mean change of —18%; the reduction is particularly prominent in the
anterior cingulate cortex [30].

Alcohol has a broad range of actions on many neurotransmitter systems. The
brain metabolic response to acute administration of ethanol in healthy subjects has
been investigated in several studies, and it has been consistently shown a global
reduction in brain glucose metabolism after ethanol administration, although with
various degrees across different studies [31-33]. The greatest metabolic decrease in
absolute metabolism usually occurs in the occipital cortex and in the cerebellum.
Moderate hypometabolism has been observed in the limbic system, parietal cortex,
frontal cortex, cingulate gyrus, temporal cortex, thalamus and midbrain. The small-
est decrease could be observed in the basal ganglia. [31-33]

Abused substances such as amphetamines and cocaine significantly alter glucose
brain metabolism. Low doses of amphetamines affect cerebral metabolism by
decreasing metabolic rates of glucose of cortical and subcortical areas [34]. On the
contrary, high doses of amphetamines increase the whole brain glucose metabolism,
particularly in the striatum, thalamus and anterior cingulate cortex [35]. Cocaine
consumption before ®F-FDG examination induces a significant increase of brain
metabolism in several cortical and subcortical areas, particularly in the medial pre-
frontal cortex [36].

Medications, such as sedatives, general anaesthetics and corticosteroids, can also
result in a decrease in cortical FDG uptake. For instance, patients with brain tumours
may present decreased glucose metabolism in the contralateral cortex. This phenom-
enon might be caused by corticosteroids, but a functional inactivation of the contra-
lateral hemisphere by differentiation of the input from the ipsilateral hemisphere
cannot be excluded [37]. Benzodiazepines, sometimes used to reduce the uptake
within the brown adipose tissue, can also decrease FDG uptake within the brain [38].

Finally, brain '®F-FDG PET/CT scan in cognitively normal subjects may show a
lower brain metabolism after chemotherapy than before the treatment (Fig. 9.2).
This condition, known as “chemo-brain”, could be observed also years after the
chemotherapy, with reduction of cortical metabolism, particularly in the inferior
frontal gyrus [39, 40]. Similarly, a long-term consequence after radiotherapy may
be a reduction up to —5% of cerebral metabolic activity in the irradiated brain tissue,
as compared to nonirradiated brain tissue [41].
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Fig. 9.2 Brain FDG PET/CT of a patient diagnosed with Hodgkin disease. (a) FDG PET/CT at
diagnosis, 1 week before commencing the therapy, showing normal FDG uptake throughout the
cortex and basal ganglia. (b) Interval FDG PET/CT at 21 days after the first two cycles of chemo-
therapy (consisting of adriamycin, bleomycin, vinblastine and dacarbazine) which shows a
decreased generalised FDG uptake in the brain

9.4.5 Artefacts Related to Patient Movement

One of the limitations of PET/CT, and most neuroimaging acquisitions even besides
BE-FDG, is the necessity to keep the patient in a constant position. If the patient
moves during the acquisition the activity will be blurred over brain structures, reso-
lution will be degraded and the results’ interpretation will be difficult or even impos-
sible [42]. The most recent PET devices have increased count rate capabilities,
which allow shortening the duration of the acquisition and thus improving patient
tolerance and reducing the likelihood of experiencing significant movements.
However, an '®F-FDG brain study is typically completed within 10-20 min. Different
possibilities to constrain head position can be used, and these depend mostly on the
environment, type of patients and the opportunities of the clinical setting [43].

9.4.6 Artefacts Related to Attenuation Correction

In routine clinical practice, the attenuation correction is achieved using the CT data.
There are two distinct issues that may significantly degrade the quality of the meta-
bolic study.

Firstly, movements between PET and CT acquisitions will offset the reconstruc-
tion p-map and generate attenuation-corrected images that do not reflect the actual
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distribution of the tracer. The image quality is grossly degraded, and this pitfall is
easily recognised when the movement between PET and CT is marked, but minor
movements may lead to subtle changes in the images and affect the interpretation.
Visual inspection of both data sets is mandatory, as manual correction of the regis-
tration easily corrects the issue. Automated registration algorithms have also been
developed to avoid this problem [44].

Secondly, the presence of metallic artefacts, such as reconstructive skull
plates, may lead to overcorrecting the emission data and artefactual areas of
increased uptake in the PET images [45]. In this case, calculated attenuation
correction using the ellipse method improves the image quality even though the
quantitative assessment remains biased. Smaller metallic objects such as elec-
troencephalogram electrodes may generate local foci of increased activity at
their location outside of the brain, without altering the diagnosis when it is made
visually. It may become an issue, however, when comparing quantitative analy-
ses of "8F-FDG brain studies performed with and without electroencephalogram
electrodes [46].

The effect of misregistrated p-map and emission data becomes even more impor-
tant when performing dynamic studies or when using high-resolution PET scanners
such as the high-resolution research tomograph that displays a 2 mm isotropic spa-
tial resolution. In these cases, motion correction has to be applied [43, 47, 48].

9.4.7 Artefacts Related to Patient’s Positioning in the Scanner

Dependent on the patient’s morphology, positioning may be a real difficulty for
patients with limited neck mobility. Consequently, the image quality may be
decreased if the head is not positioned in the centre of the field of view, where the
resolution is optimal. Identifying brain regional activity and the visual interpretation
of the PET images may be difficult if changes in orientation occur. The superimpo-
sition of structural images improves the readability and increases the accuracy of
reorientation of the whole brain volume [43].

Key Points

* Glucose is the only source of energy of the brain, which is known to
account for as much as 20% of total-body glucose metabolism in the fast-
ing state. For this reason, the brain exhibits an intense 'F-FDG uptake
compared to other tissues in the body. '®F-FDG uptake is predominant in
the gray matter, as in the cerebral cortex, cerebellum, basal ganglia, and
thalamus, while '®F-FDG uptake in white matter is about one-third to one-
fourth that of the gray matter.
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 Slight asymmetries in '*F-FDG uptake have been described in the Wernicke
area, the frontal eye fields, and the angular gyrus, with a prevalence of
generally less than 10%.

e Scanning time after FDG administration, age, gender, brain stimulation,
conditions, substances, and medications are all physiological conditions or
pitfalls that may lead to possible differences in cerebral metabolic uptake.
Knowing these conditions is critical for a correct interpretation of brain
images.
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10.1 Introduction

In the last decade, many tracers have been introduced to overcome some limitations
of ®F-FDG inbrainimaging including large neutral amino acid tracers ''C-methionine
[''C-MET], "“F-fluoroethyl-tyrosine ['®F-FET], '8F-fluorodopa ["*F-DOPA] and
8F-choline ["*FCH] and hypoxia tracers as '8F-fluoromisonidazole ['*F-MISO] and
8FE-Fluoroazomycin arabinofuranoside ['®F-FAZA]. Most of these tracers have been
specifically developed for brain tumour imaging and will be better described in the
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dedicated tumour section. In the present review, we will provide a brief introduction
of some clinical data on their main advantages and limitations.

10.2 Large Neutral Amino Acid Tracer
10.2.1 ""C-Methionine ("'C-MET)
Studies have shown that ""C-MET is taken up avidly by tumours of many types [1].

Due to low ""C-MET uptake in the normal brain, every area of uptake higher than
the background is considered potentially pathological [2] (Fig. 10.1). The most

Fig. 10.1 Nonenhancing left thalamic tumour showing mild restricted diffusion (top right). FDG
PET (bottom left) shows intense metabolic activity in the left thalamus but "C-MET PET (bottom
right) clearly demonstrates the presence of viable tissue also in the anterior commissure
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often used calculation method is the tumour-to-normal background ratio (T/N ratio),
comparing the uptake in the tumour to that in the contralateral frontal lobe or the
corresponding contralateral hemisphere. There are different proposed thresholds
from 1.5 to 1.9 for the diagnosis of brain tumour. The standardized uptake value
(SUV) is still debated. Unfortunately, ''C-MET is not the ideal tumour tracer, since
inflammatory processes are also known to show increased ''C-MET uptake [3]. This
may cause problems in differentiation after radiotherapy, where the uptake is
thought to be related to disruption of the blood—brain barrier and vascular prolifera-
tion [4, 5]. The sensitivity of 'C-MET PET for the diagnosis and characterization
of gliomas from non-malignant lesions have been estimated to be around 75-95%
with specificity range between 87% and 100% [6]. The poor relation between ''C-
MET uptake and grading does not recommend its routine use in tumour grading [6,
7]. Few reports have investigated the role of this tracer in the pathological proof of
infiltration of brain tissue and reported that ''C-MET PET delineates a larger vol-
ume in comparison to MR or '8F-FDG PET and, thus, by combining ''C-MET PET
with MR images, has additional value for planning surgery or radiotherapy, with
ensuing clinical impact in about 80% of the procedures. Following surgical or radia-
tion therapy, '"C-MET PET can be repeated for assessing response to treatment
(Fig. 10.2), as well as for planning potential second-look surgeries [8, 9].

10.2.2 18F-fluoroethyl-tyrosine ('®F-FET)

The use of fluorinated compounds, such as F-FET PET, overcomes most of the
limitations related to the short half-life of ''C. ¥F-FET is an amino acid tracer, an
analogue of tyrosine that is not incorporated into proteins, and the uptake by
tumoural cells is mediated by amino acid transporters with a high in vivo stability
[10]. The rapid and intensive tumour uptake, the slower accumulation in the normal
cortex, the low uptake in inflammatory tissue, the high imaging contrast and its easy
synthesis make 'F-FET a good tracer for the study of brain tumours [11]. Also, the
kinetic analysis of '®F-FET uptake provides information on tumour grade in cerebral
gliomas. High-grade gliomas, III or IV, are characterized by an early peak around
10-15 min after injection followed by a decrease of '®F-FET uptake [12, 13]. In
contrast, time—activity curves in low-grade diffuse gliomas, grades I and II, increase
slightly and steadily (Fig. 10.3). This is probably due to the higher regional blood
volume as a result of hypervascularization, the increased angiogenesis and the
higher intra-tumoural microvessel density. Also the facilitated amino acid transport
in the tumour vessels might be responsible for the higher initial uptake in high-
grade compared with low-grade gliomas [14, 15] (Fig. 10.4). For these reasons, it is
mandatory to perform a dynamic acquisition up to 40 min after intravenous injec-
tion. Further studies suggested a tumour-to-brain ratio (TBR) cut-off of 1.6. This
cut-off was based on a biopsy-controlled study in cerebral gliomas and differenti-
ated best between tumoural and peri-tumoural tissue [13, 16] (Fig. 10.3). Static and
dynamic ¥F-FET PET parameters are also helpful to discriminate between isoci-
trate dehydrogenase (IDH)-mutated astrocytomas and IDH wild-type glioblastomas
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Fig. 10.2 PET with Methionine performed 2 weeks after MR (Post processing fused images with
MR). Three small foci of increased uptake in the right temporal lobe and in the left temporal lobe,
consistent with the presence of multiple foci of relapse (case courtesy of Dr. Castellucci, University
St. Orsola Malpighi, Bologna, Italy)
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Fig. 10.3 On top the 4 - Low grade
dynamic evaluation shows
increasing SUV until end
of acquisition typical of the
low grade glioma. On 3
bottom an example of
decreasing curve with early
peak typical of high grade
glioma
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[17]. In low-grade gliomas, particularly, '8F-FET kinetics may be useful to locate
regions of malignant transformation and poor prognosis with a sensitivity of
72-79% to identify hot spots for biopsy guidance [18]. Furthermore, '®F-FET PET
is predictive for anti-VEGF treatment and can identify in a subset of patient’s
tumour progression and treatment failure earlier than standard MRI with a sensitiv-
ity of 87.5% and specificity of 100% (Fig. 10.5) [19].
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Fig. 10.4 Axial MRI (a), fused '8F-FET PET/MRI (b) and "®F-FET PET (c) images in a 64 years
old female patient treated with surgery and radiochemotherapy for a right temporal-occipital high-
grade glioma and with a contrast-enhanced area suspicious for disease relapse or radionecrosis at
MRI (arrows). ®F-FET PET shows increased radiopharmaceutical uptake corresponding to the
MRI abnormality, suggesting a disease relapse as confirmed by histology. Courtesy of Dr. Giorgio
Treglia of the Oncology Institute of Southern Switzerland, Bellinzona, Switzerland

Fig. 10.5 Axial MRI (a), fused '*F-FET PET/MRI (b) and "®F-FET PET (c) images in a 54 years
old female patient with a suspicious right temporal glioma (arrows). 'F-FET PET shows an area
of increased radiopharmaceutical uptake corresponding to the anterior portion of the cerebral
lesion and suggesting a high-grade glioma, as confirmed by "*F-FET PET-guided biopsy. Courtesy
of Dr. Giorgio Treglia of the Oncology Institute of Southern Switzerland, Bellinzona, Switzerland
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Fig. 10.6 Physiological basal ganglia uptake (‘*F-DOPA)

10.2.3 '®F-fluorodopa('®F-DOPA)

SF-DOPA is a precursor of dopamine after the same metabolic pathways, including
the synthesis of catecholamines. "*F-DOPA PET has been initially proposed in the
assessment of patients with movement disorders due to the uptake of 'SF-DOPA by
the terminals of dopaminergic neurones and its conversion to *F-dopamine by dopa
decarboxylase and subsequently to other dopamine metabolites [20]. The uptake of
dopamine precursors reflects the integrity of presynaptic dopaminergic receptors;
hence its deficiency has been shown to accurately reproduce the monoaminergic
disturbances in Parkinson’s disease (Fig. 10.6). SF-DOPA PET is very accurate
(sensitivities 90-100% and specificities 91%) for differentiating Parkinson’s dis-
ease from other Parkinson-like entities in selected cases, in which a clinical diagno-
sis is challenging [21, 22]. More recently *F-DOPA have been most successful in
the field of brain tumour imaging due to their favourable mechanism of uptake,
which depends on the increased expression of the L-type amino acid transport sys-
tem on tumour cells [23]. This metabolic pathway is highly specific for cancer cells
and largely independent of the blood—brain barrier breakdown, resulting in excel-
lent tumour-to-background contrast (Fig. 10.6). Pathological amino acid uptake
usually extends beyond contrast-enhanced T1-weighted (ce-T1-W) abnormalities
and is more specific than T2-weighted (or FLAIR) hyperintensities (Fig. 10.7) [24].
The inclusion of amino acid PET tracers in the workup of brain tumours comple-
ments and improves the diagnostic performances of conventional MRI in several
settings, including biopsy targeting, prediction of anaplastic transformation,
response assessment and treatment planning for both high-grade and low-grade
gliomas.
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Fig. 10.7 (a) MIP, (b) Axial fused PET/MR, (c¢) Axial MRI, (d) Axial PET in a patient with gli-
oma of the left thalamus ('*G-DOPA)

10.3 Proliferation Cell Membrane Tracer
10.3.1 ["'C] or 18F-choline (""C/"®FCH)

Choline is a component of phosphatidylcholine, an important element of cell mem-
branes; as known, biosynthesis of the cell membrane is very fast in tumour tissues,
and the up-regulation of choline kinase activity is a characteristic of many tumours,
including brain cancer. Previous studies with MRI have shown elevated levels of
choline metabolites on MR spectroscopy, confirming that in brain tumour cells there
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Fig. 10.8 (a) PET, (b) MRI, (c¢) Fused. High "*FCH uptake in a the large GBM of the left frontal
lobe

is higher uptake of !'C/'®FCH [25]. Further the low concentration of 'C/'SFCH
uptake in the normal cerebral cortex allows excellent tumour-to-background ratio
and good delineation of tumour contours. Investigations reported a difference in
gradient of uptake between high-grade gliomas compared to low-grade gliomas
[26], brain metastasis and meningiomas [27] (Fig. 10.8). High-grade gliomas, brain
metastases and benign lesions could be distinguished based on their 'C/'SFCH
uptake, as metastases demonstrated significantly greater uptake than high-grade
gliomas. In addition, high-grade gliomas could be visually distinguished from brain
metastases based on a characteristic pattern of increased 'C/'SFCH uptake beyond
the areas of contrast enhancement on MRI. This pattern of ‘peritumoural’ uptake
was hypothesized to be due to infiltration of the white matter by malignant cells
[26]. Authors also found that in patients who had previously undergone radiation
therapy (ten with high-grade glioma, four with brain metastases), 'C/'SFCH PET
was able to differentiate between recurrent tumour and radiation-induced changes
[28]. This feature has been useful to guide biopsy and for radiotherapy planning
[29]. Nevertheless, pitfalls may also occur. False positives are generally a greater
concern than false negatives, owing to the accumulation of the tracer in inflamma-
tory lesions [30].

10.4 Hypoxia Tracers

10.4.1 ["®F]-fluoromisonidazole ('8F-MISO)

Tumour hypoxia influences the outcome of treatment with radiotherapy, chemo-
therapy and even surgery, not only for the treatment of large tumours with exten-
sive necrosis but also in the treatment of small primary tumours and recurrences,
micrometastases and surgical margins with microscopic tumour involvement.
Because hypoxic tumour cells are resistant to radiation and to many anticancer
drugs [31] tumour hypoxia is a major independent prognostic factor influencing
tumour progression, response to therapy and overall survival in many
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malignancies [32-34]. At the present time, 'SF-MISO is the most widely used
PET tracer to quantify tumour hypoxia [35].The main drawbacks of *F-MISO
are the slow uptake in the target tissue and the slow clearance of the unbound
tracer from non-hypoxic tissue resulting in high background in PET images [36].
For this reason, some authors have proved that performing acquisition at 4 h,
rather than 2 h, provides a superior image contrast [37]. "*F-MISO accumulation
in vivo demonstrates that a median oxygen level of <10 mmHg is generally
required for hypoxia-specific retention. The "F-MISO accumulation has been
found to reflect hypoxia in glioma, and several clinical studies have shown that a

Fig. 10.9 '"F-FAZA PET image (90-150 min smoothed with 4-mm Gaussian filter) overlaid on
post-contrast T1-weighted MR image of glioblastoma patient. Note the different patterns of
I8FE-FAZA brain uptake and gadolinium enhancement in the high grade tumour, particularly in the
coronal (middle) and sagittal (right) views. For courtesy of Dr. Natale Quartuccio and Dr. Marie-
Claude Asselin [43]
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tumour-to-blood activity ratio of >1.2 imaged after at least 2 h postinjection can
be generally considered as indicative of hypoxia [38]. High '8F-MISO retention
has been associated with a higher risk of loco-regional failure and shorter pro-
gression-free survival [39] and a predictor of poor treatment response and prog-
nosis [40].

10.4.2 ['®F]-Fluoroazomycin arabinofuranoside ('F-FAZA)

To overcome the limitations of *F-MISO, other tracers have been developed for the
detection of tumour hypoxia. The most promising is probably 'SF-FAZA, which is
less lipophilic than 8F-MISO [35]. ¥F-FAZA is, like '8 F-MISO, a 2-nitroimidazole
compound, but sugar-coupled and demonstrates a higher contrast with non-target
tissues; this is probably due to the limited ability to cross the intact blood—brain bar-
rier [41]. Therefore, ®F-FAZA exhibits negligible cell-to-cell variability and no
binding in normoxic cells [42] (Fig. 10.9).

Several studies had identified a tumour-to-background cut-off ratio of >1.2—-1.5.

The role of tumour hypoxia depicted by '8F-FAZA is a useful predictor of anti-
cancer treatment response and the overall survival [44].

Given the good imaging properties with acceptable tumor to brain ratio (T/B ratios),
BE-FAZA seems to be a very favourable hypoxia imaging agent, especially for gliomas.

Key Points

* To overcome some limitations of '®F-FDG in brain imaging including large
neutral amino acid tracers !C-MET, 8F-FET, and '®F-DOPA, proliferation
cell membrane tracer 'FCH, and hypoxia tracers as 'SF-MISO and
BBE-FAZA.

e !C-MET have a good tumour/background ratio; further there are different
proposed thresholds from 1.5 to 1.9 for the diagnosis of brain tumour.

* Limitation: inflammatory processes are known to show increased ''C-MET
uptake and poor relation between '"C-MET uptake and grading.

o C-MET PET for the diagnosis and characterization of gliomas sensitivity
75-95% and specificity 87-100%.

e C-MET PET can be used for assessing response to treatment.

e BE-FET is an amino acid tracer, an analogue of tyrosine. Dynamic acquisi-
tion up to 40 min after intravenous injection for evaluate the kinetic of the
tracer is mandatory.

e The kinetic analysis of '®F-FET uptake provides information on tumour
grade in cerebral gliomas. High-grade gliomas, III or IV, are characterized
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by an early peak around 10—15 min after injection followed by a decrease
of 8F-FET uptake. In contrast, time-activity curves in low-grade diffuse
gliomas, grades I and II, increase slightly and steadily.

e BE-DOPA is a precursor of dopamine after the same metabolic pathways,
including the synthesis of catecholamines.

» BE-DOPA PET is very accurate, sensitivities 90-100% and specificities
91%, for differentiating Parkinson’s disease from other Parkinson-like
entities.

e BFE-DOPA have been most successfully used in the field of brain tumour
imaging due to the increased expression of the 1-type amino acid transport
system on tumour cells and an excellent tumour-to-background contrast.

e Choline is a component of phosphatidylcholine, an important element of
cell membranes.

e The low concentration of ''C/"*FCH uptake in the normal cerebral cortex
allows excellent tumour-to-background ratio and good delineation of
tumour contours.

» Difference in gradient of uptake between high-grade gliomas compared to
low-grade gliomas, brain metastasis, and meningiomas has been reported.

e Tumour hypoxia influences the outcome of treatment with radiotherapy,
chemotherapy, and even surgery.

e BE-MISO is the most widely used PET tracer to quantify tumour hypoxia.

e The main limits of ¥ F-MISO are the slow uptake in the target tissue and the
slow clearance of the unbound tracer from non-hypoxic tissue resulting in
high background in PET images.

e The BF-MISO accumulation has been found to reflect hypoxia in glioma
and considered a tumour-to-blood activity ratio of >1.2 imaged after at
least 2 h postinjection indicative of hypoxia.

e High ¥F-MISO retention has been associated with poor treatment response
and prognosis.

e BBFE-FAZA is like ¥F-MISO but demonstrates a higher contrast with nontar-
get tissues with a tumour-to-background cutoff ratio of >1.2—1.5.

 The role of tumour hypoxia depicted by *F-FAZA is a useful predictor of
anticancer treatment response and the overall survival.

e The inclusion of these PET tracers in the workup of brain tumours comple-
ments and improves the diagnostic performances of conventional MRI in
several settings, including biopsy targeting, prediction of anaplastic trans-
formation, response assessment, and treatment planning for both high-
grade and low-grade gliomas.
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11.1 Literature Review

Amyloid-p imaging with positron emission tomography (PET) has been around
since the early 2000s. It has transformed neuroimaging in Alzheimer’s disease (AD)

by facilitating in vivo detection (and quantification) of amyloid-p plaques,

one of

the core pathological features of AD [1]. Initially, it was primarily used for research
purposes and only infrequently in clinical practice. Now, more than a decade after
the initial publications, it has become a standard diagnostic aid in specialised mem-

ory clinics.
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The first widely used PET ligand for in vivo imaging of amyloid-f is car-
bon-11 (!C)-labelled Pittsburgh compound B (PiB) [2]. '!C-PiB is a derivative
of thioflavin-T, which is often used by neuropathologists to detect amyloid-f in
post-mortem brain tissue. PiB binds to fibrillar Ap deposits [3] and has a very
high (90% or greater) sensitivity for the detection of amyloid pathology in the
brain and a good correlation between in vivo amyloid load compared to post-
mortem assessment of amyloid-p [4]. There are only a few PiB-negative AD
patients, and these are neuropathologically proven to be caused by specific types
of amyloid pathology, different from the amyloid pathology in sporadic AD [5,
6]. The clinical specificity, meaning having an abnormal PiB scan without hav-
ing an underlying AD, depends on the age of the subjects and is lower with
increasing age [7].

Following the success of PiB, a new generation of amyloid-f tracers labelled
with fluorine-18 has been developed. Three F18 amyloid imaging ligands have
already been approved for clinical use by the Food and Drug Administration
(FDA) and the European Medicines Agency (EMA): Florbetapir (Amyvid®, Eli
Lilly and Company) [8], Flutemetamol (Vizamyl®, GE Healthcare) [9], and
Florbetaben (Neuraceq®, Piramal Imaging) [10]. Flutemetamol is a structural
analogue of PiB, while the other two are based on stilbenes. There are some dif-
ferences compared to PiB and compared to each other in imaging protocols,
methods for analysing the data, as well as the way the scans are read (see
Table 11.1). Furthermore, the nonspecific white matter binding is higher with
the F18 ligands compared to PiB. This results in different target to nontarget
ratios between tracers for visual interpretation. However, after proper reader
training, these differences do not seem to affect their diagnostic performance in
clinical populations [11-13].

Table 11.1 '®F tracers for amyloid imaging

Start and
Administered acquisition time
Status approval activity (MBq)  static images Interpretation
F-Florbetapir FDA April 370 30-50 min p.i. Black and white
(Amyvid®) 2012, EMA 10 min
AVID/Lilly Jan 2013
BF-Flutemetamol ~FDA Oct 2013, 185 60-120 min p.i.  Colour scale (e.g.
(Vizamyl®) EMA Sept 10-20 min rainbow or
GE Healthcare 2014 Sokoloff)
'8E-Florbetaben FDA March 300 90 min p.i. Grey scale
(Neuraceq®) 2014, EMA 20 min
Piramal March 2014

Slight differences between the three FDA- and EMA-approved F18 amyloid imaging ligands
FDA Food and Drug Administration, EMA European Medicines Agency, p.i. postinjection
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11.2 Indications

After a decade of research, much-needed indications for amyloid imaging in clinical
practice have emerged. The Society of Nuclear Medicine and Molecular Imaging
(SNMMI) and the Alzheimer’s Association (AA) recently published appropriate use
criteria [14]. Stating that ‘Amyloid imaging is appropriate in certain patients whose
clinical management would benefit from the knowledge of the amyloid status in the
brain’. Three clinical scenarios have been agreed upon in which amyloid imaging is
most beneficial:

1. The first clinical indication described by Johnson et al. [14] is in ‘patients with per-
sistent or progressive unexplained mild cognitive impairment (MCI)’. MCl is a het-
erogeneous group of patients with objectified (mostly memory) deficits, but without
clinical dementia [15]. Of these patients, around 50% can show amyloid load with
PET [16], of which the majority is thought to be at risk to progress towards AD
dementia [17]. The other half is likely to have memory problems due to other
causes, some unrelated to neurodegenerative processes. MCI patients without amy-
loid load on the PET scan are unlikely to have an underlying AD. Amyloid PET
therefore aids to exclude AD as a cause of the cognitive impairment.

2. The second clinical indication is in ‘patients satisfying core clinical criteria for
possible AD because of an unclear clinical presentation, either atypical clinical
course or etiologically mixed presentation’. The degree of certainty of the diag-
nosis of AD dementia varies between patients. Some patients are classified as
‘probable’ AD, a diagnosis with a relative high degree of certainty, when they
meet certain clinical and cognitive criteria. Others are classified as ‘possible
AD’, a diagnosis with a lower degree of certainty, due to atypical presentation or
mixed course [18]. Clinical management of patients with ‘possible’ AD would
benefit from knowing their amyloid status, whereas management of patients with
probable AD would not likely change a lot.

3. The third clinical indication is in ‘patients with progressive dementia and atypi-
cally early age of onset (usually defined as 65 years or less in age)’. The two
main causes of dementia in this age group are AD and frontotemporal lobar
degeneration (FTLD) [19]. FTLD is a group of neurodegenerative disorders
affecting the frontal and anterior temporal lobes. There is some overlap in the
early clinical presentation, leading to diagnostic difficulties and even misdiagno-
sis [20, 21]. The histopathology in FTLD is heterogeneous, but amyloid-p
plaques are not considered part of the FTLD pathologic spectrum [22]. The rela-
tively young age of the individuals makes for a low a priori chance of secondary
(or age-related) comorbid amyloid load [23, 24]. Clinical studies revealed vary-
ing percentages of FTLD patients having amyloid load on PET imaging with
unclear aetiology, possibly due to misdiagnosis. However, amyloid PET is
thought to be helpful in the differentiation between AD and FTLD [25, 26].
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Another important indication is the potential use of amyloid imaging in clinical
trials. Amyloid imaging can be used to compose a homogeneous study population.
It can identify subjects with underlying amyloid-f pathology who might benefit
most from a potential new therapy targeted at amyloid and help to exclude dementia
patients without amyloid load in the brain. It could also be used to monitor the
potential treatment effect of certain therapies.

Other than the aforementioned official indications, there is still relatively limited
use in daily clinical practices. Amyloid imaging does show promise in other neuro-
degenerative diseases, and research efforts are ongoing to clarify more potential
indications. Vascular dementia, for instance, particularly in older patients, can be
difficult to distinguish from AD clinically. Amyloid PET could have a clinical role
in identifying patients with comorbid amyloid load, who therefore may potentially
benefit from AD treatments. In dementia with Lewy bodies (DLB), it is unlikely that
amyloid PET will be frequently used in clinical practice to differentiate from an
underlying AD. In DLB patients, there is a high frequency of positive amyloid PET
scans [27] in agreement with a high rate of amyloid-f plaques at post-mortem
examination [28]. Therefore, scans demonstrating the absence of amyloid load are
most useful in the differential diagnosis.

11.3 Classical Patterns

Amyloid-f deposition in the brain has been estimated to start ~15-20 years before
patients develop symptoms [16, 29, 30]. After reaching a certain level, the amyloid-f3
deposition is believed to plateau [31], although a persistent slight increase through
time has been reported [32]. The pattern of amyloid-p deposition seen with amyloid
imaging throughout these (subclinical) stages closely resembles the pattern of the
amyloid-p deposition described by neuropathologists [33].

In AD patients the classical pattern of amyloid ligand accumulation is diffuse
and symmetric, regardless of the clinical presentation of AD. Only few exceptions
with asymmetrical binding patterns have been described [34-36].

The classical pattern shows highest binding in the prefrontal cortex, precuneus
cortex, and posterior cingulate cortex. The lateral parietal and lateral temporal cor-
tex and striatum also show high tracer accumulation. This distribution is seen in
almost all abnormal amyloid scans (see Fig. 11.1). Only in autosomal dominant AD
(ADAD) (~1% of AD cases and due to either underlying mutations in PSEN! (chro-
mosome 14, the most commonly involved gene), amyloid precursor protein (APP,
chromosome 21), or PSEN2 (presenilin-2, chromosome 1)), the pattern of amyloid
deposition differs from the classical pattern seen in sporadic AD: in ADAD, it
begins and is high in the striatum [37] (see Fig. 11.2).

In MCI patients with abnormal amyloid PET scans, the pattern of tracer accumu-
lation is similar to that seen in AD. This is not surprising as the amyloid deposition
starts many years before patients develop symptoms and often has already reached
high levels in the clinical MCI stage [26].
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Fig. 11.1 Example of ''C-PiB (panel a), '®F-Florbetapir (panel b), *F-Flutemetamol (panel c),
and '*F-Florbetaben (panel d) scans. Left row are abnormal amyloid PET scans: increased tracer
accumulation in cortical grey matter. Note the increased contrast with the white matter. Right row
are normal amyloid PET scans without amyloid load and only nonspecific binding in white
matter
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Fig.11.2 Abnormal amyloid PET scan in a typical AD patient (panel a) with the classical pattern
showing highest binding in the prefrontal cortex, precuneus cortex, and posterior cingulate cortex.
The lateral parietal and lateral temporal cortex and striatum also show high tracer accumulation.
Abnormal amyloid PET scan in a patient with autosomal dominant AD (panel b) showing marked
increased binding in the striatum compared with the other regions

In DLB there is variation between patients, consistent with the findings at
autopsy: some patients will display binding similar to AD patients but with a lower
overall binding, while others have negligible amyloid load [26, 27].

Healthy controls span across the whole spectrum, with some controls showing
no amyloid deposition, while others present with a pattern similar to AD [16, 26].

11.4 Advantages and Limitations

Amyloid imaging with PET has changed neuroimaging in AD by adding the possi-
bility to detect the presence or absence of amyloid in the brain during life. It has
tremendously helped in certain differential diagnostic dilemmas in dementia.
Although still relatively limited data are available, it has proven its value in memory
clinic settings [38—40]. Studies on the clinical use of amyloid imaging revealed
changes in diagnosis in ~30% of patients, increases in diagnostic confidence in
~60% patients, and changes in patient management in ~60% of cases [41]. It has
complementary value to amyloid-f analysis in cerebrospinal fluid (CSF) in diagnos-
tics [42, 43] besides also giving regional information and being less invasive.
Although relative limited data is available on cost-effectiveness [44, 45], initial
simulation studies reveal a potential positive effect. More research is needed on this
topic, but cost-effectiveness will certainly dramatically increase once disease-
modifying treatments are being found and clinically approved.
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There are also some caveats. In the elderly population, amyloid PET has a rela-
tively lower sensitivity. Healthy elderly controls can show various levels of amyloid
deposition measured using PET [7] in keeping with amyloid deposition in the brain
of cognitively normal people at autopsy [46]. However, having amyloid depositions
in the brain does seem to put people at risk to develop AD. Abnormal amyloid PET
scans in the healthy elderly population is strongly related to the presence of the
ApoE-4 allele, the largest known genetic risk factor for late-onset sporadic AD [47].

Another caveat is cut-off points: which amount of amyloid is too much and when.
For clinical reporting in patients with dementia, a visual analysis using a binary
approach (amyloid ‘abnormal’ or ‘high’ versus amyloid ‘normal’ or ‘low’) seems to
be sufficient. In research and in preclinical AD, a more sophisticated approach is nec-
essary by using semiquantitative values and cut-off points. Several ways to determine
them have been described [48]. Since amyloid deposition in preclinical AD and in
controls is subtler, a more conservative (lower) cut-off compared to the cut-off for dif-
ferential diagnosis could be useful. Additionally, to enable more accurate comparison
between sites and amyloid tracers, a so-called Centiloid scale has been proposed [49].

A relatively underexposed but important topic is the issue of dynamic imaging.
Most centres perform static imaging of amyloid PET and use simplified methods
like the standard uptake value ratio (SUVr) to analyse the data [50]. While this may
be sufficient for making a clinical diagnosis, it is insufficient in longitudinal studies
and in drug-intervention studies. Without correction for changes in blood flow,
results could be interpreted as falsely lowering the amyloid burden while in fact it
could potentially be the effect of reduced tracer delivery due to reduced blood flow
[51]. Therefore, in longitudinal and drug intervention studies, dynamic imaging is
warranted to guarantee optimal and reliable results.

Amyloid imaging is still subject to ongoing investigations, and certain topics like
cost-effectiveness, validity of the appropriate use criteria, and clinical benefit could
use some further clarification. But the whole new research field that has arisen from
this new PET technique shows that amyloid imaging has changed nuclear medicine
for the better and is here to stay.

Key Points

* The clinical specificity, meaning having an abnormal amyloid scan without
having underlying AD, depends on the age of the subjects and becomes
lower with increasing age.

Healthy elderly controls can show various levels of amyloid in keeping
with amyloid deposition in the brain of cognitively normal people at
autopsy.

e There are only a few amyloid-negative AD patients on PET, and these are
neuropathologically proven to be caused by specific types of amyloid
pathology, different from the amyloid pathology observed in sporadic AD.
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e The Society of Nuclear Medicine and Molecular Imaging (SNMMI) and
the Alzheimer’s Association (AA) published appropriate use criteria for
amyloid imaging. Appropriate use includes certain patients whose clinical
management would benefit from the knowledge of the amyloid status.
Three clinical scenarios in which amyloid imaging is suggested to be most
beneficial are:

— “Patients with persistent or progressive unexplained mild cognitive
impairment (MCI).” Amyloid PET aids to exclude AD as a cause of the
cognitive impairment.

— “Patients satisfying core clinical criteria for possible AD because of an
unclear clinical presentation, either atypical clinical course or etiologi-
cally mixed presentation.”

— “Patients with progressive dementia and atypically early age of onset
(usually defined as 65 years or less in age).” The two main causes of
dementia in this age group are AD and frontotemporal lobar degenera-
tion (FTLD). Amyloid PET is thought to be helpful in the differentiation
between AD and FTLD.
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12.1 Introduction

Accurate identification of the treatment target is of crucial importance in modern
brain radiotherapy, where the implementation of high-precision techniques of irra-
diation (intensity-modulated radiotherapy (IMRT), stereotactic radiotherapy (SRT)
and stereotactic radiosurgery (SRS)) and the use of image guidance (IGRT) allow
maximisation of the dose to the tumour volume identified while simultaneously
sparing the surrounding uninvolved healthy brain [1].

In general, CT imaging for radiotherapy planning is performed with the patient
lying in the treatment position using a head immobilisation device and co-registered
with a planning MRI performed with or without immobilisation. While the exten-
sion of the visible tumour (gross tumour volume or GTV) and the adjacent critical
structures are better visualised on predefined MRI sequences, the plan dosimetry is
calculated using the CT scan data. Depending on the specific brain tumour charac-
teristics (histological grade and invasiveness), a clinical target volume (CTV) is
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defined as the GTV plus a margin to account for the microscopic extension of dis-
ease needing to be encompassed by the entire treatment target [2].

MRI is the mainstay of imaging in brain radiotherapy, both in identifying tumour
extension and treatment response [3]. Nonetheless, conventional T1-weighted (with
or without contrast) and T2-weighted/FLAIR sequences, when used for radiother-
apy planning, are unable to reflect the molecular and functional properties of brain
tumours. These limitations are particularly evident in non-enhancing tumours
(WHO grade II and a significant number of WHO grade III gliomas), where the lack
of contrast uptake on MRI reduces the ability to precisely identify the tumour exten-
sion. Also, conventional MRI is inadequate to clearly distinguish residual or recur-
rent sellar or skull base lesions (pituitary adenomas and meningiomas) from
postoperative changes [4, 5].

PET, and integrated PET/CT, can provide a combination of anatomical and bio-
logical information for radiotherapy planning purposes, overcoming some of the
intrinsic limitations of conventional MRI. The use of different tracers allows identi-
fication of specific metabolic processes such as proliferation, biosynthesis, uptake
of amino acid analogues and glucose consumption [6], all widely described in
tumour tissues.

BE-FDG is the most extensively used PET tracer in oncology, exploiting the
increased metabolic state of most tumour cells. However, the high and regionally
variable FDG uptake in normal brain makes the interpretation of imaging challeng-
ing [7, 8]. Furthermore, other primary tumours, as meningiomas, show reduced
uptake of FDG [9, 10]. Other tracers are currently employed or under investigation
in molecular imaging with PET/CT for brain tumours (Table 12.1). Radiolabelled

Table 12.1 PET/CT tracers used in brain tumour radiotherapy planning

Role in brain

Radiotracer Category and mechanism RT planning

"'C-MET (methionine) Amino acid HGG
1C-labelled MET uptake reflects increased LGG
intracellular transport mediated by type L amino ~ Meningiomas
acid carrier Brain

Due to short half-life (20 min), its use is limited to metastases
facilities with on-site cyclotron
BE-FET Artificial amino acid HGG
(fluoroethyl-L-tyrosine) 18F-labelled FET uptake correlates with increased LGG
cellular density
F-FDOPA 18F-labelled DOPA is an analogue of L-DOPA, HGG
(dihydroxyphenylalanine) precursor of dopamine (CNS neurotransmitter).
Increased uptake correlates with tumour
proliferation and grade and can distinguish
radionecrosis from tumour recurrence

Somatostatin analogues Increased uptake is detected in tumours highly Meningiomas
(®*Ga-DOTATATE, expressing somatostatin receptors (neuroendocrine
%Ga-DOTATOC, tumours and meningiomas)

%Ga-DOTANOC)
HGG high-grade gliomas, LGG low-grade gliomas
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amino acid ("'C-MET, ®F-FET, ®F-DOPA) and somatostatin analogue compounds
(8 Ga-DOTATATE, ®*Ga-DOTATOC) and their value in the context of defining the
radiotherapy target volume will be described in this chapter.

12.2 Image Quality for Planning Purposes

While functional imaging plays already an important role in the initial diagnosis
and follow-up of brain tumour patients [6], the integration of PET/CT in the radio-
therapy planning process requires a superior level of reproducibility and image
quality acquisition than the one provided for diagnostic imaging.

A PET/CT for planning purposes needs to be acquired with the patient posi-
tioned and immobilised as for during treatment delivery, preferably acquiring a
high-quality CT scan for planning purposes together with the PET scan avoiding the
need of additional image registration. In this scenario, the system of laser position-
ing between the PET/CT suit and radiotherapy facility will need to be mirrored (this
obviously includes the use of the same flat-top couches). If contrast injection is
required with the planning CT scan, an additional low-dose CT scan can be per-
formed and used for attenuation and scatter correction independently from the plan-
ning CT, or an attenuation corrected contrast-enhanced CT can be acquired.

The impact of patient motion during imaging is generally well controlled with
modern brain immobilisation devices, but other sources of uncertainties (such as
scanner calibration and image processing) need careful evaluation when PET imag-
ing is used for radiotherapy planning. The imaging spatial resolution is a limitation
of a PET imaging, with lesions smaller than 5—10 mm being poorly discernible from
the background noise [11], which makes molecular imaging less useful for target
delineation [12].

12.3 PET/CT for Radiotherapy Planning in Brain Gliomas

High-grade gliomas (HGGs) include anaplastic glial tumours (WHO grade I1I astro-
cytomas and oligodendrogliomas) and glioblastomas (WHO grade I'V). Radiotherapy
represents the mainstay of treatment in this group of patients since evidence was
shown of its role in improving postoperative survival [13—15] even in cases of recur-
rence [16]. The information provided by conventional contrast-enhanced MRI is the
result of the blood-brain barrier (BBB) disruption and does not necessarily reflect
the real tumour extension, often observed in the surrounding oedema or in the adja-
cent normal appearing brain [17-19]. This might result in underestimating the GTV
and, consequently, the CTV extension and final treatment target.

The rationale behind the introduction of PET/CT in treatment target definition
for HGGs relies on the ability of specific PET tracers to identify abnormal biologi-
cal and metabolic activity corresponding to areas at high risk of disease/recurrence
(with low uptake in the normal tissue) beyond the contrast-enhanced volume on
MRI. Several data suggest that brain tumour imaging with PET using amino acids
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is more reliable than MRI in defining the extent of cerebral gliomas [20-23]. Amino
acid tracers such as '"C-MET, "8F-FET and "®F-DOPA have been investigated in
small prospective and retrospective studies to assess their value in detecting the
tumour extension (often referred as BTV, biological tumour volume) in comparison
to target volumes outlined with traditional MRI in radiotherapy planning
(Table 12.2). BT Vs larger than corresponding MRI-based volumes were often out-
lined [17, 24-26]. The inadequate coverage of BTV by morphological GTV was
associated with an increased risk of non-central failures in glioblastomas [25]. In
recurrent HGGs, the use of PET/CT for target delineation was suggested to improve
the high variability in target definition observed with conventional MRI [27]. The

Table 12.2 Studies on PET/CT for radiotherapy planning in brain gliomas

Tracer Study Design Findings
BE-FET Weber 2008 14 GBM 5 AA Size and geometrical location of
[26] Concomitant GTVs and BTVs differed in majority
chemoradiotherapy of patients
Piroth 2009 16 GBM FET-PET-based automatically
[34] Integrated boost IMRT or contoured PTV leads to complex
3DCRT geometric configurations, limiting
achievable mean dose in the boost
volume
Vees 2009 18 GBM PET-based GTVs were smaller than
[35] 2AA GTVyr:
2 ODG PET detected tumours not visible on
MRI and added tumour extension
outside the GTV g, in 33% of cases
Niyazi 2011 17 GBM PET-based GTVs (BTVs) larger than
[24] Concomitant corresponding MRI-based GTVs,
chemoradiotherapy with major differences in 11 cases
3DCRT
Rieken 2013 37 HGG Integrating FET uptake into the
[29] 4 LGG delineation of GTVs yields larger
Combination of photon/  volumes. Combined modality-derived
carbon ion RT PTVs are enlarged in high-grade
glioma patients and in case of
primary RT
Schinkelshoek 31 Primary/recurrent In 65% cases BTV resulted in a
2014 [36] GBM modification of the CTV. MET-PET/
Conformal RT CT only predictor demonstrating
significant correlation with PES and OS
Munck of 35 WHO grade IV 5 pts PET negative
Rosenschold 19 WHO grade 111 Incorporating FET-positive volume
2015 [37] IMPT/rapid arc IMRT into a combined MR/PET GTV
(coplanar and caused the GTV to increase overall
noncoplanar) PET-positive volume was strongly

associated with WHO grade IV

glioma

90% PET-positive volumes were

encompassed by T1 MRI with

contrast plus a 20-mm margin
(continued)
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Table 12.2 (continued)

Tracer Study Design Findings
Moller 2016 25 WHO grade IV Baseline BTV and baseline MRI
[38] 6 WHO grade 111 volumes (necrotic/cystic cavities
Reirradiation with subtracted) were prognostic for OS in
stereotactic RT multivariate analysis
Poulsen 2017 146 GBM Large BTV on FET-PET is
[39] Concomitant independent prognostic factor of poor
chemoradiotherapy OS and PFS in GBM
Jaymanne 5 GMB 1 AA with FET-PET is useful in aiding CT-based
2018 [40] contraindications to MRI  voluming in patients with
contraindications to MRI
IIC-MET  Grosu2005 27 WHO grade IV MET uptake detected up to 45 mm
[17] 12 WHO grade III beyond GD enhancement and up to
Stereotactic 4 mm beyond T2 hyperintensity-
hypofractionated RT defined area
Mahasittiwat 4 AA PET-based target volumes included in
2008 [41] 12 GBM CTV/MRI T1- and T2-based volumes
Carbon ion RT in 82.3% and 68.8%, respectively
Matsuo 2012 32 GBM BTV with ""C-MET describes GTV
[42] Stereotactic RT with greater accuracy than MRI
Miwa 2014 21 recurrent GBM GTYV based on co-registered PET/CT/
[43] Hypofractionated RT MRI was used for treatment
E-FDOPA Kosztyla 2013 19 GBM PET-based volume larger than MRI
[44] Concomitant based. All but 1 recurrence extended
chemoradiotherapy outside PET-based volumes

(3DCR, IMRT, VMAT)

3DCRT three-dimensional conformal radiotherapy, IMRT intensity-modulated radiotherapy, IMPT
intensity-modulated proton therapy

longer half-life of *F-labelled tracers contributes to a wider use of FET and DOPA
in the clinical practice.

The value of PET/CT has been less extensively assessed in radiotherapy plan-
ning for low-grade gliomas (LGGs) with only few studies exploring its use in the
treatment setting [28, 29], although the effectiveness of amino acid PET in defining
tumour extension has been demonstrated in histology-validated series [30-33].

12.4 PET/CT for Radiotherapy Planning in Meningiomas

The exact extension of recurrent or residual meningiomas for radiotherapy treatment
can be hard to define due to bone thickening, enhancing dural tails and postoperative
changes (Fig. 12.1). Although high local control rates following radiotherapy are
observed in meningiomas [45], this does not negate the need for accurate target defi-
nition, especially with modern highly conformal treatment approaches. In fact, older
radiotherapy techniques may have compensated for undercontouring where extra
normal tissue was inevitably covered by the prescribed dose.
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Fig.12.1 Planning *Ga-DOTATATE PET/CT (left) used for GTV (blue line) definition in a large
right sphenoid wing meningioma. CE-T1 MRI does not define the tumour extension into the right
orbit (right)

Fig.12.2 Tumour extension at the level of the skull base on RT planning ®*Ga-DOTATATE PET/
CT (left) in comparison with CE-T1 MRI (right)

The uptake of ®F-FDG showed to significantly correlate with the WHO grade in
meningiomas [9, 46], but its brain uptake is not tumour specific and may increase in
the presence of inflammatory tissue [47].

Because of the overexpression of somatostatin receptors (SSTRs) in meningio-
mas (with subtype 2 receptors found to be the most abundant isoform) [48], radio-
labelled SSTR ligands (®*Ga-DOTATATE, ®*Ga-DOTATOC, %Ga-DOTANOC) have
been widely investigated in view of their high tumour-to-background ratio and valu-
able information provided on the extent of meningiomas beneath osseous structures,
especially in the skull base [49] (Fig. 12.2).
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Table 12.3 Studies on PET/CT for radiotherapy planning in meningiomas

Tracer Study Design Findings

%Ga-DOTATOC Milker- 26 meningiomas Radiation targeting with fused DOTATOC
Zabel 2006 Fractionated PET, CT and MRI resulted in significant
[52] stereotactic RT alterations in target definition in 73%
Gehler 26 meningiomas Radiation targeting with fused DOTATOC
2009 [53] IMRT PET, CT and MRI resulted in significant

alterations in CTV definition in 65%
Nyuyki 42 meningiomas GTYV alteration in 72% of cases
2010 [54] (2 negative PET)
Stereotactic RT

Combs 70 meningiomas PET imaging helped defining between

2013 [55]  Protons and meningeal thickening and tumour
carbon ion RT extension

Graf 2013 16 meningiomas %Ga-DOTATOC PET/CT improved

[56] Fractionated volume delineation. Reduced PET-based

stereotactic RT ~ GTV compared with MRI and CT
Ga-DOTATATE Maclean 10 meningiomas IOV in contouring challenging
2017 [57]  IMRT (PET/MRI meningioma cases was large and only
and PET/CT) slightly improved with the addition of ®*Ga

DOTATATE PET
C-MET Grosu 2006 10 meningiomas Information of MET-PET useful to
[58] Fractionated delineate GTV in the area of cavernous
stereotactic RT sinus, orbit and base of the skull
Astner 32 meningiomas MET-PET was beneficial for GTV
2008 [59] Fractionated delineation in all but 3 patients, detecting

stereotactic RT ~ tumour portions not visible on CT/MRI

IMRT intensity-modulated radiotherapy, IOV interobserver variability

PET/CT with SSTR ligands has considerable impact on radiotherapy target defi-
nition where both normal dura and tumour tissue show high contrast enhancement
on MRI or when tumour margins infiltrating the bone are poorly defined despite
bone window on CT scan (Table 12.3).

PET/CT with "C-MET also demonstrated to significantly influence GTV delin-
eation in patients with meningiomas, by highlighting areas otherwise not visualised
on conventional planning CT or MRI (Table 12.3).

PET-based delineation was investigated for other brain lesions (glomus tumours,
pituitary adenomas) with the aim to reduce interobserver variability [50, 51], but
few data have been published so far.

12.5 PET/CT for Radiotherapy Planning in Brain Metastases

Few published studies have quantified tumour extension in brain metastases from
PET/CT and MRI, comparing the two modalities in the context of radiotherapy
planning. However, small metastases can only be identified by MRI, and an unspe-
cific uptake in inflammatory processes has been described in FDG PET scans in
comparison with imaging obtained with other radiopharmaceuticals [60, 61].
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Miwa [62] evaluated 42 metastatic brain tumours at baseline and at specific fol-
low-up intervals after stereotactic radiotherapy (SRT). In the study, MET-PET
images were imported in the planning software for the SRT dosimetry as additional
information. The final target volume was defined on the stereotactic MR image, tak-
ing into account MET-PET and MRI findings. MET-PET was useful in providing
additional information for diagnosis and follow-up after radiotherapy.

In a similar study [63], MET-PET was used for GTV delineation in 19 patients
with a total of 95 brain metastatic lesions. The authors concluded that MET-PET has
the potential for precise delineation of target volumes in lesions with a volume big-
ger than 0.5 mL.

12.6 Conclusion

The use of PET to plan and monitor treatment is an active area of investigation. With
the development of targeted therapies, PET biomarkers might be used to identify
patients who are likely to respond to treatment, as well as to monitor treatment
response. The major limitations to the integration of PET/CT imaging in radiother-
apy planning for brain tumours are represented by the low spatial resolution of PET
studies, leading to false-negative findings in the case of small lesions, and in the
possibility of unspecific uptake shortly after surgery [64].

Furthermore, a high level of expertise is required for correct image
interpretation.

The recently proposed international guidelines for target delineation in glioblas-
tomas do not currently include PET imaging as a standard modality for radiotherapy
planning [3]. Instead, the RANO/PET group recommended (evidence level 2) amino
acid PET and ®*Ga-DOTATOC PET for radiotherapy planning to improve GTV defi-
nition and dose sparing of organs at risk [65].

The implementation of PET/CT in everyday RT planning is expected to be
defined in prospective randomised trials aimed to clarify its role in comparison with
conventional MRI sequences.

Key Points

* Modern brain radiotherapy techniques aim at maximizing the dose within
the treatment target while sparing the uninvolved healthy brain.

e Correct target identification is therefore of critical importance in highly
precise brain radiotherapy.

* In radiotherapy planning, the treatment target is identified on high-resolu-
tion imaging (thin cuts MRI sequences with contrast) accurately fused with
CT imaging acquired for planning purposes.
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* MRI is the mainstay of imaging in brain radiotherapy, both in identifying

tumour extension and treatment response.

e Conventional MRI sequences are unable to reflect the molecular and func-

tional properties of brain tumours.

e PET and PET/CT could provide additional anatomical and biological

information for the purpose of radiotherapy planning.

e While ¥F-FDG is an extensively used PET tracer in oncology, its use in

neuro-oncology is mainly limited by the high rate of glucose metabolism in
normal brain.

e Several reports showed an impact of FET-PET, MET PET, and FDOPA

PET on target volume delineation primarily in high-grade gliomas,
although their role has not been fully validated.

e PET/CT with SSTR ligands has a considerable impact on radiotherapy tar-

get identification in brain meningiomas.

e The impact of PET/CT in radiotherapy planning needs to be compared with

a variety of promising advanced MRI techniques in well-designed studies.
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13.1 Introduction

Brain imaging is one of the valuable applications of the hybrid PET/MRI given the
anatomical and physiological complexity of the brain and the subtlety of the neuro-
logical changes that accompany many of the neurodegenerative, epileptic, and
oncological diseases. The limited resolution of CT in imaging brain makes the MRI
the ideal modality for neuroimaging. This resulted in growing interest in the medi-
cal, physics and pharmaceutical communities to develop novel radiopharmaceuti-
cals and apply new MRI sequences for early diagnosis, predicting the behavior and
having a better insight of the neurological disorders [1].

Acquisition of the PET/MRI is either done sequentially or simultaneously.
Sequential acquisition acquires the MRI and PET data in separated devices either
at the same location or at different ones. Specialized softwares combine the data
from the two scans to produce PET/MRI fused images [1, 2]. This method is more
prone to motion artifacts and misregistration, but can be corrected to some degree
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with motion correction software. The other more advanced way is to use the inte-
grated PET/MRI machine (hybrid). Since its introduction by Siemens, the commer-
cial hybrid PET/MRI machines (molecular MRI, mMR) allowed simultaneous
acquisition of the MRI and PET signals in space and time. This was a challenging
task due to the MRI magnetic interference with PET components. Although it is not
as simple as it sounds, this technical problem was solved by using a ring of magnetic-
field insensitive PET detectors inside a 3T MRI gantry [3]. Brain imaging was the
first application of the simultaneous PET/MRI given the fact that the brain is less
prone to motion artifact [4].

13.2 Application of PET/MRI
13.2.1 Neurodegenerative Diseases

One advantage of PET/MRI over PET/CT is related to the superior/additional ana-
tomical and molecular information that MRI can provide. Hybrid PET/MRI allows
simultaneous aquisition and combination of the MRI anatomical and functional
information with metabolic one from the PET during the same examination. Higher
spatial resolution of the structural MRI sequences allow better morphological defi-
nition of the brain parts. This improves the diagnostic ability of the scan and also
helps to rule out other pathologies that could attribute to the patient’s symptoms. In
Alzheimer’s disease (AD) medial temporal lobe atrophy, especially in the entorhi-
nal cortex, amygdala, hippocampus, and parahippocampal gyrus, is a characteristic
finding. Combining these information with the metabolic data from the FDG-
PET (AD metabolic pattern) supports the diagnosis and increases the accuracy of
the test (Fig. 13.1). Another example of the synergistic findings between the PET

Fig. 13.1 FDG PET/MRI in a patient with early AD demonstrating glucose hypometabolism in
the parietal and temporal lobes (right >left)
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Fig. 13.2 Coronal T1-weighted images (a and b) and fused FDG-PET/MRI image (c) in a patient
with sematic variant PPA (semantic dementia). a and b: marked asymmetrical volume loss is found
in the left temporal lobe affecting all temporal gyri and particularly the fusiform gyrus (arrow). c:
the FDG-PET/MRI demonstrates glucose hypometabolism not only in the left but also in the right
temporal lobe, which shows much less atrophy. PPA (primary progressive aphasia)

and the MRI is shown in Fig. 13.2 for a patient with semantic variant primary pro-
gressive aphasia (semantic dementia).

Computerized gray and white matter volume assessment in AD is also possible
with the MRI by using specialized software such as voxel-based morphometry
(VBM) which allows early diagnosis and monitoring of disease progression [5, 6].
Other functional MRI sequences can be utilized to support the finding of the PET
scan; Arterial spin labeling (ASL) is one of these sequences. Some studies found a
concordance between the reduced regional blood flow in the hippocampus and the
hypometabolic pattern on the PET in patient with mild cognitive impairment (MCI)
and AD [7]. Other functional imagings are diffusion tensor imaging (DTI) and trac-
tography that can assess white matter integrity and allow better understanding of the
disease development and progression [8, 9].

13.2.2 Intracranial Neoplasms

Contrast MRI scan is the gold standard method for diagnosis and assessment of
brain tumors [10]. Morphological sequences are essential to achieve the diagnosis
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I /

Fig. 13.3 Brain tumor on T1 MRI, ®¥F choline PET, fused PET/MRI, and PET/CT. Notice the
metabolic activity on '®F choline which indicates the most aggressive part of the tumor. The
high signal on T1 is because of the hemorrhage after biopsy

(or the differential diagnosis) and assess the extent of the disease and the surround-
ing cytotoxic edema and to evaluate their pressure effect [10, 11]. Other sequences
such as diffusion-weighted images (DWI), perfusion-weighted images (PWI), and
gadolinium-enhanced T1-weighted images and MRI spectroscopy (MRS) provide
information on the tumor microstructure, blood supply, blood-brain barrier (BBB)
disruption and the metabolic microenvironment, respectively [11]. Nevertheless,
conventional MRI faces problems especially in differentiating between low and
high-grade gliomas and also in post-therapy assessment (differentiating residual/
progressive tumour from post-therapy necrosis/pseudo-progression). On
gadolinium-enhanced MRI, low-grade gliomas sometimes show enhancement; on
the other hand, 10% of glioblastomas and 30% of anaplastic astrocytomas do not
show enhancement [1, 12, 13]. Simultaneous PET/MRI using specific tracers, such
as F-fluorotyrosine, '®F-deoxyphenylalanine, and !''C-Met (which are labeled
amino acids (AA) /indicators of AA uptake), or 'C-choline and ®F-choline (which
are indicators of cell membrane turnover), allows better spatial distribution of the
tracer in the tumor and makes it more feasible to target most aggressive part for
sampling (Fig. 13.3) [1]. In one study, ''C-Met PET/MRI identified the most aggres-
sive parts of the tumors which were not always related to the areas of cell membrane
proliferation (choline/N-acetylaspartate) seen on MRS. This allowed more precise
metabolic mapping of the gliomas [14].
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Fig. 13.4 Meningioma with close proximity to the pituitary gland in a patient who is a candidate
for radiotherapy. PET/CT (a) demonstrates a ®*Ga-DODATATE avid lesion in the left middle fossa.
The MRI (b) shows higher anatomical details. PET/MRI allows visualization the exact extension
of the disease. A pituitary sparing field of irradiation was chosen after the precise information
provided by PET/MR scan. ®*Ga-DODATATE avidity in the pituitary is physiological [1]

Other intracranial benign tumors could impose a serious health problem due to
their critical location or proximity to vital parts. Figure 13.4 shows meningioma at
the base of the skull with close proximity to the pituitary gland [1].

Simultaneous PET/MRI is more convenient option in oncological patients who
are more prone to have multiple functional/anatomical scans, especially in pediatric
population, with less ionizing radiation exposure compared to PET/CT. Also, hav-
ing simultaneous PET/MRI in one set eliminates the need for two separated visits,
and in turn improves the workflow, eases patient’s stress, and reduces the need for
multiple administration of general anesthesia/sedatives in some claustrophobic
patients and young children [15].
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13.2.3 Epilepsy

In refractory epilepsy, hybrid PET/MRI allows correlation of the superior soft tissue
contrast resolution of the MRI with the metabolic information from the FDG-PET,
simultaneously in space and time. The discordance between the findings of the two
scans is quite common; some of the epileptogenic lesions, such as focal cortical
dysplasia (FCD), are visible in the MRI but they may lack the characteristic hypo-
metabolic pattern on the FDG-PET, and vice versa (Fig. 13.5). In one study, around
25% of FCD were not visible on the MRI (especially type 1), and also 25% were

T2 Flair T2 axial

Fused FDG-PET/MRI

Fig. 13.5 Young patient with complex partial seizure. The T2 flair and T2 axial 3T MRI (a and b)
show normal appearance of both temporal lobes. Fused FDG-PET/MR and coronal and axial
FDG-PET (c—e) identify reduced metabolism in the right temporal lobe (arrows), in keeping with
the epileptogenic focus. This is also confirmed by Minoshima maps (f) (arrowhead) which identify
spreading of the hypometabolism to the inferior surface of the right frontal lobe



13 Clinical Applications of PET/MRI in Brain Imaging 151

FDG-PET, coronal plane

FDG-PET, axial plane

Fig. 13.5 (continued)
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Minoshima Maps

Fig. 13.5 (continued)

negative on the PET scan, and only 11% of the lesions were negative on both scans
[16]. This increases the diagnostic yields, as the two scans complement each other,
and subsequently improves the presurgical planning of the patients with drug-
resistant epilepsy [16, 17].

13.3 Advantages and Disadvantages of the Simultaneous
PET/MRI

Simultaneous PET/MRI has many advantages over separated PET and MRI scans
or the PET/CT, however, it also comes with some disadvantages. Pros and cons of
the simultaneous PET/MRI are summarized in Table 13.1.
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Table 13.1 Advantages and disadvantages of the combined PET/MRI

Advantages

* Superior soft tissue contrast resolution of the MRI component provide precise anatomical
details.

* Other functional and molecular MRI sequences, such as arterial spin labeling (ASL),
diffusion tensor imaging (DTI), and MRI spectroscopy, increase the diagnostic potentials of
the hybrid scan.

 Simultaneous acquisition of the PET and MRI data eliminates the need for two different
scans, allowing better workflow and decreasing the patient’s stress and the need for repeated
general anesthesia administration in claustrophobic patients or young children.

« Simultaneous acquisition of the MRI and PET data in space and time allows real-time data
analysis and minimizes the chance of misregistration.

* Reduces exposure to the ionizing radiation compared to the PET/CT which is more
important in patients with repeated scans and in pediatric population.

Disadvantages

* Higher cost: the higher price of the PET/MRI machine is one of the major factors holding
its availability. The price of the PET/MRI system is 3—4 times higher than that of PET/CT
system [18].

* Longer scanning time: although some MRI-based attenuation correction methods, such as
Dixon and HASTE (only 1 s to acquire), allow shorter scanning time, including extra
diagnostic sequences eventually prolongs it [3].

e Lack of consensus: PET/MRI is a relatively new technology with limited spead, and this
imposes a problem regarding finding standardized protocols and agreements among centers
[19].

Key Points

Some of the main advantages and disadvantages of the combined PET/MRI
are:

Advantages

e Superior soft tissue contrast resolution of the MRI component provides
precise anatomical details.

e Simultaneous acquisition of the PET and MRI data eliminates the need for
two different scans, allowing better work ow and decreasing the patient’s
stress and the need for repeated general anesthesia administration in claus-
trophobic patients or young children.

* Reduces exposure to the ionizing radiation compared to the PET/CT which
is more important in patients with repeated scans and in pediatric
population.

Disadvantages

* Higher cost: the higher price of the PET/MRI machine is one of the major
factors holding its availability. The price of the PET/MRI system is 3—4
times higher than that of PET/CT system.
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e Longer scanning time: although some MRI-based attenuation correction
methods, such as Dixon and HASTE, allow shorter scanning time, includ-
ing extra diagnostic sequences eventually prolongs it.

e Lack of consensus: PET/MRI is a relatively new technology with limited
spread, and this imposes a problem regarding standardized protocols and
agreements among centers.
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Fig. 14.1 (a-d) A 30-year-old patient with non-lesional right frontotemporal lobe epilepsy. Axial
'8F FDG PET (a, b) and fused '*F FDG PET/MR (c, d) show perfect agreement between the two
techniques with area of hypometabolism in the right temporal lobe (a—d, arrows) representing an
epileptogenic focus.

Teaching point: Alteration in FDG metabolism can help determine epileptogenic foci in patients
with non-lesional epilepsy
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Fig. 14.1 (continued)

/|

Fig. 14.2 (a-d) A 31-year-old patient with left hemisphere epilepsy. Axial fused "*F FDG PET/
CT (a), axial CT (b), fused '*F FDG PET/MR (c¢) and T2 FLAIR (d) at the level of the thalami
show area of hypometabolism in the left occipitotemporal region (a, ¢ arrows) with corresponding
high signal intensity in the periventricular region of the posterior horn of the left lateral ventricle
(d, arrow) raising the suspicion of previous encephalitis.

Teaching point: Combined FDG PET/MR can assist in diagnosing location of epileptogenic focus
and correlative morphological changes to determine possible underlying cause
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Fig. 14.2 (continued)

Fig. 14.3 (a, b) Patient evaluated for right hemispheric epilepsy. Axial FDG PET images (a) and
Z-score maps (b) show right temporal lobe hypometabolism (a, arrows) which is confirmed on
quantification assessment (b, arrows), in keeping with an epileptogenic focus.

Teaching point: The use of quantification maps can help in giving a more confident diagnosis when
determining the most likely epileptogenic focus in patients with epilepsy
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Fig. 14.4 (a, b) Fused 68Ga DOTATATE PET/MR (a) and axial post-contrast TIWI (b) show
tracer-avid extra-axial lesions in the right side of the foramen magnum, right temporal lobe later-
ally and left temporal lobe medially (a, arrows). The focal hyper intensity adjacent to the clivus
bone is the normal tracer uptake in the pituitary gland (a, FH). These correspond to small enhanc-
ing meningeal lesions (b), in keeping with multiple meningiomas.

Teaching point: Meningiomas may be considerably small-sized, and osseous structures (e.g. skull base)
may hamper the diagnosis. ®*Ga DOTATATE is a tracer selective for the evaluation of somatostatin recep-
tors which are rich in different tumours, such as neuroendocrine, meningioma and paraganglioma

Fig. 14.5 (a—c) Axial fused "*FCholine PET/MR (a), ADC map (b) and DWI (¢) show an
8ECholine avid lesion in the left thalamus (a, arrow), with corresponding restricted diffusion on
the diffusion-weighted images (b, ¢ arrows).

Teaching point: The use of multiparametric evaluation can help identify different components of
the tumour including metabolism and cellularity
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Fig. 14.6 (a, b) Axial fused '*FCholine PET/MR (a) and axial post-contrast TIWI (b) show
mildly avid subependymal lesions with partial intraventricular extension in the anterior horn of the
lateral ventricle bilaterally (a, arrows) which correspond to non-enhancing small hypointense
lesions (b).

Teaching point: Non-enhancing lesions can still present with uptake on "®FCholine imaging and
might be useful for treatment evaluation

Fig. 14.7 (a, b) Coronal fused '®FCholine PET/MR (a, b) show a large '*FCholine avid non-
germinomatous germ cell pineal body tumour prior to treatment (a) which shows interval reduc-
tion in size and tracer uptake post-treatment (b), in keeping with partial metabolic response.
Teaching point: The importance of having appropriate metabolic imaging prior to treatment as a
baseline can help with better post-treatment assessment
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Patient 1

Patient 2

Patient 3

T2w FLAIR T1w Post-Gd 18F-Choline PET

Fig. 14.8 Axial T2W FLAIR (a), axial post-contrast TIWI (b) and axial '"*FCholine PET (c) in
Patients 1-3

Patient 1: A 17-year-old patient with grade I pilocytic astrocytoma demonstrates normal appearing
‘white matter’ ROI (blue), ‘non-enhancing’ tumour ROI (yellow) and ‘enhancing’ tumour ROI
(pink) (a), enhancing tumour (b) with increased '*FCholine uptake in the enhancing component (c)
Patient 2: An 18-year-old patient with grade I schwannoma demonstrates a high-intensity left
frontal lobe mass (a), which shows peripheral enhancement with central non-enhancing area (b)
which corresponds to increased '®FCholine uptake in the enhancing component (c)

Patient 3: A 21-year-old patient with grade IV glioblastoma (GBM) demonstrates high signal in
the right temporal lobe with areas of susceptibility artefacts (a), which shows minimal enhance-
ment at its posterior-lateral component (b, arrow) that corresponds to mildly increased '*FCholine
uptake.

Teaching point: The use of multiparametric evaluation can help identify different components of
the tumour and possible sites for treatment targeting



14 Clinical Atlas of Brain PET/CT 161

Fig.14.9 (a—c) Axial fused "*F DOPA PET/MR (a), axial T2ZW FLAIR (b) and axial post-contrast
T1WI (c) show bilateral increased "*F DOPA tracer uptake in the thalami (left > right) (a, arrows)
with corresponding high-signal changes (b, arrows) and no significant enhancement on the post-
contrast image (c¢). The left thalamic lesion was proven upon biopsy to be a low-grade tumour with
transformation into high-grade glioma.

Teaching point: '*F DOPA tracer uptake can detect early transformation of gliomas and impact
treatment decision
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Fig. 14.10 (a-d) Coronal T2W FLAIR (a), axial post-contrast TIWI (b), axial ADC map (c),
axial "*F DOPA PET (d) and axial fused "*F DOPA PET/MR (e) demonstrate a high-signal, non-
enhancing area in the right frontal lobe (a, b) with diffusion restriction (¢) in a patient previously
operated for a high-grade glioma tumour in the right frontal lobe with similar stable postoperative
MR appearances compared to prior postoperative imaging over the last 4 years. However, further
imaging with '*F DOPA shows increased tracer uptake in the right frontal lobe tumour (d, e), con-
sistent with active residual disease. The patient had further treatment 2 weeks later which demon-
strated active tumour which was completely removed.

Teaching point: Functional imaging can detect residual disease in otherwise morphologically sta-
ble changes in postoperative brain tumours
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Patient 1

Patient 2

Fig. 14.11 (a-d) Axial fused 'F DOPA PET/MR (a, ¢) and axial fused '*FCholine PET/MR (b,
d) in Patients 1 and 2. Patient 1: Biopsy-proven WHO grade IV left thalamic GBM demonstrates
increased "*F DOPA and '®FCholine tracer uptake in the left thalamic lesion (a, b, arrows). Patient
2: Biopsy-proven WHO grade II left thalamic glioma with feature of transformation to grade III
shows increased '®F DOPA tracer uptake in the left thalamus (¢, arrow) but no corresponding
FCholine tracer uptake (d).

Teaching point: The evaluation of brain lesions with different tracers can give an insight of various

components within the tumour which help in assessing tumour grade and further impact manage-
ment decision
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Fig. 14.12 (a—d) Axial fused Tau tracer PET/CT (a, ¢) and axial fused amyloid PET/MR (¢, d) in
the same patient imaged 2 weeks apart demonstrated increased Tau tracer uptake in the posterior
parietal and occipital regions of the brain cortex (a, ¢) with amyloid PET showing completely dif-
ferent regions of amyloid deposition in the frontal lobes (d).

Teaching point: Tau and amyloid tracers can show different patterns of tracer distribution in the
same patient. This may aid in the understanding of the different mechanisms in the degenerative
changes occurring in patients presenting with dementia-like features
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Fig. 14.13 (a, b) Axial fused *F-FDG PET/MR (a) and post-contrast TIWI (b) demonstrate
intense increased FDG uptake in the periventricular region of the posterior horn of the left lateral
ventricle (a, arrow) which corresponds to an enhancing lesion on the post-contrast MR (b), in a
patient with CNS lymphoma.

Teaching point: Intense uptake on FDG can differentiate between CNS lymphoma and primary
brain tumours like GBM which usually show less FDG uptake
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Fig. 14.14 (a—c) Axial post-contrast TIWI (a, b) and axial fused "*F-FDG PET/CT (¢) demon-
strated an enhancing left frontal lobe mass in a patient diagnosed with GBM (a). Follow-up post-
operative MR imaging shows postoperative changes in the left frontal lobe with no convincing
enhancement of residual tumour (b). Additional functional imaging with '®F-FDG PET/CT shows
an avid focus in the left frontal lobe (¢) which is consistent with active residual disease.

Teaching point: Functional imaging can determine the presence of residual disease in postopera-
tive patients with unremarkable postoperative morphological imaging
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Fig. 14.15 (a—e) A 64-year-old patient with background AL amyloidosis treated with chemo-
therapy, presenting with widespread myoclonus, confusion, seizures and reduced consciousness.
Axial fused '*F FDG PET/CT (a, ¢), axial PET (b, d) and DWI image (e) show focal increased
cortical uptake in right frontal and right parietal lobes (a—d, arrows), which correspond to areas of
restricted diffusion on MRI (e), raising possible vasculitis secondary to cerebral amyloid
angiopathy.

Teaching point: Visualization of vascular wall uptake in small vessel vasculitis is beyond the reso-
lution of PET, however indirect signs can be demonstrated by the presence of abnormal cortical
tracer uptake in the corresponding vascular territory. Furthermore, multiparametric imaging is
required in assessing these challenging cases
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Fig. 14.16 (a, b) Patient with previous lymphoma completed chemotherapy 2 months ago and
presented with cerebellar signs, and MRI showed a right cerebellar mass. Axial fused '*F FDG
PET/CT (a) and post-contrast TI1WI (b) show intensely avid right cerebellar lesion (a, arrow) cor-
responding to the enhancing lesion (b, arrow), in keeping with relapsed CNS lymphoma.

Teaching point: Given the usual intense '®F FDG uptake in lymphoma, evaluation of areas with
usually high metabolic activity like the brain is possible, and evaluation with FDG PET/CT is
particularly useful in assessing disease relapse in patients with prior history of lymphoma

Fig.14.17 (a—c) Axial fused '*F FDG PET/CT (a), axial "*F FDG PET (b) and noncontrast CT (c)
show a FDG-avid lesion in the left temporal lobe (a, b arrows) which corresponds to a hyperdense
lesion on subsequent CT (e, arrow) in a patient who underwent PET/CT for lung cancer staging,
in keeping with brain metastasis.

Teaching point: Including the brain in the whole-body PET/CT imaging can sometimes detect
metastatic brain lesions and is advised to be routinely done in cases with suspected malignancies
that have or are likely to have brain metastasis
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Fig. 14.18 (a—c¢) Axial fused ®*Ga DOTATATE PET/CT(a), axial ®*Ga DOTATATE PET (b) and
contrast-enhanced TIWI MRI (c¢) show ®*Ga DOTATATE intensely avid left temporal fossa lesion
(a, b arrows) corresponding to an enhancing left temporal extra-axial lesion on MRI (e, arrow) in
which the differential included dural-based metastasis and meningioma. The reminder of the®®*Ga
DOTATATE PET/CT did not show uptake elsewhere, and findings were keeping with a
meningioma.

Teaching point: Imaging with ®Ga DOTATATE PET can help narrow down the differential diag-
nosis due to the positive uptake in lesions with somatostatin receptors, e.g. meningiomas or other
neuroendocrine tumours
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Fig. 14.19 (a-d) Axial fused "*F FDG PET/CT (a), axial '®F FDG PET (b), axial T2WI (c) and
post-contrast TIWI (d) show area of focal reduction of tracer uptake in the right thalamus (a, b,
arrows) which correspond to an area of high T2 signal and mild enhancement on MRI (¢, d arrows)
in a patient with multiple sclerosis.

Teaching point: Brain lesions can present as areas of reduced tracer uptake which may be missed,
and comparison between both hemispheres is key
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Fig. 14.20 (a—c) Axial fused '*F FDG PET/CT (a), axial 'F FDG PET (b) and 3D MIP (c¢) in a
patient with worsening left arm, leg weakness and ataxia show increased tracer uptake in the
medial temporal lobes, much more marked on the left side (a—c, arrows). These appearances can
be seen in limbic encephalitis.

Teaching point: Recognizing uptake patterns in certain conditions can help aid in the diagnosis

Fig. 14.21 (a—d) Sagittal '*F FDG PET (a), sagittal TIWI (b), axial T2WI (c¢) and Z-score maps
(d) show reduced FDG uptake in the left frontotemporal lobe (a, arrow) corresponding to cerebral
atrophy on MRI (b, ¢ arrows) and confirmed on quantification assessment (d, arrows), in keeping
with frontotemporal dementia.

Teaching point: Multimodality imaging can help recognize different patterns of dementia
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Fig. 14.22 (a-d) Axial "*F FDG PET (a), axial TIWI (b), axial T2WI (c¢) and Z-score maps (d)
show reduced FDG uptake in the frontotemporal lobes bilaterally more pronounced in the frontal
lobes (a, arrows) corresponding to cerebral atrophy on MRI (b, ¢ arrows) and confirmed on quan-
tification assessment (d, arrows), in keeping with frontotemporal dementia.

Teaching point: Multimodality imaging can help recognize different patterns of dementia
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Fig. 14.23 (a—d) Sagittal '*F FDG PET (a), sagittal fused '*F FDG PET/MR (b), axial T2WTI (¢)
and Z-score maps (d) show reduced FDG uptake in the temporoparietal lobes bilaterally (a, b
arrows) corresponding to cerebral atrophy on MRI (¢) and confirmed on quantification assessment
(d), in keeping with Alzheimer’s dementia.

Teaching point: Multimodality imaging can help recognize different patterns of dementia
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Fig. 14.24 (a—c) Axial CT (a), MET/PET (b) and axial fused PET/CT (c) show increased uptake
in the residual tumour in the right temporal lobe. Bottom images show the differences in uptake in
the tumour region and in the contralateral normal lobe.

Teaching point: MET/PET has a significant impact in assessing tumour recurrence. Case courtesy
of Dr. Castellucci, University St. Orsola Malpighi, Bologna, Italy
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