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 Neuroimaging can be separated into two broad categories: (i) structural or 
anatomical imaging and (ii) functional or molecular imaging. Interestingly, 
one could claim that functional imaging preceded structural imaging by refer-
ring to the studies of the Italian neuroscientist Angelo Mosso, who invented 
the “human circulation balance” in Turin, during the late 1880s. This device 
could noninvasively measure the redistribution of blood during emotional 
and intellectual activity. Early in the twentieth century, Walter Dandy (while 
at Johns Hopkins in Baltimore) developed ventriculography and pneumoen-
cephalography that allowed neurosurgeons for the fi rst time to visualize 
structural changes in the ventricular system on x-rays that were caused by 
brain lesions. In the late 1920s, Egas Moniz, professor of neurology in 
Lisbon, introduced cerebral angiography, whereby both normal and abnormal 
blood vessels in and around the brain could be visualized with great accuracy 
(he received a Nobel Prize in 1949). More detailed anatomic images of the 
brain became available through computerized axial tomography (CAT or 
CT), which was introduced and refi ned in the 1960s and 1970s by Oldendorf, 
Hounfi eld, and Cormack. This effort translated a research instrument into a 
safer noninvasive clinical tomograph for imaging the skull and brain and 
other organs. CT is still extensively used today, which is refl ected by the com-
monplace availability of CT scanners in most hospitals. 

 Imaging the brain with radiopharmaceuticals was developed in parallel to 
CT during the 1960s by Lassen, Ingvar, and Skinhoj in Scandinavia. Studies 
involving Xenon-133 inhalation to image cerebral blood fl ow used multiple 
external radiation detectors, plus mathematical algorithms to reconstruct two- 
dimensional radioactivity images (the forerunner of single-photon emission 
computed tomography (SPECT)). These blood fl ow images represented the 
fi rst modern “functional neuroimaging,” refl ecting changes in cerebral blood 
fl ow from brain activation associated with speaking, reading, visual, or audi-
tory perception and voluntary movement. 

 Positron emission tomography (PET) was initially developed by Gordon 
Brownell and William Sweet in the 1950s at the Massachusetts General 
Hospital, in Boston. A major expansion occurred in St. Louis, where the fi rst 
positron imaging device was constructed by Ter-Pogossian, Hoffman, and 
Phleps. The fi rst human PET scanner was developed in 1973 with a hexago-
nal array of detectors. The inclusion of short-lived oxygen-15-labeled water 
for PET imaging of cerebral blood fl ow (allowing multiple studies to be per-
formed on the same subject), along with the ability to generate statistical 
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parametric maps (SPM) of cerebral activation, was an active area of research 
in the 1980s and 1990s. This was a major advance in neuroimaging and the 
assessment of cognitive function of the human brain, namely, the ability to 
image neural activity in specifi c brain structures while performing specifi c 
tasks, in both normal subjects and in individuals with specifi c neurological 
diseases. Currently, such studies are primarily performed using the MRI 
BOLD technique. 

 Concurrent with improvements in tomographic imaging technology, there 
was a parallel expansion in radiochemistry and radiopharmaceutical develop-
ment for both SPECT and PET in the 1980s and 1990s, which continues to 
this day. Initially there was a focus on cerebral glucose utilization and neuro-
receptor imaging (as PET imaging was limited by head-only tomographs at 
that time). With the advent of whole-body scanners, FDG PET imaging was 
rapidly adopted by oncologists to stage the extent and progression of disease 
and to monitor disease response to therapy. With the current focus on 
molecular- targeted medicine and individualized patient care, there is an 
expanding clinical demand to develop new target-specifi c radiopharmaceuti-
cals for both diagnosis and therapy (theranostics), particularly in oncology 
where targeted radiopharmaceuticals are being used to assess the response to 
therapy. 

 Clinical magnetic resonance imaging (MRI)/magnetic resonance spec-
troscopy (MRS) was applied shortly after PET and provides both structural 
and functional images. The absence of radiation exposure and necessity of 
having a cyclotron and radiochemistry facility nearby, coupled with high- 
resolution images, were signifi cant advantages and led to the rapid adoption 
of this imaging technology. Functional MRI/MRS (including BOLD, perfu-
sion/diffusion, arterial spin labeling MRI, etc.) is increasingly being used and 
has led to MRI/MRS becoming the dominant neuroimaging modality over 
the past 15 years. This is refl ected by the 25,000-plus clinical and research 
MRI scanners that exist worldwide. 

 Hyperpolarized MRI/MRS is a new imaging technology that provides a 
marked increase MRS signal from hyperpolarized molecules. It is currently a 
research tool that can be used to monitor metabolism, such as the conversion 
of pyruvate-to-lactate in tumors. This enhanced MRS molecular imaging 
strategy has evolved over the past decade, but remains technologically chal-
lenging. It requires the use of stable (nonradioactive) isotopes (e.g., 13C) for 
incorporation into specifi c molecules for hyperpolarization by a special 
hyperpolarization unit that has to be located close to the scanner, since hyper-
polarized molecules decay rapidly (minutes). 

 In this prelude, I have briefl y traced the rapidly evolving history of selected 
imaging modalities that have contributed to both structural and functional 
“neuroimaging.” The benefi ts of the shift to hybrid PET/CT and PET/MR 
imaging are now widely recognized, and this shift is refl ected in the title of 
this monograph and the individual contributions to this monograph.  

          New York ,        USA      Ronald     G.     Blasberg  ,   MD          

Foreword
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 The past decade has been characterized by fast technological growth. This led 
to the discovery of increasingly sophisticated diagnostic technologies in 
molecular imaging. Among these, positron emission tomography (PET) has 
been the imaging technique with the greatest clinical impact in oncology as 
well as in neurology and cardiology. Technological innovation has subse-
quently led to the introduction of hybrid modalities, such as PET/CT and 
more recently PET/MR. 

 New technologies are generally expensive, and some of the most fre-
quently asked questions are relative to the cost effectiveness and the advan-
tages of the new technology as compared to those previous. Generally, only 
several years after the introduction of a technology is there enough data to 
understand what the clinical impact and advantage of the new technology is. 

 Unfortunately, it is not always possible to wait too long before deciding 
whether to invest or not in a new technology. Therefore, a diffi cult problem to 
overcome is how to plan the acquisition of new technology in the presence of 
partial and little consolidated data. Without a planning strategy for healthcare 
development, there is the risk of acquiring potentially useless technology or 
by contrast wasting too much time before introducing a new useful technol-
ogy in to clinical practice. In this book we have tried to apply the SWOT 
analysis to the evaluation of the strengths, weaknesses, opportunities, and 
threats of hybrid technologies. 

 SWOT analysis is a decision supporting tool designed for incorporating 
internal (strengths and weaknesses) and external (opportunities and threats) 
factors into organizational or technological change planning. 

 This analytical approach was previously used mainly in policy research to 
systematically analyze organizations’ environments and only recently has 
been introduced in healthcare systems. When properly used, SWOT analysis 
may provide decision-makers a strong and structured basis for strategy devel-
opment. SWOT analysis is performed through the collection of key informant 
perspectives, which are considered an essential part in achieving the identi-
fi ed objectives. 

 In this attempt, we have involved many researchers, clinicians, manufac-
turers, and decision-makers, a large group of experts, distributed around the 
world involved with different purposes in hybrid technologies. We are grate-
ful to all of them for the essential contribution given to the achievement of 
this complex endeavor. We wish also to express our gratitude to the manufac-
turers who gave their contribution to the survey giving us the opportunity to 
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understand their point of view (Pier Paolo Buó, GE healthcare Srl; Sandro 
Paini, Philips Spa; Alessandra Tocchio, Siemens Healthcare Srl). Finally, we 
are grateful to decision-makers for time devoted to the survey, including their 
opinion of the analysis that gave us the opportunity to complete our data with 
the point of view of a relevant stakeholder. Finally, we wish to express our 
gratitude to Dr. Gianfranco Conzi for his signifi cant contribution to the tech-
nological renovation project successfully carried out in our hospital.  

   La Spezia ,  Italy     Andrea     Ciarmiello            
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Physics of Hybrid Imaging

Girolamo Garreffa, Gisela Hagberg, 
and Luca Indovina

1.1  Introduction

The main purpose of multimodality imaging is to 
provide an advanced diagnostic tool by combin-
ing measurements of anatomy and physiology 
obtained with different techniques – in particular 
PET-TC and PET/MRI. Multimodality imaging 
can refer to two main fronts each characterized 
by the space-time context of data acquisition. 
Either such morphofunctional, multimodal 
images are generated by fusing images acquired 
with each technique separately and at different 
times or they may arise from truly contextual or 
simultaneous acquisitions. In this latter case, we 
are speaking of a hybrid system. There are many 
potential advantages of hybrid imaging, since 

ideally both anatomical and functional informa-
tion can be obtained at the same time without any 
time delays between modalities and without any 
need for coregistration of the image information. 
Beyond this attractive prospect, there are some 
pivotal synergistic effects that come with the 
integration of multiple modalities, mainly relat-
ing to correcting PET data to yield truly quantita-
tive information while maximizing the 
signal-to-noise ratio. In this chapter we shall 
briefly recall some basic physics concepts of each 
single and combined imaging technique: PET, 
CT, and MRI.

1.2  Position Emission 
Tomography (PET)

Positron emission tomography (PET) is an imag-
ing modality, or radiotracer imaging technique, 
born in the early 1970s [1, 2] which has unique 
advantages as an investigative tool for studying 
biological functions at the molecular level. 
Tracer-molecules, labeled with radionuclide- 
emitting positrons (e+), are injected into the sub-
ject under investigation with the aim to track 
biochemical and physiological processes in vivo. 
When a positron is emitted by a radionuclide, it 
will travel a few millimeters before interacting 
with an electron in the surrounding tissue caus-
ing the annihilation process: the two oppositely 
charged particles will be completely converted 
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into two photons emitted into opposite directions 
with a minimal energy of 511 keV (Fig. 1.1). 
The role of PET is to measure the exact position 
of the point of annihilation through detection of 
the two photons emitted during the annihilation 
process in coincidence and through detection of 
the exact time that the two photons travel before 
reaching a pair of detectors placed opposite to 
each other in a ring containing several such 
detector pairs in a PET device. Today, PET is 
able to detect the position of annihilation events 
(i.e., the position of radiolabeled molecules in 
the patient body) through the so-called time-of-
flight (TOF) technology (Fig. 1.2). With time-of-
flight PET imaging, the relative time difference 
(Δt) between the detection of the two annihila-
tion photons is used to determine the most likely 
location (D) of the annihilation event along the 
line of annihilation or, using technical terminol-
ogy, along the line of response (LOR) as 
follows:

 D c t= ∆ / 2  (1.1)

where c is the speed of light, i.e., the speed at 
which the annihilation photon travels toward the 
detector.

Radionuclides used in PET (most common 
are, e.g., 11C, 18F, 13N, 15O, 68Ga) emit positrons 
because they are in a particular unstable nuclear 

composition. They emit a positron in order to 
decay to a stable nuclear state with a characteris-
tic half-life, T1/2 (h), which represents the time 
required to reduce the initial number of positron- 
emitting nuclei (i.e., the initial activity A0) by 
one-half. The decay process is described by an 
exponential law arising from the circumstance 
that the number of events (decaying nuclei) per 
second is always proportional to the number of 
undecayed nuclei (i.e., A(t)) at a given time. 
Mathematically, this can be expressed as

 
A t A t T( ) ( )= λ0 1 2exp / /–

 
(1.2)

The half-life T1/2 of different positron-emitting 
radionuclides ranges between 10−6s and 
1010 years. The activity, A, is measured in units of 
Becquerel (Bq) where 1 Bq = 1 decay event per s 
or also in Curie (Ci) where 1 Ci=3.7 •1010 decay 
events per s, a common value in practice is 
1 mCi = 37 MBq.

PET scanners consist of several rings of detec-
tor elements available to measure coincidence 
events from the annihilation process of positrons 

Nucleus
< 1 mm

Photon

Photon

Annichilation

Fig. 1.1 Annihilation of positron and electron with pro-
duction of two photons: generally after a submillimeter 
displacement from its origin

Fig. 1.2 Time-of-flight (TOF) technology: Δt is the 
time difference between the detection of the two annihi-
lation photons used to determine the most likely location 
(D) of the annihilation event along the line of annihila-
tion or, using technical terminology, along the line of 
response (LOR)

G. Garreffa et al.
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in the scanner. From the beginning of their clini-
cal use, PET scanners were built with a number 
of detector rings that enabled an axial field of 
view ranging from 15 to 25 cm. PET images are 
generated from true coincidences measured in 
the detector elements and refer to a big number of 
photons. It means that PET images are performed 
avoiding scattered and random coincidences, 
which are discriminated and considered as back-
ground events (Fig. 1.3).

In the early years of PET systems, in an 
attempt to eliminate scatter and random coinci-
dences, annular septa (~1 mm tick and radial 
width of 7–10 cm) made of tungsten or lead 
were inserted between rings. Only direct coinci-
dence events between detector pairs placed in 
the same detector ring were recorded (2D data 
acquisition mode) reducing scatter coincidences 
to less than 10–15 %. In 2D mode (i.e., 2D PET), 
direct plane events or cross plane events are 
detected in order to maximize the number of 
events available to generate PET images. 
Considering the overall sensitivity, defined as 
the total true activity detected in the scanner in 
term of true coincidences with respect to the 
total activity present inside the scanner, the 
overall sensitivity in 2D mode is not bigger than 
2 % or 3 % [3]. In more recent PET systems, to 
increase this value, septa are retractable or are 
not available at all (3D mode). All coincidence 
events from all possible combinations of detec-
tor pairs, regardless of position, are counted 

(Fig. 1.4). The 3D mode (i.e., 3D PET) increases 
the number of scattered coincidences to 30–40 % 
but also increases the overall sensitivity by a 
factor of almost 4–8.

Concluding this brief introduction to PET 
systems, it is important to highlight that PET 
imaging can be used for quantitative imaging. It 
means that physicians know that PET images 
are able to provide information regarding the 
specific activity (kBq/ml) contained in a specific 
volume of interest (VOI). To obtain quantitative 
data by PET, the number of true coincidence 
events has to be corrected for attenuation. 
Indeed, the 511 keV annihilation photons are 
attenuated, and this attenuation may differ 
between photons depending on the density and 
the composition of the tissue traversed before 
reaching the detector. In stand-alone PET imag-
ing, a good scattering and attenuation correction 
can be achieved based on additional transmis-
sion scans, acquired by the use of rotating radia-
tion rods as gamma ray sources (typically 
consisting of 68Ga/68Ge). The source is rotated 
around the scanner bore to uniformly expose all 
detector pairs to radiation, prior to image recon-
struction and generation of correction maps [4]. 
However, for traditional transmission scans 
acquired by 3D PET, the increased amount of 
scattered radiation reduces the available signal-
to-noise ratio to such a point that it is hardly 
possible to obtain an accurate attenuation cor-
rection using this approach.

a b c

Photon lost

Not detected photon

Fig. 1.3 Coincident events: true coincidence (a), scattered coincidence (b), and random coincidence (c) are plotted. 
Only true coincidences are able to give the exact annihilation position and they are used to generate PET images

1 Physics of Hybrid Imaging
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1.3  Computerized 
Tomography (CT)

CT is a diagnostic technique characterized by the 
possibility to acquire and reconstruct images of 
thin planar cross sections of the subject’s body by 
means of appropriate measurements of X-ray 
attenuation through the section. These measure-
ments are carried out by simultaneously rotating 
both the X-ray tube and the detector around the 
subject. The radiation attenuation is measured by 
taking into account that

 
I d I( ) ( )= 0 exp –md

 
(1.3)

where I(d) is the radiation intensity after the 
X-ray beam has traversed a path of length d in a 
given material characterized by a linear attenua-
tion coefficient μ and I0 is the radiation intensity 
available before interacting with matter.

The CT image is generated after collecting a 
complete set of attenuation values (attenuation 
profile or projection values) at different rotational 
angles of the ray lines. Ideally the ray line con-
sisting of the X-ray tube detector(s) pair(s) is per-
fectly parallel to each other and passes the tissue 
in transverse section planes with a defined 
thickness.

However, a body section is a not a homoge-
neous object due to the presence of different 

kinds of tissues. Along a single ray line, the mea-
sured attenuation is therefore the result of differ-
ent contributions from all possible values of the 
attenuation coefficients μi and paths di for each 
tissue element i encountered. Then the resulting 
intensity I for a single line scan is

 
I I I i i= ( )= ( )éë ùûå0 0exp exp- -m md d

 
(1.4)

It follows that the projection, P, can be obtained 
from

 
P I I di i= ( )=åln / 0 m

 
(1.5)

The CT scanner uses these data to produce a digi-
tal image after the application of computational 
procedures to carry out the average μ for each 
voxel. This value is converted into a quantitative 
gray-level scale for each pixel, the Hounsfield 
units, and depends on density and atomic number 
of matter inside the corresponding elementary 
voxel.

1.4  PET/CT

The proposal to combine PET with CT was 
made in 1998 [5] with the idea to make use of 
CT images to derive accurate PET attenuation 
correction factors. The first prototype PET/CT 

2-D

a b

Direct

Detectors

Cross

3-D

Fig. 1.4 (a) 2D mode. 
True coincidence counts 
are obtained minimizing 
randoms and scatters. 
(b) 3D mode. Coincidence 
events from all detector 
pairs are detected with 
much more random and 
scatter events

G. Garreffa et al.
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was indeed introduced in 2000 designed and 
built by CTI PET Systems in Knoxville, Tenn., 
USA (now Siemens Healthcare), and clinically 
evaluated at the University of Pittsburgh [6]. 
The PET/CT scanner combines two established 
modalities to build a new hybrid imaging tech-
nology. The two modalities CT and PET are 
complementary, with CT images useful to obtain 
anatomical information and PET to perform 
functional imaging. In practice, PET/CT sys-
tems are accurately aligned combinations of 
stand-alone CT and PET scanners with a shared 
patient bed (Fig. 1.5).

Owing to the link between the fate of radia-
tion in matter at high and low energy, hybrid 
PET/CT imaging is highly advantageous for 3D 
PET techniques, since the complicated attenua-
tion and scattering patterns of photons can be 
predicted from the CT scan. The reason behind 
this is the availability of a more sophisticated 
radiation source for the PET “transmission 
scans,” namely, the rotating CT X-ray tube. By 
accurately correcting for the energy difference 
between the CT X-rays and the PET photon pair, 
the Hounsfield units of the CT scan can be 
(piecewise) linearly transformed into spatially 
fine-grained correction maps with minimal 
noise. To be used for attenuation correction, the 
CT data must thus be transformed to obtain an 
estimate of the attenuation coefficient at an 
energy of 511 keV. In practice, the attenuation 
map at 511 keV is estimated by linear scaling 
factors for bone and non-bone components based 
on the CT image values [7].

1.5  Magnetic Resonance (MR) 
Basic Physics

MR image contrast basically is the expression of 
a great number of tissue parameters, and the 
advantage of MRI, with respect to other imaging 
techniques, is based on the possibility to modify 
the weighting of these parameters according to 
clinical requirements. This, in terms of investiga-
tional tools, gives formidable opportunities rang-
ing from morphological to functional methods. 
Tissue parameters that influence the MR signal 
are ρ, T1 and T2, diffusion, magnetic susceptibil-
ity, chemical shift difference between chemical 
compounds, the blood oxygen level-dependent 
effect, and perfusion, just to name a few. For the 
purpose of this section, we consider only the 
most significant parameters such as the proton 
density ρ, the longitudinal (or spin lattice) relax-
ation time T1, and T2 the transversal (or spin- 
spin) relaxation time.

The human body is primarily made of water 
and fat which have many hydrogen atoms, and 
the MR signal detected, in common MRI prac-
tice, is that produced by protons, the only particle 
in the nucleus of hydrogen atoms. The proton 
possesses a property called spin I which is associ-
ated with another property called nuclear mag-
netic moment μ defined as below:

 m g=  I  (1.6)

where γ is the gyromagnetic ratio and its value 
for hydrogen is 26.7520 (107 rad/T s or 
42.576 MHz/T), ℏ = 1.054571800 × 10−34 Js is the 

Fig. 1.5 PET/CT systems are combinations of stand-alone CT and PET scanners with a shared patient bed. They must 
be very accurately aligned
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reduced Planck constant, and I = 1/2 is the 
(nuclear) spin quantum number.

In magnetic resonance imaging (MRI), the 
patient is placed in a strong uniform magnetic 
field, and the nuclear magnetic moments of 
hydrogen inside the patient body align with the 
direction of this field. According to the classical 
description, all magnetic moments (spins) of pro-
tons resemble a set of compass needles, and when 
a magnetic field is turned on, they align along the 
direction of the applied magnetic field from their 
initial random distribution, and if no further 
events occur, they will remain aligned with a con-
stant precessional motion at angular frequency ω0 
(rad/s):

 w0 0= γB  (1.7)

where B0 is the applied uniform magnetic field. 
Dividing the right hand side of (Eq. 1.7) by 2π, 
we obtain the resonance frequency ν0 or Larmor 
frequency. Due to some reasons that can be 
explained only by complicated statistical thermo-
dynamics concepts, the total number of hydrogen 
nuclear spins is distributed on two categories: 
aligned (lower energy) and anti-aligned (higher 
energy) to magnetic field. At room temperature 
the number of spins at lower energy is slightly 
greater, and this difference produces the net mac-
roscopic magnetization M0 which is mainly 
responsible of the MR signal strength. For a mag-
netic field strength of 1.5 T, for example, the 
Larmor frequency of the hydrogen nuclear spin 
system is about 63 MHz and then in the radiofre-
quency (RF) range. Introducing a reference sys-
tem (x, y, z), where B0 is directed along z, at the 
equilibrium condition, the net macroscopic mag-
netization M0 is aligned along z, where its com-
ponent along z is the longitudinal magnetization 
Mz.

M0 performs a precessional motion at fre-
quency ν0 and the component Mxy, called trans-
versal magnetization, is zero. If an RF field (Β1) 
is applied at frequency ν0, for a finite time t by 
using an antenna, or better, a coil with polariza-
tion along x, a rotation or flip of Mz is produced 
corresponding to

 q g= B t1  (1.8)

where θ is the flip angle from B0 and t is the dura-
tion of RF pulse (Fig. 1.6).

The same coil used for excitation may be used 
also to detect MR signal since, according to the 
Faraday law, the transversal magnetization 
induces a magnetic flux variation and then a volt-
age in the coil. Immediately after the 90° pulse, 
Mz grows from zero toward its original equilib-
rium value according to the following equation:

 
M t M t Tz ( )= [ )0 11− −exp( / ]

 
(1.9)

where clearly results that Mz approaches M0 after 
a given time determined by the time constant T1, 
the longitudinal relaxation time, which is deter-
mined by interactions of the spin system with the 
tissue lattice.

The MR signal, corresponding to the voltage 
induced and detected in the coil, is proportional 
to the amplitude of transverse magnetization 
given by the following equation:

 
M t M t Txy ( )= ( )0 2exp /−

 
(1.10)

where T2 represents the time constant that regu-
lates the spin-spin relaxation process. After turn-
ing off the RF pulse, each spin interacts with its 
nearest neighbors, and this causes a spread of the 
effective magnetic field experienced by each spin 
and the global precession motion becomes inco-
herent. This process, in a time governed by T2, 
gradually cancels the Mxy magnetization compo-
nent produced by the RF pulse and is the main 
responsible of the MR signal as shown in Fig. 1.6.

To obtain an image, it is necessary to make the 
MR signal “spatially dependent” and then 
assigned the signal to a given position. For this 
purpose, three variable magnetic fields are intro-
duced, called magnetic field gradients s or simply 
gradients. These variable fields are produced 
with separate coils built into the gantry, one for 
each canonical direction x, y, z. The gradients 
introduce a linear variation of the resonance fre-
quency, or of the phase of the MR signal, in order 
to identify univocally the position where a spe-
cific MR signal is generated.

A series of RF and gradient pulses character-
izes the pulse sequence, and through the selection 
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of specific scan parameters, it is possible to com-
pose the scan protocol and acquire the right MR 
signal suitable to form the right image for the 
specific diagnostic query.

Briefly and in conclusion, in magnetic reso-
nance imaging (MRI), a radio frequency field is 
transmitted to the patient body part under investi-
gation, and the consequent MR signal produced 
with a given scan protocol is then collected com-
monly by use of a district specific coil [8, 9].

1.6  PET/MRI

Historically, PET and MRI have been used as 
fused images [10] acquired on separate machines. 
Subsequently, the idea to integrate these tech-
niques into a single machine was implemented 
[11–13]. The goal of this integration is that MR 
can provide anatomic information with high soft 

tissue contrast but without the additional radia-
tion dose from CT. MR can also provide func-
tional and anatomical information at the same 
time. The functional data obtained with both 
modalities can be complementary. The history of 
PET/MR brought us two possible solutions: sys-
tems that acquire images sequentially and those 
that can acquire images simultaneously (Fig. 1.7).

While PET and CT share a common ground in 
terms of radiation physics that leads to evident 
synergies, PET and MRI are rather complemen-
tary in their respective character. The effort to 
actually fuse these two techniques into a single 
one is propelled by the plethora of measurement 
parameters that can potentially be simultaneously 
gained but comes at the cost of tackling several, 
diverse challenges.

First of all, the main absorber of γ-photon 
energy, namely, bony structures, has poor visibil-
ity on conventional MR images. The water inside 
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Fig. 1.6 From the top left: precession of macroscopic 
(net) magnetization M0, which arises from all the indi-
viduals μi, under static uniform magnetic field applied 
along z; the resulting component Mz; flip of Mz immedi-

ately after application of 90° RF pulse with carrier at ν0; 
evolution of Mz and Mxy after turning off RF pulse and 
loss of Mxy phase coherence characterized by T2
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this tissue compartment has extremely short T2 
relaxation times – on the order of a few microsec-
onds – compared to soft tissue structures, with T2 
times of several tenths of milliseconds. Therefore, 
conventional MRI techniques do not have the tim-
ing necessary to allow observation of the skeleton. 
However, emerging ultrashort (UTE) or even zero 
(ZTE) echo time techniques hold great promise to 
overcome this limitation and, provided a tight 
timing between NMR spin excitation and detec-
tion can be guaranteed in presence of PET-
dedicated hardware, may positively impact hybrid 
MR/PET techniques in the near future.

An interesting interaction between the two 
modalities affects the range of the positron: the 
distance traveled prior to annihilation. The range 
is greater for high-energy positrons and ulti-
mately determines the resolution available by 
PET, besides limitations set by detector design. 
Interestingly, it is influenced by the presence of 
an external magnetic field through a fundamental 
physical effect: the Lorentz force that acts upon 
the positively charged positron as it moves 
through the magnetic field. The magnetic force 
component of the Lorentz force, which does not 
take into account the influence of an electric field, 
is given by the cross product between the velocity 
vector, 



v  of the particle with charge q, and the 
magnetic field vector according to

 F q B= ´




v  (1.11)

The Lorentz force only acts perpendicular to the 
field, why a reduction of the positron range in this 

plane is expected and has been experimentally 
observed. On the contrary, a loss in PET resolu-
tion was reported in presence of an external mag-
netic field in planes oriented along the field lines, 
probably owing to partial deflection of positrons 
with skewed trajectories [14, 15]. The gain in 
actual resolution available in presence of fields 
up to 9.4 T was however modest, testifying that 
the LSO detector design currently used for MR/
PET hybrid systems is the limiting factor for 
achieving the finest possible resolution, while 
very little the spatial uncertainty of the annihila-
tion process has only a weak influence.

Last but not the least, an improvement of the 
PET quantification can be achieved by incorpo-
rating information regarding partial volume 
effects obtained from MRI in the image recon-
struction. Generally, the goal of quantitative PET 
is to measure radiotracer concentration with uni-
form precision, but in case the structure is smaller 
than about twice the spatial resolution, the mea-
sured concentration will appear diluted. By 
incorporating the anatomical information from 
MRI, and the measured point spread function for 
each position within the field of view, the resolu-
tion loss occurring during reconstruction can be 
recovered, thus minimizing partial volume effects 
[16].

Taken together, even for PET/MRI systems 
several synergistic effects do exist despite their 
complementary character. Nevertheless, due to 
the mutual interference between hardware com-
ponents in this kind of systems, continuous tech-
nological advances are necessary before these 

Sequential scanner Integrated scanner

MRI PET PET-MRI

Fig. 1.7 Sequential or 
integrated PET/MR 
scanner
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can be fully exploited. Already when the very 
first hybrid scanners came up, different strategies 
that take into account the sensitivity of photomul-
tiplier tubes (PMT) used in stand-alone PET 
scanners to the static magnetic field had to be 
developed. One option is to bring the information 
regarding scintillation events out of the magnet 
bore via optical fibers or via a split-magnet design 
[17, 18]. However, the field above which the 
PMT-based detection is no longer acceptable was 
found to be 10 mT and thus required optical 
fibers that were 3.5 m in length to get sufficiently 
away from a 1.5 T magnet. Generally, the energy 
resolution is worse the longer the wave guide. 
Under these circumstances, sensitivity is lost due 
to the decreased discriminatory power of the PET 
detection system. Another method, which even-
tually became the method of choice, was the use 
of solid state detectors, so-called avalanche pho-
todiodes (APD). Although the amplification fac-
tor of APDs is only about 20 % of a PMT, the 
detection efficiency of the APD is still satisfac-
tory, and the first generation detectors enabled 
the detection of 70 % of the events with an accept-
able energy discrimination even when placed 
inside the field [19].

Contrary to the initial expectations, the PET 
electronics does not pose insurmountable prob-
lems for MRI. Magnetic field homogeneity can 
be maintained through standard second order 
shimming, and eddy currents induced by the 
presence of conductive material inside the bore 
can be compensated by the existing preemphasis 
hardware of the MR scanner. The loss in the 
signal- to-noise ratio of the MR signal during 
PET scanning was found to be minimal [20, 21]. 
Only during fMRI data acquisition, a greater MR 
signal drift was observed, since the presence of 
the PET hardware brought about a greater tem-
perature increase.

The next generations of PET detectors are the 
silicon photomultipliers (SiPM) [22]. With respect 
to APD, they have a higher gain and lower tem-
perature dependence, which improves PET sig-
nal-to-noise ratio on one hand, and are more 
robust against MRI-induced heating effects. What 
is even more interesting about these devices is that 
they are compatible with the PET time-of- flight 

technique, which potentially can bring about a 
huge improvement in localizing capability and 
hence an improved image resolution.

In the near future, the synergistic effects of 
hybrid PET/MRI scanners are expected to 
improve PET detection and quantification. On the 
one hand, advanced short echo time MRI tech-
niques will improve attenuation and scatter cor-
rection, and on the other hand, emerging SiPM 
detection will enable the use of time-of- flight 
techniques and hereby further improve the preci-
sion and the sensitivity of PET detection. As 
known, the attenuation correction in PET/MRI is 
still currently being investigated [23, 24]: none of 
the integrated PET/MRI systems constructed to 
date incorporate a CT scanner or rotating trans-
mission source, so this information must be some-
how derived from the MRI image and/or any other 
available sources of information on attenuation 
like additional sources or PET emission data [25].

In conclusion, combined with parametric 
mapping of MRI-related parameter, future clini-
cal practice in PET/MRI can thus expect to ben-
efit from an improved truly multimodal tissue 
characterization.
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2.1          Introduction 

 The remarkable innovation in molecular imaging 
and the introduction of advanced neurological 
diagnostic tools encouraged researchers and phy-
sicians in optimizing technological resources to 
approach brain diseases with increased accuracy 
of diagnosis. Computed tomography (CT), posi-
tron emission tomography (PET), and magnetic 
resonance (MR) imaging provide different and 
complementary information with both advan-
tages and disadvantages. PET gives metabolic 
and molecular data, while CT offers high spatial 
resolution fi ving detailed information at anatomi-
cal level, and MR enables investigation at mor-
phological and functional levels also allowing 
diffusion imaging and spectroscopy [ 1 ]. In the 
attempt to overcome the limitations of stand- 
alone imaging methods, different modality com-
binations have been introduced. 

 In early 2000, PET/CT systems appeared in 
the diagnostic armamentarium and this tool is 
currently fully integrated in clinical routine. 
Several studies evaluating the diagnostic capabil-
ity of PET/CT reported a higher accuracy of this 
hybrid imaging modality compared to PET and 

CT stand-alone modalities [ 2 ]. Although MR 
provides some advantages over CT such as supe-
rior soft tissue contrast, functional information 
and no ionizing radiation exposure, combining 
PET and MR has been extremely demanding due 
to the need to minimize any mutual interference 
between the two sophisticated systems. For this 
reason, a truly hybrid imaging tool, such as 
simultaneous PET/MR has been only recently 
introduced [ 3 ]. The PET/MR simultaneous 
approach enables to go beyond some limitations 
of current PET/CT scans, such as misregistration 
of attenuation (CT) and emission (PET) images 
due to spatial and temporal mismatch between 
CT and PET acquisition reducing the percentage 
of artifactual false-positive results. For the evalu-
ation of neurologic and psychiatric disorders, the 
appealing opportunity to combine MR and PET 
to investigate pathophysiological patterns at the 
same time aroused great interest in both research-
ers and clinicians. 

 This chapter will give an overview of techno-
logical aspects of currently available diagnostic 
tools also focusing on hybrid instrumentation 
such as PET/CT and PET/MR.  

2.2     CT 

 In a CT system, the X-ray attenuation properties 
of an anatomical volume are measured at vari-
ous angles. These views or projections are then 
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combined to reconstruct the tomographic 
images of the volume. CT joins the tomographic 
imaging formation theory to the principle that 
an X-ray beam, when passes through human tis-
sues, is attenuated as function of the tissue com-
position [ 4 ]. 

 CT is one of the most common imaging 
modalities and is an essential part of a radiology 
department. Since its development in the early 
1970s, this modality has been signifi cantly 
upgraded over time. The essential components 
of CT tomography are the X-ray source and the 
detection system, mounted on a gantry in a dia-
metrically opposite position. The gantry is able 
to rotate continuously around the patient. The 
X-ray source is a vacuum tube in which elec-
trons, due to thermionic effect, are emitted by a 
cathode and accelerated with an electrical poten-
tial difference in the range of 80–140 kV and 
then brusquely broken by colliding with an 
anode made of a highly absorbing material (typi-
cally tungsten). X-rays are emitted due to the 
bremsstrahlung effect of electrons on the anode 
[ 5 ]. Once X-rays are collimated and fi ltrated, 
they are targeted to the volume of interest. 
Ultrafast ceramic scintillators that convert X-ray 
energy into visible light detect the X-rays trans-
mitted through the imaged volume. Finally, the 
light generated is transformed into an electrical 
signal using solid-state sensors. 

 All modern CT systems are  spiral  and  multi - 
 slice . Spiral CT (or helical CT), introduced in the 
1989, implies that, during the acquisition, the bed 
motion is synchronized with the movement of the 
gantry so that the trajectory of the source respect 
to the patient is a “spiral.” This technique allows 
the acquisition of a volume without the temporal 
and spatial discontinuities of single-slice scan-
ners. On the other hand, multi-slice CT, intro-
duced in 1998, allows the simultaneous 
acquisition of several layers and of an entire vol-
ume with a further reduction of the scan time [ 6 ]. 
Currently, CT systems offer 16–320 slices, with a 
minimum slice thickness of 0.5 mm and a scan 
time less than half a second per rotation. Faster 
acquisitions reduce motion artifacts and enable a 
better temporal resolution, which is particularly 
useful for some clinical applications such as per-

fusion and angiography studies. Multi-slice CT 
uses multi-row detectors. The number of rows 
gives the number of layers obtainable with a sin-
gle gantry rotation or, in other words, the volume 
covered in one rotation. 

 The introduction of multi-slice systems and the 
volumetric acquisition with sub-second scanning 
time represent the two main key points of the 
instrumentation development of CT in the recent 
years. Also dual-source CT scan, making use of a 
dual X-ray source working at different voltages or 
of a single source acting as a double one with a 
rapid voltage switching, allows to exploit the 
energy dependence of the X-ray attenuation prop-
erties improving tissue differentiation [ 7 ]. 

 Despite of the remarkable success of CT in 
diagnostic imaging, due to the great potential to 
provide detailed clinical information, radiation 
exposure is still an issue. Therefore, industry is 
currently mainly focused on radiation dose reduc-
tion. Systems for automatic X-ray tube current 
modulation in function of different body regions, 
patient size, and age have been implemented in 
the novel generation of CT scanners. Nevertheless, 
the development of new reconstruction algorithms 
to improve image quality with minimum radiation 
exposure is an active area of research [ 8 ].  

2.3     PET 

 The use of positron-emitting radionuclides for 
imaging was introduced in the early 1950s [ 9 ]. 
PET imaging is based on detection of gamma ray 
pairs generated from annihilation of a positron 
released by a radioactive compound that is intra-
venously injected into the body with an electron 
of the tissue itself avid of the biologically radio-
active compound. In this annihilation process, the 
mass of the electron and the positron is trans-
formed in energy as two gamma rays of 511 keV 
that move away from the annihilation point in 
opposite directions. By simultaneously recording 
their arrival by means of a system of detectors 
that surround the district examined is possible to 
identify a line within the fi eld of view (FOV) 
along which the annihilation took place (line of 
response). Only the pairs of photons recorded by 
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opposite detectors within a certain temporal win-
dow are considered to come from the same anni-
hilation ( coincidence ) and considered valid for 
the purpose of image formation. 

 During a PET acquisition, a large number of 
coincidences are recorded. The corresponding 
lines of response recorded within the FOV are 
ordered as set of parallel projections in a matrix 
called  sinogram . Starting from the sinograms, 
similarly to other tomographic imaging modali-
ties, a computer reconstructs the distribution of 
the radionuclide in the acquired volume running 
a reconstruction algorithm. The detection of the 
two gamma photons originating from annihila-
tion by opposite detectors is also known as “elec-
tronic collimation.” 

 The detection system of a PET scanner con-
sists of one or more stationary rings of detectors 
surrounding the FOV [ 10 ]. The axial FOV typi-
cally covers a length between 15 and 25 cm. 
Detectors are made of scintillator materials with 
characteristics such as stopping power, light 
yield, and response time optimized for the detec-
tion of the high-energy PET photons. Bismuth 
germanate (BGO), lutetium orthosilicate (LSO), 
and lutetium yttrium orthosilicate (LYSO) are 
currently the most employed scintillator materi-
als. Scintillators are coupled to an electronic sys-
tem for position-sensitive photodetection. The 
information provided by this system is the posi-
tion of the detected gamma photons and their 
energy. In time-of-fl ight (TOF) systems the dif-
ference in the arrival time of the two annihilation 
gamma photons is added as recorded data and 
used in the reconstruction process. In a PET 
scanner design, the detection system gives the 
main contribution in defi ning the spatial resolu-
tion and the other characteristics as sensitivity 
and count rate capability [ 11 ]. This latter charac-
teristic is expressed as noise equivalent count 
(NEC) curve and the related peak NEC value, a 
measure of the maximum useful activity concen-
tration within the FOV before starting with satu-
ration effects. 

 Commercially available PET systems have a 
spatial resolution between 4 and 6 mm; the acqui-
sition time for a single bed position is of a few 
minutes. Performance of detectors and electron-

ics affect system sensitivity, which is also propor-
tional to the size of the axial FOV. Over the past 
30 years, major advances in PET technology 
were achieved with adoption of faster scintilla-
tors and associated electronics and development 
of more effi cient reconstruction algorithms to 
better account the corrections needed for quanti-
tative studies. Moreover, industry built up septa- 
less systems that have established the PET as an 
intrinsically 3D technique allowing a gain of sen-
sitivity by a factor of fi ve with respect to the 2D 
acquisition [ 12 ], which translates into a reduction 
of the dose and/or a reduction of the acquisition 
time. Finally, the integration of PET and CT scan 
in a single device opened up to multimodality 
imaging [ 13 ].  

2.4     MR 

 Since its introduction in the early 1980s, MR has 
become a gold standard for several applications 
due to its capability to image soft tissues with 
very high resolution and excellent contrast. 
Advances in hardware, new MR imaging strate-
gies, and novel approaches to image analyses 
have paved the way to new application in neuro-
logic fi eld [ 14 ]. Nuclear spin is the key concept in 
MR imaging. This is an intrinsic property of each 
atom and its value depends on the atomic compo-
sition. Thus, abstractly, every element can be 
evaluated through MR. However, in medical 
application, MR imaging is based mostly on 
hydrogen nuclei (protons) due to their abundance 
in biological tissues. The application of an appro-
priate radio-frequency (RF) energy to the studied 
system placed into a strong static magnetic fi eld 
results in an excitation of the protons (resonance 
absorption). Once the RF transmitter is turned off, 
protons return to their original equilibrium state, 
in a process known as relaxation, by  emitting 
energy, which is recorded by the system through 
the receiver coil. This is a time- dependent process 
and is characterized by rate constants known as 
relaxation times, responsible for primary image 
contrast mechanism. Three main relaxation times 
can be measured, T1, T2, and T2*, together with 
proton density (PD) of the tissues [ 15 ]. 
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 The typical confi guration of an MR scanner 
consists of four essential components: the mag-
net, the gradient system, the RF transmitter/
receiver system, and the electronic data process-
ing unit. The magnet generates a uniform static 
magnetic fi eld that produces the polarization of 
the nuclear spins, making possible the phenome-
non of resonance. The magnetic fi eld strength 
impact on the signal-to-noise ratio (SNR), and 
therefore higher fi eld strength provides higher 
resolution images. In addition to the magnetic 
fi eld strength, a crucial parameter to obtain good 
image quality is the spatial homogeneity of the 
main magnetic fi eld, which is achieved by using 
specifi c coils known as shim coils. Despite the 
availability of systems operating at 7 and 9.4 T in 
research fi eld, nowadays the most used devices in 
clinics are provided with 1.5 T or 3 T magnets. 

 The magnetic fi eld gradient system is a set of 
orthogonal coils used to modulate the main mag-
netic fi eld, generating shifts in the resonance fre-
quency that allow to spatially localize tissue 
signals. The maximum gradient strengths (mea-
sured in milliTesla per meter) affect spatial reso-
lution, while the gradients’ slew rate (measured 
in Tesla per meter per second) infl uence the 
acquisition speed [ 16 ]. The RF system is respon-
sible for the excitation of the spin and signal 
detection and consists mainly of a transmitter 
coil and a receiver coil. Once the signal is 
recorded, it is digitized, amplifi ed, and processed 
to obtain the fi nal MR image. During an MR 
imaging study, the RF and gradient systems act 
according to the specifi cation of the data acquisi-
tion protocol ( sequence ) defi ning the contrast 
type of the reconstructed images [ 17 ]. With an 
appropriate choice of the acquisition sequence, it 
is possible to acquire images in which the con-
trast is an expression of a wide range of physical 
and biological phenomena, including proton den-
sity, differences in relaxation rates (e.g., T1 
weighted, T2 weighted), molecular motions (dif-
fusion and perfusion) [ 18 ], magnetic susceptibil-
ity (sensitive to iron accumulation in tissues) 
[ 19 ], differences in chemical shift [ 20 ], and 
hemoglobin oxygenation (used in functional 
studies to detect brain neuronal activation) [ 21 ]. 
Furthermore, the possibility to detect specifi c 

molecules on the basis of subtle differences in 
their resonance frequencies allows performing 
in vivo MR spectroscopic studies, providing 
information at cellular and metabolic level.  

2.5     PET/CT Integration 

 The development of PET/CT integrated devices 
represents a successful hardware solution for 
PET and CT image fusion [ 22 – 26 ]. Introduced 
on the market in the 2001, a PET/CT scanner 
typically consists of a PET and a CT modality 
joined together. The two modalities are housed in 
a common gantry (with the exception of some 
models proposed by Philips), with separated 
detection systems. The two units share the patient 
bed so the tomographic axis of the two scanners 
coincides, and images are perfectly superim-
posed. A sequential acquisition approach is pro-
vided for PET/CT imaging. According to 
standard protocols, the CT scan is performed fi rst 
and then the bed is moved into the PET FOV to 
start the PET acquisition. In contrast to PET/MR 
integration, CT does not interfere with PET and 
vice versa. 

 The characteristics of the PET and CT compo-
nent of the hybrid device are not different from 
those of a PET and CT stand-alone modality. In 
particular, the latest commercial PET/CT scan-
ners combine the state of the art technology for 
both modalities with high-resolution 3D PET 
systems and multi-slice CT up to 128 slices. The 
reconstructed PET and CT images generated dur-
ing the single imaging session are naturally co- 
registered and can be displayed side by side on a 
slice by slice bases or fused together either as 
slices or as volume. In this kind of integrated sys-
tem, CT provides data for attenuation correction 
for the PET, resulting in a considerable saving of 
time in place of the longest and noisy PET trans-
mission scan. However, the attenuation coeffi -
cients measured with the CT need to be scaled to 
the PET photon energy because the energy of the 
X-ray is much lower than the PET photon energy 
of 511 KeV. This conversion, typically accom-
plished with a bilinear transformation, may fail in 
the presence of contrast media and/or metallic 
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artifacts. Thus, PET data not corrected for attenu-
ation are also provided. 

 Performances of PET/CT machines also rely 
on reconstruction algorithms. The use of iterative 
reconstruction algorithms allows an improve-
ment of image quality (noise and spatial resolu-
tion) in respect to analytical methods (i.e., fi ltered 
back projection). Nowadays, all the manufactures 
provide iterative reconstruction algorithms for 
both PET and CT. These algorithms have enor-
mous potential and a wider use of such tools is 
expected in the future. Currently, at least four 
industries offer PET/CT scanners: General 
Electric (GE), Philips, Siemens, and Toshiba. All 
CT scanners are multi-slice with spiral acquisi-
tion mode and all PET/CT models on the market 
acquire PET in 3D mode. The characteristics of 
commercially available PET/CT scans are sum-
marized in Table  2.1 .

   GE offers three PET/CT models:  Discovery 
iQ ,  Discovery 610 , and  Discovery 710 . The 
Discovery iQ and the 610 have a detection sys-
tem based on BGO (for the iQ with an innovative 
dual channel detection technology called 
Lightburst). The axial FOV is 15.6 cm for the 610 
and can vary from 15.6 to 26.0 cm for the iQ 
depending on the number of detector rings. The 
iQ is offered in combination with a 16-slice CT, 
while the 610 can be confi gured with a CT up to 
64 slices. The Discovery 710 has a LYSO-based 
PET detection system, has an axial FOV of 
15.6 cm, offers time-of-fl ight capability, and can 
be combined with a CT up to 64 slices. 

 Siemens Healthcare offers three PET/CT 
models:  Biograph mCT ,  Biograph mCT Flow , 
and  Biograph mCT 20 Excel . All these models 
have a PET based on LSO detectors and have 
time-of-fl ight capabilities. The axial FOV can 

   Table 2.1    Characteristics of PET/CT scanners commercially available   

 PET  CT 

 Detector 
material 

 Axial 
FOV (cm)  TOF 

 Sensitivity 
(cps/kBq)  Peak NECR  Slices ( n ) 

 Min slice 
thickness 
(mm) 

 Min 
rotation 
time (sec) 

 GE 

  Discovery iQ   BGO a   15.6–26  No  8–22  36–120 kcps 
 @ 11 kBq/ml 

 16  0.625  0.5 

  Discovery 610   BGO  15.6  No  10  76 kcps 
 @ 15 kBq/ml 

 64/128  0.625  0.35 

  Discovery 710   LYSO  15.6  Yes  7.5  130 kcps 
 @ 29.5 kBq/ml 

 16/64/128  0.625  0.35 

 Philips 

  Ingenuity TF   LYSO  18  Yes  7.4  120 kcps 
 @ 19 kBq/ml 

 64/128  0.625  0.4 

  Vereos   LYSO b   16.4  Yes  5.7  171 kcps 
 @ 50 kBq/ml 

 64/128  0.625  0.4 

 Siemens 

  Biograph 
mCT20 Excel  

 LSO  15–21  Yes  5.8–10.2  107–180 kcps 
 @ 28 kBq/ml 

 20  0.4  0.3 

  Biograph 
mCT  

 LSO  15–21  Yes  5.8–10.2  107–180 kcps 
 @ 28 kBq/ml 

 20/40/64/128  0.4  0.3 

  Biograph 
mCT fl ow  

 LSO  15–21  Yes  5.8–10.2  107–180 kcps 
 @ 28 kBq/ml 

 20/40/64/128  0.4  0.3 

 Toshiba 

  Celestion   Lu 
based 

 19.6  Yes  10.8  NA  16  0.5  0.5 

   FOV  fi eld of view,  TOF  time of fl ight,  NECR  noise equivalent count rate 
  a With proprietary Lightburst TM  detector technology 
  b With proprietary Digital Photon-Counting technology  
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span from 16 to 21 cm, depending on the number 
of detector rings. For the mCT and the mCT Flow 
models, the associated CT can be purchased with 
20/40/64 or 128 slices. The mCT 20 is provided 
only with a 20-slice CT version. The mCT Flow 
model has the special feature to do the PET 
acquisition with a continuous bed motion. 

 Philips Healthcare offers two PET/CT sys-
tems:  Ingenuity TF  and  Vereos . The Ingenuity has 
an “open” gantry design with the CT and the PET 
units that, sliding on a rail, can get closer up to 
30 cm or moved away up to one meter. Both the 
PET and CT models proposed have a PET detec-
tor system based on LYSO and have time-of- 
fl ight capability, with the Vereos featuring a fully 
digital photon detection technology. The axial 
FOV of the Ingenuity is 18 cm, while it is 16.4 cm 
for the Vereos. The Ingenuity can be furnished 
with a CT of 64 or 128 slices; the Vereos comes 
with a 128-slices CT. 

 Toshiba Medical System recently proposes a 
unique PET/CT model named  Celesteion . The PET 
detection system relies on a lutetium-based system 
with time-of-fl ight capability and an axial FOV of 
19.6 cm. The associated CT is a 16-slice model. 

 Although CT provides images with high spa-
tial resolution, a low soft tissue contrast is still an 
important limitation. Therefore, the possibility of 
having an anatomical reference with an excellent 
soft tissue contrast, such that provided by MR, 
remains of great interest and lead the develop-
ment of PET/MR integrated systems.  

2.6     PET/MR Integration 

 Hybrid PET/MR systems represent a recent break-
through in medical imaging and are currently 
under investigation. Despite the great interest and 
signifi cant effort started already in the early 1980s, 
the integration of these two sophisticated methods 
(PET and MR) proved to be highly demanding and 
only recently found satisfactory technological 
solutions. To set up a truly simultaneous device, 
some challenging redesign of both subsystems 
was necessary. In the fi rst place, there is the need 
to settle a space for the PET detection system 
within the MR. In addition, the intense static mag-

netic fi eld, the time-varying magnetic fi eld gradi-
ents, and the radio-frequency pulses, all essential 
for MR imaging, jeopardize the performance of 
PET detectors based on photomultiplier tubes 
(PMT) technology [ 27 ,  28 ]. At the same time, the 
presence of the PET detectors compromise MR 
effi ciency. To overcome this limitation, a sequen-
tial approach has been proposed in the last decades 
from industry. Philips proposed a turntable system 
between MR and PET devices while a trimodality 
similar solution, consisting in a PET/CT and an 
MR stand-alone equipment has been introduced 
by GE. However, the sequential approach does not 
allow simultaneous acquisition. The PET and MR 
devices are separated and the total acquisition time 
will be the sum of the PET and MR acquisition. 
Yet, extra space to locate two devices, instead of a 
single scanner, is needed. For these reasons, this 
method does not take on completely the challenge. 
To set up a fully integrated PET/MR system, 
researchers and industry have been focused on 
developing a compact, MR-compatible, PET 
detector technology without compromising the 
bore-size of the device. A real breakthrough in 
hybrid technology was achieved in 2008 [ 29 ] 
developing MR-compatible PMT known as ava-
lanche photodiodes (APD). Conventional PMT 
are infl uenced by the effect of the magnetic fi eld 
on the electrons traveling in the vacuum tubes. In 
addition, the gradient fi elds, used for spatial encod-
ing, generate unsolicited currents in PET detector 
conductive circuitry. These local current loops, 
known as eddy currents, hamper the  homogeneity 
of the static fi eld, leading to signal loss and distor-
tions in the reconstructed images. Furthermore, 
eddy currents determine heating, which hinders 
the sensitive calibration of the PET detectors. On 
the other hand, MR requires uniformity of static 
fi eld, as inhomogeneities can lead to artifacts in 
the reconstructed images and PET detectors also 
release unwanted signals that, even if tenuous, can 
be registered by the delicate MR reception. A few 
years ago, a simultaneous PET/MR prototype with 
APD detectors has been developed and made com-
mercially available from Siemens. However, the 
required unwieldy electromagnetic interference 
shielding limits the fi eld of view of the MR scan-
ner leading to truncation effects. The worse timing 
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of the APD signals due to lower gain and higher 
noise compared to PMT signals also limits the 
overall time resolution of the imaging device, 
leading thus to a wider time coincidence window. 
Additionally, an increased number of detected 
accidental coincidences will degrade image qual-
ity. More recently, silicon photomultipliers (SiPM) 
have been proposed as scintillator readout in PET 
applications since they combine a number of 
advantageous properties compared to other photo-
detectors such as PMT or APD. The SiPM archi-
tecture is based on an array of single-channel 
APD. Quantitative information about the number 
of incident photons is given by the output signal of 
the SiPM array which is the sum of the signals of 
the individual APD connected to each other 
through a polysilicon resistor. SiPM exhibits a 
superior performance in terms of timing, allowing 
TOF acquisition, and a similar performance to 
proportional APD in terms of energy resolution 
[ 30 – 32 ]. Lately a novel PET detector concept has 
been proposed using arrays of SiPM as photode-
tectors. With regard to the post processing, it has 
become necessary to develop and optimize 
MR-based attenuation correction of the PET data, 
and different solutions such as template- based 
method [ 33 ], atlas-based approach, segmentation- 
based method [ 34 ], and sequence- based approach 
[ 35 ] have been proposed. Nevertheless, each 

method is still under validation. With regard to 
safety, patient exposure to ionizing radiations is 
signifi cantly reduced compared to PET/CT, while 
on the other hand, passive or active implants, or 
other ferromagnetic objects, or objects of unknown 
material (pellets, bullets), are associated with a 
potential risk for the PET/MR examination. 

 Nowadays, two truly integrated hybrid PET/
MR scanners are commercially available: 
Siemens  Biograph mMR  that utilize APD tech-
nology and GE  Signa PET/MR  that proposed 
SiPM-based method. The PET detector ring is 
allocated in a gap approximately 10 cm wide, 
obtained by replacing the innermost radio- 
frequency coil with a narrow-bore version and 
keeping the main coil and gradients of the wide- 
bore systems. Characteristics of commercially 
available PET/MR design, all working at 3 T, are 
summarized in Table  2.2 .

   The relative advantages and disadvantages of 
PET/CT and PET/MR are summarized in 
Table  2.3 .
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in Hybrid PET/MRI Systems                     

     Isabella     Castiglioni     ,     Francesca     Gallivanone    , 
and     Maria     Carla     Gilardi   

3.1          Introduction 

 Image processing methods are used in medical 
imaging with the purpose to improve image qual-
ity and quantitative accuracy, to allow feature 
extraction and quantitative assessment of struc-
tural, physiological and functional parameters, 
supporting physicians in the diagnostic process 
and scientists in understanding underlying phys-
iopathological mechanisms. The information 
obtained can be qualitative, semi-quantitative and 
quantitative, depending on the type of information 
and the way this information is processed and rep-
resented. In hybrid imaging, combining comple-
mentary imaging modalities, as PET/CT or PET/
MRI, quantitation and data analysis methods may 
allow enhancing the information derived from 
each modality individually but also those obtained 
by the multimodal integration process. 

 The aim of this chapter is to investigate quan-
titation and data analysis issues, in the context of 
a SWOT analysis applied to hybrid brain imag-
ing [ 1 ]. In particular, the strengths (S), weak-
nesses (W), opportunities (O) and threats (T) of 
PET/MRI with respect to PET/CT are consid-
ered. The SWOT matrix is presented in Table  3.1 . 

The contents for each cell (S, W, O, T) are dis-
cussed below.

3.2        Strengths 

 Two main areas of strength of PET/MRI with 
respect to PET/CT can be recognized, with an 
impact onto quantitation and data analysis. 

3.2.1     MRI High Soft Tissue Contrast 

 MRI is superior to CT in providing images with 
high soft tissue contrast and spatial resolution, 
allowing partitioning brain into main tissue com-
ponents (typically grey matter, white matter and 
cerebrospinal fl uid). This anatomical information 
can be incorporated into the functional PET brain 
images and used to improve PET reconstruction 
and quantitation. 

3.2.1.1     MRI-Guided PET Image 
Reconstruction 

 PET/MRI can take advantage of the availability 
of high-resolution segmented MRI anatomical 
images to improve PET image reconstruction by 
accounting for a priori structural information 
[ 2 ]. MRI information can be incorporated either 
during the PET image reconstruction process or 
by the use of post-reconstruction fi ltering and 
post- reconstruction deconvolution of the PET 
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 reconstructed images. Most methods require 
segmentation of MRI images, and several MRI 
segmentation methods have been developed for 
a number of different clinical and research appli-
cations. In particular, for brain studies, applica-
tions range from brain volumetry, radiation 
therapy and surgical planning of brain oncologi-
cal lesions and image-guided real-time interven-
tion procedures in the brain [ 3 ]. However, even 
if extensively validated in brain MRI studies, 
MRI segmentation is still a diffi cult task, 
because MR images are affected by noise and 
image artefacts. Other approaches recently 
developed [ 4 ] adopt voxel-wise methodologies 
to directly fi lter noise in PET brain images, by 
utilizing the local linear model between struc-
tural MRI and functional PET brain images, thus 
avoiding the need of segmentation/parcellation 
of the MRI images. 

 As in PET/CT, most PET/MRI systems cur-
rently employ iterative reconstruction algorithms 
for the PET images. As a strategy to improve spa-
tial resolution and contrast of PET images, the 
point spread function (PSF) is often incorporated 
into the reconstruction software. Unfortunately, a 
drawback of this improvement is the generation 
of image artefacts, similar to ringing artefacts 
(e.g. overshoot at the boundary of body regions), 
causing an overestimation in PET quantitation, in 
particular for small lesions. While this problem is 
not specifi c to hybrid PET/MRI systems, there 
has been a recent important effort towards the 

development of alternative reconstruction algo-
rithms. For example, Lougovski et al. [ 5 ] pro-
posed a new approach to reconstruction based on 
the volume of response between two coincidence 
detectors instead of standard lines of responses. 
Such algorithm was implemented on a commer-
cial PET/MRI scanner, being able to suppress 
Gibbs artefacts while maintaining the same level 
of spatial resolution and contrast as for recon-
struction methods with PSF based on line of 
responses.  

3.2.1.2     MRI-Guided PVE Correction 
 MRI data can be useful to improve the quantifi -
cation of PET radiotracer concentration by cor-
recting PET data for partial volume effect 
(PVE) [ 6 ,  7 ]. 

 Among the several PVE correction methods 
using MRI as prior information, the most popu-
lar is the geometric transfer matrix (GTM) 
method [ 6 ], where MR images can be segmented 
to different non-overlapping regions represent-
ing different tissue types, and these regions are 
then used to correct for both the tissue fraction 
effect and the point response effect in an analyti-
cal approach. To mitigate the challenge of seg-
menting the entire object, projection-based 
tissue activity estimation methods have been 
proposed to compensate for the PVE, which only 
required the segmentation of a small number of 
tissues within a small region around the lesion 
(e.g. tumour) [ 8 ,  9 ]. 

 Recently Yan et al. [ 4 ] proposed a fi ltering 
method for PVE by introducing an MRI ana-
tomical image as a prior term performed on the 
voxel level without the need to segment MR 
images. The performance of the proposed 
method was assessed on a simultaneous hybrid 
PET/MRI system. The authors simulated an 
(18)FDG PET dynamic study of a cervical can-
cer patient, showing that MRI-guided fi lters are 
more effective in reducing noise on PET images 
than fi lters not incorporating MRI anatomical 
information. Furthermore, MRI-guided PET 
PVC reduces bias and coeffi cient of variation of 
PET images. As clinical effects, small brain 
structures can be better defi ned and manually 
delineated.  

   Table 3.1    Quantitation and data analysis: SWOT matrix 
of PET/MRI with respect to PET/CT   

  Strengths  ( S )   Weaknesses  ( W ) 

 MRI high soft tissue contrast 
   MRI-guided reconstruction 
   MRI-guided PVE 

correction 
   PET quantitation and 

MRI-derived input 
function 

 PET/MRI in combination 

 Attenuation correction 
 Workfl ow 

  Opportunities  ( O )   Threats  ( T ) 

 Advanced image processing 
and data analysis methods 
combined with multi- 
parametric and multimodal 
imaging 

 Niche markets and 
slow translation from 
research to clinical 
application 
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3.2.1.3     PET Quantifi cation and MRI- 
Derived Input Function 

 The absolute quantifi cation of physiological or 
biochemical parameters in PET requires the appli-
cation of mathematical models describing the 
kinetics of the radiotracer and measurement of the 
tracer time-activity curve in plasma, the arterial 
input function (AIF). This function can be mea-
sured by invasive procedures on blood samples or 
non-invasively by estimating the time-activity 
curve from arterial images on the dynamic PET 
scan. However, extracting AIFs from PET images 
is challenging due to large PVE. 

 Simultaneous PET/MR can assist in a non- 
invasive extraction of accurate AIF, taking advan-
tage from the use of dynamic MRI with high 
temporal and spatial resolution. In a recent work, 
Evans et al. [ 10 ] demonstrated that in hybrid PET/
MRI, a co-injected bolus of MRI contrast agent and 
PET ligands could be tracked using fast MRI acqui-
sitions. This protocol allowed the measurement of 
AIF from the concentration time curves of the MRI 
contrast images with a better spatial and time reso-
lution than those obtained by using AIF from the 
PET images. The authors found that MRI and PET 
AIFs displayed similar character and that MRI AIFs 
showed a reduced PVE with respect to PET AIFs, 
thus demonstrating the advantage of using MRI. 

 Recently, a pilot study on a piglet model investi-
gated the potentials of the hybrid PET/MRI systems 
for brain imaging, assessing minimally invasive 
approaches to measure global cerebral blood fl ow 
(CBF), in a model of newborn piglets [ 11 ]. Using a 
simultaneous acquisition of (15)O-water PET and 
single TI pulsed arterial spin labelling (ASL) MR, 
the authors showed that quantifi cation of CBF is 
possible with low injected activity of (15)O-water 
by non- invasive image-derived input function from 
MR. The CBF method is proposed for future stud-
ies of the pathophysiology of focal brain injury, 
such as stroke and periventricular leukomalacia.   

3.2.2     PET/MRI in Combination 

 The main challenge in a PET/MRI scanner is to 
combine the two modalities leading to added 
value information, without compromising their 

image quality. To this purpose, two approaches 
have been proposed: sequential scanning and 
simultaneous scanning. In sequential scanning, 
PET and MRI studies are performed sequentially 
on two independent systems, thus limiting the 
interaction between PET and MRI. This is a 
straightforward solution, allowing multi- 
parametric information coming from the two 
modalities to be recorded in a single study ses-
sion (although not simultaneously) [ 2 ]. 
Simultaneous scanning is technologically more 
challenging, as it requires full integration of the 
two systems, but it guarantees spatial and tempo-
ral PET-MRI data registration. 

 Both approaches have the potential to study, in 
the time of a single examination and without 
moving the patient, a variety of neurological 
functions dependent on the radiotracer used in 
PET (tracers of blood fl ow, metabolism and neu-
rotransmission) and the acquisition sequences 
employed in MRI (e.g. DWI, fMRI, spectros-
copy, etc.), with the specifi c advantage of simul-
taneous over sequential scanning of being able to 
assess fast changing processes by PET and MRI 
at the same time. 

 The potentials of PET/MRI multi-parametric 
scanning have been discussed in several papers 
(e.g. [ 12 ]) for the study of dementia and other 
neurodegenerative disorders, brain tumours, epi-
lepsy and neuropsychiatric diseases. The oppor-
tunity derived by combining advanced image 
processing and data analysis methods for the 
quantifi cation of functional parameters and the 
extraction of features and information from such 
a large amount of data will be discussed in the 
Opportunity section.   

3.3     Weaknesses (W) 

 PET/MRI presents elements of complexity with 
respect to PET/CT, offering potentials on one 
side but, on the other, turning out in points of 
weakness. Contrary to CT, the complexity of 
MRI signal does not allow a direct association to 
density maps, to be applied straightforward for 
attenuation correction of PET data, making atten-
uation correction and quantitation more diffi cult 
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for hybrid PET/MRI than for PET/CT systems. 
Moreover, PET/MRI technology requires com-
plex acquisition protocols and long scan dura-
tion, in particular when multi-parametric or 
whole body MRI studies are required. 

3.3.1     Attenuation Correction 

 Despite the potential clinical advantages of PET/
MRI, quantifi cation of PET images obtained in 
PET/MRI acquisitions remains an open issue 
due to wide biases in the measurements of radio-
activity concentration in reconstructed PET 
images, mainly due to the lack of accurate 
MR-based attenuation correction (AC) methods 
of PET images. 

 The problem of developing AC methods based 
on MR imaging is related to the MR signal itself. 
In fact, AC in PET/CT is performed on the basis 
of CT images, where signal intensity is directly 
related to electron density, thus enabling direct 
translation of CT images to maps of attenuation 
coeffi cients  μ . On the contrary, MR signal is 
related to proton density and tissue relaxation 
properties, which are diffi cult to translate into 
electron density information. In order to obtain 
an MR-based AC map of  μ  attenuation coeffi -
cients, the method currently in use in commercial 
PET/MR system is based on segmentation of MR 
images in tissue classes and in the assignment of 
tissue-specifi c attenuation coeffi cients to differ-
ent segmented classes [ 13 ]. This method is 
implemented in most of the commercial PET/MR 
systems, using a technique known as “three- 
dimensional volume-interpolated breath-hold 
examination (3D Dixon-VIBE)”. By deriving 
information from these acquisitions, the signal is 
segmented in various tissue classes, such as the 
soft tissue, lungs and air, AC maps are generated 
assigning proper attenuation coeffi cients to each 
class and the obtained maps are used for AC dur-
ing PET reconstruction. 

 Several limitations arise using this approach. 
Various components of PET/MR scanners, such 
as the patient table and the RF coils, are transpar-
ent in MR images, and attenuation information 
on these structures cannot be obtained by MR 

image segmentation. In order to account for this, 
the inclusion of predefi ned attenuation maps 
obtained from CT scans of the scanner compo-
nents has been evaluated. This implementation 
may suffer from potential misalignments between 
CT and MR acquisitions, impacting on the accu-
racy of the obtained AC maps. Another drawback 
of the Dixon-based MR-AC approach is that 
some body compartments, such as cortical bone, 
do not appear at MR imaging, and bone attenua-
tion is approximated to that in soft tissue or air. 
Ultrashort echo time (UTE) MRI sequences or 
combined UTE/Dixon MRI sequences have been 
considered to better distinguish cortical bone, air 
and soft tissue in segmentation-based techniques 
[ 14 ,  15 ]. With the purpose to obtain a more accu-
rate AC in bone, atlas-based AC methods have 
been proposed. In these methods, patient MR 
images are co-registered to an MR atlas, which is 
in turn co-registered to a CT atlas, providing 
proper attenuation coeffi cients then applied to 
patient PET images [ 16 ]. This method is particu-
larly suitable for brain studies, where co- 
registration errors are minimized with respect to 
other body districts. In whole body studies, phys-
iological and non-physiological movements, the 
presence of implants, as well as distortions due to 
pathology impact on the accuracy of the method 
by causing atlas misregistration errors. Multi 
atlas-based methods were explored in order to 
avoid co-registration problems in particular in 
whole body imaging [ 17 ]. 

 Navalpakkam et al. [ 18 ] have proposed an AC 
method, based on the generation of synthetic CT 
images and attenuation maps, obtained using an 
epsilon-insensitive support vector regression, to 
produce a continuous set of attenuation coeffi -
cients. Furthermore, the use of additional PET 
data from scattered coincidences has been 
recently proposed to improve the quality of AC 
maps reconstructed from PET emission data [ 19 ]. 

 In summary, AC in PET/MRI is still an 
unsolved issue and a variety of solutions are 
being proposed, in general remaining at a proto-
type level. In neurological imaging, MR-based 
AC is more effective, reproducible and accurate 
within 20 %, with major errors in cerebellum and 
temporal lobes [ 20 ].  
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3.3.2     Workfl ow 

 PET/MRI workfl ow must be properly planned 
depending on the type of PET/MRI scanner, the 
anatomical district and the disease under exami-
nation. Workfl ow includes patient preparation, 
PET scanning, MRI scanning for PET AC and 
dedicated MRI scans for multi-parametric imag-
ing (including anatomical imaging). PET/MRI 
workfl ow is thus more complex than in PET/CT 
and in general more time consuming. 

 While the experiences in the use of PET/MRI 
increase, translation from research to clinical 
applications remains a slow process, and clinical 
standardized protocols are hard to be set up, with 
the aim to optimize the balance among acquisi-
tion time, image quality and the amount of signal 
that can be further processed to obtain relevant 
clinical information. 

 Some papers dealing with PET/MRI workfl ow 
have been published [ 21 – 23 ], mainly focusing on 
whole body studies. In fact, neuroimaging is facili-
tated in that an axial fi eld of view corresponding to 
a single bed position is suffi cient to cover the 
whole brain, and simpler protocols could be 
adopted. However, it may be of interest in brain 
imaging to set up long acquisition protocols, com-
prehensive of dynamic PET scanning and multiple 
complex MRI sequences in addition to the conven-
tional ones (e.g. to combine functional PET, mor-
phological and functional MRI data). The point is 
then to optimize acquisition time and image recon-
struction to achieve the best image quality. 

 Regarding PET reconstruction, the choice of 
the reconstruction method and of the reconstruc-
tion parameters plays a pivotal role, as optimized 
reconstruction improves image quality, thus 
allowing shortening the acquisition time. An 
evaluation of the impact of reconstruction param-
eters on image quality and quantitative accuracy 
of brain PET images acquired on a current gen-
eration PET/MRI system can be found in 
Leemans et al. [ 24 ]. Phantom studies simulating 
clinical conditions were performed to assess 
image quality and quantitative accuracy in terms 
of image contrast and noise characteristics. 

 In general, an effi cient and systematic imple-
mentation of quantitation and data analysis pro-

cedures would require standardized and 
optimized acquisition protocols. Image process-
ing methods for data analysis and quantitation 
are thus currently still dedicated to the individual 
modality (PET and MRI independently), more 
than to hybrid imaging with the aim to process 
PET and MRI in combination.   

3.4     Opportunities (O) 

 PET/MRI technology is evolving rapidly, taking 
advantage of the fast advances in PET and MRI 
separately and of the efforts dedicated to effi -
ciently combine the two scanners in one. The 
physics of hybrid imaging and the instrumenta-
tion challenge are beyond the purpose of this 
chapter and are topics of previous chapters of this 
book. However, it is worth noting how the tech-
nological advances are leading to an enormous 
amount of complementary multi-parametric 
quantitative data which can be generated by PET/
MRI and analysed with advanced image process-
ing and data analysis methods, thus offering 
unique insights into opportunities to optimize 
care for individual patients. 

 With this aim, advanced image processing 
algorithms, independently developed for each sin-
gle modality, can be employed for the automatic or 
semi-automatic extraction and combination of 
multimodal and multi-parametric biomarkers. 

 Concerning PET brain imaging, biomarkers 
such as glucose hypometabolism or brain 
b- amyloid load have been considered for the 
diagnosis and/or differential diagnosis of demen-
tia. Statistical approaches, such as voxels-based 
statistical analysis using statistical parametric 
mapping (SPM), proved an improvement in 
 clinical diagnostic accuracy of AD and high pre-
dictive power for conversion to AD [ 25 ]. 

 Supervised whole brain automatic classifi ca-
tion computerized methods are used for the 
detection of image patterns typical of specifi c 
diseases (e.g. dementia, psychiatric disorders) 
corresponding to sensitive biomarkers or to a 
combination of them. Among these methods, 
support vector machine (SVM) algorithms [ 26 , 
 27 ] have been successfully used and widely 
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adopted for the automatic classifi cation of medi-
cal images (e.g. for the classifi cation of non- 
pathological vs. pathological images or for the 
classifi cation of disease subtypes [ 28 ]). 
Specifi cally, when applied to structural MRI 
images, SVM shows high potentials in the clas-
sifi cation of dementia and of dementia subtypes 
(e.g. [ 29 ]). 

 Among automated image processing methods, 
texture analysis approaches have been explored 
in more recent years, particularly in oncology, 
with the aim to identify and characterize tumour 
heterogeneity towards a personalized therapy 
treatment. Three-dimensional texture analysis 
(3D TA) of structural MR images has been 
shown to improve the diagnostic classifi cation 
of childhood brain tumours [ 30 ]. Textural 
[18F]-fl uoroethyl-L-tyrosine (FET) PET features 
have been assessed as biomarkers enabling to 
predict grading as well as tumour progression 
and patient survival in high-grade gliomas [ 31 ]. 

 Moreover, advanced data processing methods 
can be employed for the best combination of 
multimodal and multi-parametric biomarkers 
measured by hybrid PET/MRI, profi ting from an 
accurate spatial and/or temporal correlation of 
data. Among these methods, multivariate data 
analysis such as SVM classifi cation, multi-kernel 
learning and artifi cial neural network are able to 
combine two or more different biomarkers mea-
sured by PET or MRI within the same classifi ca-
tion model. For example, it has been shown that 
combining information from (18)FDG PET and 
MRI substantially improves early diagnosis of 
AD [ 32 ,  33 ] and differential diagnosis of AD and 
frontotemporal lobar degeneration [ 34 ]. Starting 
from these results, it is clear that such advanced 
multivariate analysis is highly promising in pro-
viding, in one single examination session of 
hybrid PET/MRI, new “profi les of biomarkers” 
of diseases [ 35 ].  

3.5     Threats (T) 

 Quantitation and data analysis in PET/MRI do 
not suffer specifi c threats but those associated to 
the technique itself and thus in particular high 

complexity, high costs and limited market with 
respect to PET/CT. 

 While the advantages of PET/CT with respect 
to PET standalone systems have made immedi-
ately evident, e.g. anatomical localization and 
improved quantifi cation of PET images, inte-
grated PET/MRI scanners are just opening a new 
scenario in hybrid imaging. A number of PET/
MRI integrated scanners are currently available 
for research purposes worldwide, but major 
threats are speculated that could cause these sys-
tems not to grow rapidly in number, if clear clini-
cal benefi ts do not continue to be demonstrated. 
Many results are indicating that combined PET/
MRI used with conventional clinical acquisition 
protocols shows comparable performance in the 
detection, diagnosis and location of suspected 
diseases in patients as compared to conventional 
PET/CT. The next step for PET/MRI is crucial in 
studying the added clinical benefi t of introducing 
sophisticated MRI sequences to the diagnostic 
imaging protocols. Also, the exact role and 
potential utility of simultaneous data acquisition 
in specifi c research and clinical settings need to 
be defi ned. It may be that simultaneous PET/MRI 
will be best suited for clinical situations that are 
disease specifi c and organ specifi c, related to dis-
eases of the children or in those patients undergo-
ing repeated imaging, for whom cumulative 
radiation dose must be kept as low as reasonably 
achievable. If so, the simultaneous acquisition 
could bring advantages only for niches of 
patients. 

 Regarding image analysis and quantitation, 
the added clinical value of sophisticated process-
ing methods is promising, but remains to be 
proved. A major threat may be represented by 
the misalignment between the speed typical of 
 computer technologies and that of medical 
devices: development of software tools is cur-
rently very fast and dynamic, whereas their clini-
cal implementation and acceptance, passing 
through validation and incorporation into com-
mercial medical systems (time to market), is 
much slower and spans over much longer peri-
ods of time. There is a high risk that the opportu-
nities offered by the integration and correlation 
of multimodal and multi-parametric parameters 
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coming from the more advanced image process-
ing methods available in each imaging modality 
cannot be taken by clinicians, but only within 
groups devoted to research and with skills and 
expertise in image processing, thus limiting their 
clinical utility.  

    Conclusions 

 This paper attempts to analyse benefi ts and 
limitations of brain PET/MRI vs PET/CT, 
focussing attention on quantitation and data 
analysis issues and according to a SWOT 
methodology. Strengths, weaknesses, oppor-
tunities and threats are considered referring to 
data, experiences and opinions reported in the 
literature. PET/MRI is an intriguing technol-
ogy, offering the unique possibility to simulta-
neously investigate brain structure and 
functioning from different perspectives. Image 
processing and data quantifi cation methods 
play a key role in order to take full advantage 
from the multiple information which can be 
collected in a single study session, to make 
them more accurately quantitative and move 
towards the very topical paradigm of precision 
medicine, e.g. by the identifi cation of bio-
markers to be measured at the individual level. 
PET/MRI is a very challenging technology, as 
the complexity of both instrumentation and 
procedures require the development of novel 
operational models to face management issues 
and high costs. Image processing and data 
quantifi cation methods may enter in this sce-
nario by supporting a simplifi cation of the 
procedures (making them more automatic and 
less operator dependent) and their translation 
from research to clinical applications.     

   References 

    1.    Hill T, Westbrook R (1997) SWOT analysis: It’s time 
for a product recall. Long Range Plann 30(1):46–52  

     2.    Zaidi H, Del Guerra A (2011) An outlook on future 
design of hybrid PET/MRI systems. Med Phys 
38(10):5667–5689  

    3.    Despotović I, Goossens B, Philips W (2015) MRI seg-
mentation of the human brain: challenges, methods, and 
applications. Comput Math Methods Med 2015:450341  

     4.    Yan J, Lim JC, Townsend DW (2015) MRI-guided 
brain PET image fi ltering and partial volume correc-
tion. Phys Med Biol 60:961–976  

    5.    Lougovski A, Hofheinz F, Maus J, Schramm G, Will 
E, van den Hoff J (2014) A volume of intersection 
approach for on-the-fl y system matrix calculation in 
3D PET image reconstruction. Phys Med Biol 
59(3):561–577  

     6.    Rousset OG, Ma Y, Evans AC (1998) Correction for 
partial volume effects in PET: principle and valida-
tion. J Nucl Med 39:904–911  

    7.    Zaidi H, Ruest T, Schoenahl F, Montandon ML (2006) 
Comparative assessment of statistical brain MR image 
segmentation algorithms and their impact on partial vol-
ume correction in PET. Neuroimage 32(4):1591–1607  

    8.    Moore SC, Southekal S, Park MA, McQuaid SJ, 
Kijewski MF, Müller SP (2012) Improved regional 
activity quantitation in nuclear medicine using a new 
approach to correct for tissue partial volume and spill-
over effects. IEEE Trans Med Imaging 31(2):405–416  

    9.    Southekal S, McQuaid SJ, Kijewski MF, Moore SC 
(2012) Evaluation of a method for projection-based 
tissue-activity estimation within small volumes of 
interest. Phys Med Biol 57(3):685–701  

    10.    Evans E, Sawiak SJ, Ward AO, Buonincontri G, 
Hawkes RC, Carpentera TA (2014) Comparison of 
fi rst pass bolus AIFs extracted from sequential 18F- 
FDG PET and DSC-MRI of mice. Nucl Instrum 
Methods Phys Res A 734(B):137–140  

    11.    Andersen JB, Henning WS, Lindberg U, Ladefoged 
CN, Højgaard L, Greisen G, Law I (2015) Positron 
emission tomography/magnetic resonance hybrid scan-
ner imaging of cerebral blood fl ow using 15O-water 
positron emission tomography and arterial spin label-
ling magnetic resonance imaging in newborn piglets. 
J Cereb Blood Flow Metab 35(11):1703–1710  

    12.    Werner P, Barthel H, Drzezga A, Sabri O (2015) 
Current status and future role of brain PET/MRI in 
clinical and research settings. Eur J Nucl Med Mol 
Imaging 42(3):512–526  

    13.    Boellaard R, Quick HH (2015) Current image acquisition 
options in PET/MR. Semin Nucl Med 45(3):192–200  

    14.    Aitken AP et al (2014) Improved UTE-based attenua-
tion correction for cranial PET-MR using dynamic 
magnetic fi eld monitoring. Med Phys 41(1):012302  

    15.    Burgos N et al (2014) Attenuation correction synthe-
sis for hybrid PET-MR scanners: application to brain 
studies. IEEE Trans Med Imaging 33(12):2332–2341  

    16.    Hofmann M, Pichler B, Scholkopf B, Beyer T (2009) 
Towards quantitative PET/MRI: a review of MR 
based attenuation correction techniques. Eur J Nucl 
Med Mol Imaging 36(Suppl 1):S93–S104  

    17.    Marshall HR et al (2013) Description and assessment 
of a registration-based approach to include bones for 
attenuation correction of whole-body PET/MRI. Med 
Phys 40(8):082509  

    18.    Navalpakkam BK, Braun H, Kuwert T, Quick HH 
(2013) Magnetic resonance-based attenuation correc-
tion for PET/MR hybrid imaging using continuous val-
ued attenuation maps. Invest Radiol 48(5):323–332  

3 Quantitation and Data Analysis in Hybrid PET/MRI Systems



30

    19.    Berker Y, Kiessling F, Schulz V (2014) Scattered PET 
data for attenuation-map reconstruction in PET/
MRI. Med Phys 41(10):102502  

    20.    Dickson JC, O’Meara C, Barnes A (2014) A compari-
son of CT- and MR-based attenuation correction in 
neurological PET. Eur J Nucl Med Mol Imaging 
41(6):1176–1189  

    21.    Barbosa FG, von Schulthess G, Veit-Haibach P (2015) 
Workfl ow in simultaneous PET/MRI. Semin Nucl 
Med 45(4):332–344  

   22.    von Schulthess GK, Veit-Haibach P (2014) Workfl ow 
considerations in PET/MR imaging. J Nucl Med 
55(Suppl 2):19S–24S  

    23.    Martinez-Möller A et al (2012) Workfl ow and scan 
protocol considerations for integrated whole-body 
PET/MRI in oncology. J Nucl Med 53(9):1415–1426  

    24.    Leemans EL, Kotasidis F, Wissmeyer M, Garibotto V, 
Zaidi H (2015) Qualitative and quantitative evaluation 
of blob-based time-of-fl ight PET image reconstruc-
tion in hybrid brain PET/MR imaging. Mol Imaging 
Biol 17(5):704–713  

    25.    Perani D et al (2016) Cross-validation of biomarkers 
for the early differential diagnosis and prognosis of 
dementia in a clinical setting. Eur J Nucl Med Mol 
Imaging 43(3):499–508  

    26.   Vapnik V (2000) The nature of statistical learning 
theory. Springer, New York  

    27.   Shawe-Taylor J, Cristianini N (2004) Kernel methods 
for pattern analysis. Cambridge University Press, 
Cambridge, UK  

    28.    Focke NK et al (2011) Individual voxel‐based subtype 
prediction can differentiate progressive supranuclear 
palsy from idiopathic Parkinson syndrome and healthy 
controls. Hum Brain Mapp 32(11):1905–1915  

    29.    Klöppel S et al (2008) Automatic classifi cation of MR 
scans in Alzheimer’s disease. Brain 131(3):681–689  

    30.    Fetit AE, Novak J, Peet AC, Arvanitits TN (2015) 
Three-dimensional textural features of conventional 
MRI improve diagnostic classifi cation of childhood 
brain tumours. NMR Biomed 28(9):1174–1184  

    31.    Pyka T et al (2015) Textural analysis of pre- therapeutic 
[18F]-FET-PET and its correlation with tumor grade 
and patient survival in high-grade gliomas. Eur J Nucl 
Med Mol Imaging 43(1):133–141  

    32.    Hinrichs C, Singh V, Xu G, Johnson S (2009) MKL for 
robust multi-modality AD classifi cation. Med Image 
Comput Comput Assist Interv 12(Pt 2):786–794  

    33.    Zhang D, Wang Y, Zhou L, Yuan H, Shen D, 
Alzheimer’s Disease Neuroimaging Initiative (2011) 
Multimodal classifi cation of Alzheimer’s disease 
and mild cognitive impairment. Neuroimage 
55(3):856–867  

    34.    Dukart J et al (2011) Combined evaluation of FDG- 
PET and MRI improves detection and differentiation 
of dementia. PLoS One 6(3):e18111  

    35.    Hinrichs C, Singh V, Xu G, Johnson SC, Alzheimers 
Disease Neuroimaging Initiative (2011) Predictive 
markers for AD in a multi-modality framework: an 
analysis of MCI progression in the ADNI population. 
Neuroimage 55(2):574–589      

I. Castiglioni et al.



31© Springer International Publishing Switzerland 2016 
A. Ciarmiello, L. Mansi (eds.), PET-CT and PET-MRI in Neurology, 
DOI 10.1007/978-3-319-31614-7_4

      Radiopharmaceuticals                     

     Mattia     Riondato       and     William     C.     Eckelman   

4.1          Introduction 

 Radiotracers and radiopharmaceuticals for 
Nuclear Medicine imaging with applications in 
neurology have been implemented for more than 
50 years, based on the research efforts of scien-
tists in the academic world, hospitals, and indus-
try. The fi rst described imaging applications in 
humans were pioneered in the early 1950s in the 
USA for the detection of intracranial lesions and 
for the assessment of regional cerebral blood 
fl ow. Images were obtained using conventional 
gamma cameras, after administering inert radio-
active gases by inhalation or radioactive metal 
complexes by injection. These agents were not 
aimed to detect any specifi c mechanism or 
molecular target, but they were used in the 
research setting for describing pathophysiologi-
cal processes. 

 The strong efforts in radiochemistry, in addi-
tion to the technological improvements of the 
tomographic detection systems, contributed to 
enforce the interest for this emerging technique, 

and the fi rst studies in a clinical setting were 
reported during the 1960–1970s. The potential 
impact to patient care boosted the need of new 
and more specifi c radiotracers. Thus, the devel-
opment of new tracers for neuroimaging applica-
tions turned from using radioactive salts and 
known chelating agents to the modern concept of 
molecular neuroimaging. This latter model is 
based on the specifi c interaction between the 
imaging agent and the molecular structure or 
cellular process of interest, such as receptors, 
enzymes, transporters, or metabolic pathways. 
The emitting radionuclides contained within the 
agent provide a signal that can create an image if 
associated with the proper imaging system. After 
four decades of hard work in radiochemistry, 
hundreds of radiotracers containing different 
single photon and positron emitter nuclides have 
been developed and applied to the most common 
imaging modalities for the evaluation of brain 
function, accomplishing clinical and investiga-
tional requirements (Table  4.1 ). A number of 
them have been approved by authorities and are 
currently used in Nuclear Medicine departments 
by physicians for specifi c applications, showing a 
potential impact for direct patient care. The major 
clinical areas of application include cerebrovas-
cular diseases, movement disorders, dementia, 
epilepsy, and brain tumors. Neuroimaging radio-
tracers are also employed for the study of other 
mental disorders such as schizophrenia, addic-
tion, depression, and anxiety. 
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 Unexpectedly, the expanded range of radio-
tracers hasn’t been followed by a parallel intro-
duction of radiopharmaceuticals, as tools for 
answering clinical needs. During the last decade, 
radiotracers in order to get approval for clinical 
use or marketing authorization have been facing 
implemented radiopharmaceutical requirements, 
similar to those that are broadly applied to all 
drugs. In particular, the increased awareness for 
the quality and safety of radiopharmaceuticals 
and the need for confi rmation that the diagnostic 
agent has to provide clinically useful information 
contributed to make a widespread use of new 
agents very challenging. 

 Last but not least, the use of SPECT and PET 
neuroimaging is not restricted to the clinical or 
investigational fi eld in the hospital Nuclear 
Medicine departments. During the last decades, 
this imaging technique has gained attention in 
neuroscience for the excellent capability to gain 
insight into disease mechanisms, describing the 
kinetics of the radiotracers and measuring target 
reserves, such as enzymes or receptors. For this 
reason, the standard methodology developed to 
study normal and pathological processes has 
been extended to support drug discovery in the 

universities and in the pharmaceutical industry. 
Neuroimaging with carbon-11 and fl uorine-18 
PET radiotracers has become a routine procedure 
for the development of biomarkers for novel cen-
tral nervous system therapeutics. Using a PET- 
specifi c radiotracer identical to a drug candidate, 
brain penetration and target occupancy measure-
ments can be defi ned. The drug interaction with a 
specifi c brain target can also be studied by com-
petition, if a suitable radiopharmaceutical for the 
same target is available. Such information may 
have a substantial impact in a go/no-go decision 
on a set of drug candidates before fi rst-in human 
studies and furthermore may produce a signifi -
cant effect on the overall pipeline cost for drug 
development.

4.2        Brain SPECT and PET 
Radiotracers: A Journey 
More than 50 Years Long 

 From a historical perspective, the use of radio-
tracers for brain scanning began in the early 
1950s for the localization and identifi cation of 
tumor damage by Sweet and Brownell [ 1 – 3 ]. 

   Table 4.1    Early PET and SPECT 
human brain studies   

 Date  PET  SPECT 

 1955  [ 85 Kr]Gas 

 1963  [ 133 Xe]Gas 

 1964  [ 99m ]TcO 4  −  

 1965  [ 68 Ga]EDTA 

 1967  [ 15 O]Oxygen 

 1969  [ 15 O]Water 

 1975  [ 123 I]Iodoantipyrine 

 1976  [ 11 C]Methionine 

 1977  [ 18 F]FDG 
 [ 11 C]Tryptophan 
 [ 11 C]Valine 

 1981  N-isopropyl-[ 123 I]
Iodoamphetamine 
([ 123 I]IMP) 

 1983  N-[ 11 C]Methylspiperone 
 [ 18 F]FDOPA 

 [ 123 I]IQNB 

 1984  [ 18 F]Cyclofoxy 

 1985  [ 11 C]Raclopride 
 [ 11 C]Carfentanil 
 [ 11 C]Flumazenil 

 [ 99m Tc]HMPAO 

 >1985  Many  Many 
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Several compounds incorporating radionuclides 
were synthesized in order to obtain stable agents 
with a low toxicity profi le. Among these, the 
most satisfactory have been the positron emitters 
arsenic-74 as arsenate, copper-64 as versenate, 
and mercury-203 as neohydrin [ 4 ,  5 ]. These scan-
ning agents were not required to have any spe-
cifi c interaction; they were able to permeate 
across the disrupted blood–brain barrier (BBB), 
thus allowing a rudimental detection of the mem-
brane integrity and the lesion extensions with 
camera-type systems. Despite the raising interest 
for the methodology, these long half-life radionu-
clides displayed suboptimal characteristics for a 
clinical use. A few years later, driven by favor-
able nuclear properties, a radionuclide generator, 
and known chemistry, the researcher’s attention 
shifted to the development of a suitable agent 
containing gallium-68 [ 6 ]. As a consequence of 
the available “ready to use”  68 Ga-EDTA (ethyl-
enediaminetetraacetic acid) milked from the gen-
erator, and the introduction of new positron 
scintillator cameras [ 7 ,  8 ], hundreds of patients 
were investigated during the 1960s [ 9 ,  10 ]. 
Unfortunately, the enthusiastic consensus for 
gallium- 68 imaging faded away during the 1970s, 
mainly because of the restricted use of fi rst- 
generation  68 Ge/ 68 Ga generators and the parallel 
development of new emerging radionuclide trac-
ers, such us single-photon emitters technetium- 
99m/iodine-123 and the positron emitting 
carbon-11/fl uorine-18. 

 Since the dramatic change that occurred at 
Brookhaven National Laboratory in the late 
1950s for the availability of  99 Mo/ 99m  Tc genera-
tors, the radiometal technetium-99m opened a 
new era in Nuclear Medicine as well as in early 
neuroimaging [ 11 ]. The ideal nuclear properties, 
the easy availability from a generator, and the 
fl exible chemistry facilitated the introduction of 
this emerging radionuclide that is, at present, the 
most employed for Nuclear Medicine procedures 
worldwide. The fi rst agents  99m Tc-pertechnetate 
and  99m Tc-DTPA (diethylenetriaminopentaacetic 
acid), as well as other gamma emitters radiotrac-
ers thallium-201 and gallium-67 citrate, were 
evaluated for pathologies with altered BBB due 
to tumors or traumas [ 12 – 14 ]. However, all these 

radiotracers had the relevant constraint that they 
could be employed in neurological disease just 
for the evaluation of an altered BBB. 

 In the late 1950s, a few years later from the 
initial brain tumor scanning, Munck and Lassen 
pioneered the assessment of cerebral blood fl ow 
(CBF) by using inert radioactive gases, thus 
providing the basis for regional CBF functional 
imaging. Evaluation in human brains was per-
formed by administrating trace amounts of 
krypton- 85 by inhalation or intravenous injec-
tion in saline solution [ 15 ,  16 ]. In the original 
methodology, blood samples were collected 
from bilateral jugular veins and counted, refl ect-
ing the global blood fl ow and oxygen use. The 
further advance was the measurement of the 
regional cerebral perfusion achieved by placing 
detectors on the patient’s scalp, to determine 
radiotracer accumulation and clearance on a 
regional basis, thus opening the way for a more 
modern concept of CBF scanning using a nonin-
vasive approach [ 17 ,  18 ]. 

 In the 1960s, major improvements occurred 
using molecular [ 15 O]oxygen for regional oxygen 
extraction and perfusion assessments, also taking 
advantage of the increased performances of 
imaging systems due to the introduction of fi rst- 
generation Anger cameras [ 19 ]. Ter-Pogossian 
and Brownell evaluated the radiotracer kinetics 
after a single breath by means of a pair of detec-
tors. However, the fi rst results were not satisfac-
tory because of the diffi cult interpretation of the 
collected data [ 20 ,  21 ]. Some years later, radioac-
tivity administration was modifi ed by using con-
tinuous [ 15 O]oxygen inhalation, producing a 
“steady-state” brain distribution dependent on 
perfusion and oxygen extraction, as well as the 
physical decay of the radioisotope [ 22 ]. 
Nevertheless, this technique suffered for some 
important disadvantages such as a constant deliv-
ery of the radioactive gas and a long-time scan 
during which, it is assumed, no change in physi-
ological status occurs. A more practical and suit-
able method for imaging was then introduced 
using an intravenous injection of [ 15 O]oxygen 
water instead of a labeled gas [ 23 ], becoming a 
standard procedure for rCBF assessment with 
PET. These methods have been used in clinical 
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settings since the 1980s in several clinical condi-
tions including strokes, brain tumors, and 
Parkinson’s disease [ 24 – 26 ]. Despite the fact that 
the early evaluations were much more qualitative 
than quantitative, these methodologies represent 
a milestone for neuroimaging because of the 
direct impact on patient healthcare. 

 An alternative to PET radiopharmaceuticals for 
the rCBF measurement was developed during the 
1980s by the parallel and successfully investiga-
tional studies with iodine-123 and technetium- 
99m. These efforts resulted in the development of 
perfusion agents able to overpass the normal BBB, 
such as [ 123 I]iodoantipyrine, [ 123 I]IMP (l-3-[ 123 I]-
iodo-α-methyl-tyrosine), [ 99m Tc]HMPAO ([ 99m Tc]
exametazime), and [ 99m Tc]ECD ([ 99m Tc]bicisate). 
Most of them have reached an established clinical 
use for the evaluation of various neurological dis-
eases such as dementia, Alzheimer’s disease, epi-
lepsy, stroke, and Parkinson’s disease [ 27 – 30 ]. 

 A fundamental advance for Nuclear Medicine 
applications was the application of fl uoro-18- 
deoxyglucose ([ 18 F]FDG) to image cerebral glu-
cose metabolism in 1976, destined to become the 
most important PET tracer to this day with indi-
cations for tumors and for identifi cation of foci of 
epileptic seizures [ 31 ,  32 ]. [ 18 F]FDG, a glucose 
analog, is able to delineate the glucose metabo-
lism, which is very active in the normal brain and 
often hyperreactive in tumors. 

 The promising results using a radiotracer able 
to interact with substrates, in addition to the early 
quantitative imaging applications, confi rmed the 
full potential of this emerging technique in 
describing molecular processes on human brain 
in health and disease. A general enthusiasm and 
great expectation for the future were soon satis-
fi ed by a rapid increase in the development of 
new radioactive molecules, typically including 
the positron emitters carbon-11 and fl uorine-18 
and single-photon emitters iodine-123 and 
technetium- 99m. The new generation of radio-
tracers were designed for displaying affi nity for 
receptors, enzymes, or other biological structures 
thus defi ned as radioligands, for interacting with 
specifi c metabolic pathways or for reproducing 
the chemical structures of drugs incorporating a 
radionuclide with identical characteristics or with 

minimal modifi cations or at least retaining the 
key biochemistry. Among the expanded range of 
imaging molecules, the fi rst widespread applica-
tions included the regional amino acid metabo-
lism using native amino acids or derivatives 
labeled with carbon-11, like [ 11 C]methionine, 
leucine, and unnatural amino acids [ 33 – 35 ]. A 
few years later, fl uorine-18 dihydroxyphenylala-
nine ([ 18 F]FDOPA), a dopamine synthesis path-
way analog, and N-[ 11 C]methylspiperone, a 
radioligand for dopamine/serotonin receptors, 
were used to assess for the fi rst time the neuro-
transmission function in humans [ 36 ,  37 ]. The 
mid- to late 1980s were characterized by a con-
tinuous introduction of new radioligands with 
major advances for the quantifi cation of dopa-
mine receptor subtypes ([ 11 C]raclopride, [ 11 C]
Schering-23390), dopamine transporters ([ 11 C]
nomifensine), central benzodiazepine receptors 
([ 11 C]fl umazenil), peripheral benzodiazepine 
receptors ([ 11 C]PK11195), opioid receptor ago-
nists and antagonists ([ 11 C]carfentanil and [ 11 C]
diprenorphine) [ 38 – 44 ], as well as for the enzyme 
monoamine oxidase type B ([ 11 C]deprenyl) [ 45 ]. 
A new fi eld of research appeared to be very aus-
picious for more specifi c and useful clinical 
applications with PET chemistry imposing a 
dominate role in neuroimaging. 

 Radiotracer expansion certainly benefi tted 
from an increased understanding of both physio-
logical and pathological molecular processes, but 
the great effort of chemists, pharmacists, biolo-
gists, physicists, and physicians was key to the 
progress. The infl ux of scientists from various 
fi elds allowed the discovery and validation of 
new radiopharmaceuticals to achieve a vast array 
of targeted radiotracers. This great evolution was 
also facilitated by the increased availability of 
supporting technologies and infrastructures such 
as generators, cyclotrons, SPECT and PET scan-
ners, and chemistry laboratories. In addition, the 
notable improvements in radiochemistry, mainly 
in labeling strategies for rapidly labeling 
 molecules with high specifi c activity starting 
from the most popular short-life PET radionu-
clides, have boosted the design of new radiotrac-
ers claiming the important role this discipline is 
playing in this fi eld. 
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 During the 1990s, a progressive investigation 
focused on the improvement of the existing imag-
ing, as well as in modulating and delineating neu-
rotransmission systems other than dopaminergic 
and serotoninergic. [ 11 C]WAY-100635, [ 11 C]
MDL-100907, and [ 11 C]McNeil-5652 were intro-
duced, respectively, for a more selective evalua-
tion of serotonin receptor subtypes 1a/2a 
distribution and for the SERT/5-HTT transport-
ers [ 46 – 48 ]. Novel [ 11 C]NNC112, [ 11 C]FBL457, 
and [ 11 C]-β-CIT displayed high affi nities, respec-
tively, for dopamine receptor subtypes 1 and 2/3 
and for dopamine transporters [ 49 – 51 ]. Beyond 
the dopaminergic/serotoninergic systems, new 
imaging agents were aimed at exploring acetyl-
cholinesterase enzyme ([ 11 C]MP4A and [ 11 C]
PMP) and nicotinic receptor reserves (2-[ 18 F]
F-A85380), as well as vesicular monoamine 
transporter type 2 ([ 11 C]DTBZ) and ATP-binding 
cassette (ABC) transporters like P-glycoprotein 
([ 11 C]verapamil) [ 52 – 56 ]. 

 For many years, the development of target- 
specifi c agents has been strongly dominated by 
PET chemistry, given the relatively easy 
replacement of a carbon, an oxygen or nitrogen 
with a radioisotope conserving the original 
chemical structures. However, the major world-
wide diffusion of SPECT scanners promoted 
the investigation for the development of agents 
containing a suitable single-photon emitter 
radionuclide. A number of radioiodinated trac-
ers which bind CNS receptors were synthesized 
and introduced successfully as alternatives to 
PET tracers in clinical settings. Iodinated deriv-
atives displayed excellent properties for the 
quantitative evaluation of the muscarinic ([ 123 I]
IQNB, [ 123 I]iododexetimide), dopamine ([ 123 I]
IBZM and [ 123 I]epidepride), and benzodiaze-
pine ([ 123 I]iomazenil and [ 123 I]NNC-13-8241) 
receptor reserves and for dopamine/serotonin 
transporter function ([ 123 I]-β-CIT) [ 57 – 63 ]. 
Because of the intrinsic diffi culties to incorpo-
rate a radiometal such as technetium-99m into 
small molecules, able to pass the normal BBB 
and conserving the affi nity for a specifi c target, 
investigational studies were not as consistent as 
for the main PET tracers in neurology. The syn-
thesis and evaluation of the fi rst [ 99m Tc]-labeled 

tropane analogs that display selective dopamine 
transporter binding were reported in 1996 and 
1997 (TRODAT-1 and technepine), and [ 99m Tc]
TRODAT-1 has succeeded in entering evalua-
tion for clinical approval a few years later 
[ 64 – 66 ]. 

 From 2000 to the present, the range of radio-
tracers for studying biochemical and pathophysi-
ological molecular mechanisms has been 
expanding continuously. New targets of interest 
for neurological applications have been explored, 
among which are norepinephrine transporters 
([ 11 C]methyl reboxetine), neurokinin-1 ([ 18 F]
SPA-RQ) and cannabinoid-1 ([ 18 F]MK-9470) 
receptors and Alzheimer-related proteins (beta- 
amyloid with [ 11 C]PiB (Pittsburgh compound B) 
and related fl uorine analogs, and more recently 
tau protein and alpha-synuclein with [ 18 F]
THK5105) [ 67 – 71 ]. The concomitant advances 
in PET technology and the scanner proliferation 
in industrialized countries corroborated to estab-
lish the role of imaging in both research and clin-
ical settings to improve our understanding in 
diagnoses, monitoring disease progression, and 
the response to treatment. 

 Unfortunately, relatively few radiotracers 
have been translated into the clinical setting, due 
to high requirements and complex procedures for 
getting the approval from authorities and, not 
least, because of the high costs of the required 
infrastructures. In addition, the utility of carbon-
 11, incorporated in most of the developed com-
pounds, is limited by its short radioactive 
half-life, and for this reason, its on-site produc-
tion and use are essential. On the contrary, fl uo-
rine- 18 radiotracers may be produced and 
distributed to local hospitals, making use of this 
technology more widely accessible. A notable 
and successful example on the evolution for a 
specifi c clinical need, although uncommon, is 
represented by the radiopharmaceuticals 
employed in amyloid PET imaging. The fi rst 
published experimental data using a carbon-11 
compound ([ 11 C]PiB) with affi nity for amyloid 
plaques has been followed by the development 
and commercialization of fl uorine-18 analogs 
([ 18 F]fl orbetapir, [ 18 F]fl orbetaben, and [ 18 F]fl ute-
metamol) in less than 10 years [ 72 ]. 
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 It is expected that in the future, brain imaging 
will continue to benefi t from new radiotracers 
and radiopharmaceuticals, although research 
activities appear to be less optimistic with 
respect to the initial enthusiastic consensus [ 73 ]. 
However, the lack of appropriate radiotracers 
for unknown molecular brain mechanisms rep-
resents one of the major challenges for radio-
chemists in supporting Nuclear Medicine 
imaging to understand physiological processes 
and diseases and for application to drug 
development.  

4.3     Radiotracer 
and Radiopharmaceutical 
Design for the Development 
of Brain Imaging Agents 

 From the 1920s, when George Charles de Hevesy 
coined the term “radiotracer” paving the way for 
the application in biomedical sciences, many 
imaging agents have been developed and applied 
in Nuclear Medicine [ 74 ]. Over the years, brain 
imaging studies have evolved to include single- 
photon- emitting (SPECT) and positron-emitting 
(PET) radiopharmaceuticals particularly used in 
the evaluation of brain tumors, central motor dis-
orders, and cognitive disorders. 

 Based on their mechanism of action, SPECT 
and PET brain radiotracers are generally classi-
fi ed in two groups according to their capability to 
perfuse cerebral tissues or to interact with specifi c 
substrates. The fi rst group comprises the substrate 
nonspecifi c agents able to cross BBB and trace 
dynamic processes for high-capacity systems. 
They represent an important class of radiotracers, 
which biodistribution correlates with cerebral 
blood fl ow or brain tissue permeability; thus, they 
are also defi ned as perfusion agents (e.g., [ 99m Tc]
HMPAO and PET [ 15 O]water). 

 The second group is referred to those radio-
tracers with specifi city for biochemical targets 
susceptible to changes as function of disease 
states. These agents are dependent on the densi-
ties of the interested molecular targets such as 

receptors, enzymes, and transporters. Since 
they are usually present at very low concentra-
tions and are susceptible to saturation, these 
targets are defi ned as low-density-easily satu-
rated sites. Lately, a major interest has been 
devoted to this class of radiotracers, due to their 
capability of detecting targets at the molecular 
level. 

 Despite the relevant results achieved in 
research during the last decades, the range of 
radiotracers and radiopharmaceuticals used for 
brain imaging in clinical settings worldwide 
appears limited (Table  4.2 ). In 2013, Molecular 
Imaging and Contrast Agent Database (MICAD) 
reported 11 SPECT and almost 100 PET tracers 
that have been tested at least once in humans, 
with potential as brain imaging agents [ 75 ]. 
However, a very few of them have reached the 
clinical state. This is consistent with the general 
reduced trend of approval of new pharmaceuti-
cals (including radiopharmaceuticals) by the 
National Regulatory Authorities responsible for 
human medicines that shows a constant decline 
in approvals after 2000. Regulatory aspects and 
clinical development have to be considered the 
main reasons for such a few introductions, 
together with the economic aspects. An estimate 
of time and costs for the clinical development of 
diagnostic agents has been reported by Nunn and 
more recently by Zimmermann, who calculated 
that a radiopharmaceutical has a cost of €20–60 
million from the time the lead molecule is identi-
fi ed and takes 7–9 years to develop (Fig.  4.1 ) 
[ 76 ,  77 ]. A conventional therapeutic drug has a 
higher cost, approximately €82–300 million to 
develop over 10–15 years, but the related market 
is by far larger than that of imaging agents, thus 
generating a much higher return on investment 
[ 78 ]. It is therefore evident that the commercial-
ization of diagnostic imaging agents will not 
generate the same income in a comparable 
amount of time.

    In this scenario, academic investigators play a 
major role in the design and synthesis of diagnos-
tic imaging agents whose development has to be 
in line with the emerging needs of the public 
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    Table 4.2    Radiopharmaceuticals approved or registered by federal authorities   

 Common name  Common names, acronyms, and nomenclature  Process/target 

  Flow and perfusion  

 [ 99m Tc]ECD  [ 99m Tc]-Bicisate  Metabolic trapping 

 [ 99m Tc]HMPAO  [ 99m Tc]-Exametazime  Metabolic trapping 

 [ 15 O]O 2   Oxygen diffusion 

 [ 15 O]H 2 O  Water diffusion 

 [ 15 O]CO  Red blood cell labeling 

 [ 81m Kr]Krypton  Diffusion 

 [ 133 Xe]Xenon  Diffusion 

  Tumor metabolism  

 [ 18 F]FDG  2-Deoxy-2-fl uoro-D-glucose  Glucose metabolism 

 [ 123 I]IMT  3-Iodo-L-α-methyl tyrosine  Amino acid transport 

 [ 11 C]Methionine  (S)-2-Amino-4-(methylthio)butanoic acid  Amino acid transport 

 [ 18 F]FET  Fluoroethyltyrosine  Amino acid transport 

 [ 11 C]Choline  2-Hydroxy-N,N,N-trimethylethanamonium  Cell membrane 
metabolism 

 [ 18 F]Methylcholine  2-Fluorooxyethyl(trimethyl)azanium  Cell membrane 
metabolism 

 [ 11 C]Acetate  [1- 11 C]Acetate  Lipid metabolism 

 [ 18 F]FLT  3′-Deoxy-3′-fl uorothymidine  DNA synthesis 

 [ 18 F]FMISO  Fluoranyl-3-(2-nitroimidazol-1-yl)propan2-ol  Hypoxia 

 [ 99m Tc]MIBI  [ 99m Tc]-Sestamibi  P-glycoprotein 

 [ 201 Tl]Thallium chloride  Potassium analog 

  Dopamine system  

 [ 18 F]FDOPA  (2S)-2-amino-3-(2-fl uoranyl-4,5- dihydroxyphenyl)
propanoic acid 

 Dopamine synthesis 

 [ 123 I]FP-CIT (DaTscan)  Iofl upane(123I) 
 2-Carbomethoxy-8-(3-fl uoropropyl)-3-
(4- iodophenyl)tropane 

 Dopamine transporter 

 [ 123 I]E-IA-F-CIT  Altropane(123I) 
 N-Iodoallyl-2-carbomethoxy-3-(4- fl uorophenyl)
tropane 

 Dopamine transporter 

 [ 99m Tc] TRODAT-1  2-[2-[[(3S,4R)-3-(4-chlorophenyl)-8-methyl-8- 
azabicyclo[3.2.1]octan-4-yl]methyl-(2- sulfi doethyl)
amino]
acetyl]azanidylethanethiolate;oxo- technetium-99 

 Dopamine transporter 

 [ 123 I]Beta-CIT(DOPAScan)  Iometopane(123I) 
 2Beta-carbomethoxy-3beta-(4-iodophenyl)tropane 

 Dopamine transporter 

 [ 123 I]Epidepride  N-[[(2S)-1-ethylpyrrolidin-2-yl]
methyl]-5-iodo-2,3-dimethoxybenzamide 

 Dopamine D2/D3 receptor 

 [ 123 I]ADAM  2-[2-[(Dimethylamino)methyl]phenyl]
sulfanyl-5-iodanylaniline 

 Serotonin transporter 

 [ 11 C]Raclopride  (S)-3,5-Dichloro-N-((1-ethylpyrrolidin-2-yl)
methyl)-2-hydroxy-6-methoxy-(S)-3,5- dichloro- N-
((1-ethylpyrrolidin-2-yl) 
methyl)-2-hydroxy-6-methoxybenzamide 

 Dopamine D2 receptor 

 [ 123 I]IBZM  Iolopride(123I) 
 N-[[(2S)-1-Ethylpyrrolidin-2-yl]
methyl]-2-hydroxy-3-iodanyl-6-  methoxybenzamide 

 Dopamine D2 receptor 

(continued)
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health system, but must be also economically 
sustainable for the diagnostic companies. 

 It is remarkable that within the few approved 
SPECT and PET agents in the last decade, most of 
them are brain imaging radiopharmaceuticals, 
with a tremendous increase of interest in the devel-

opment of PET tracers for the diagnosis of neuro-
degenerative disorders. This shows that the current 
efforts, both from academia and industry, point 
toward a more accurate and early diagnoses of 
CNS pathologies in order to help clinical decisions 
that improve the effectiveness of medical care. 

Table 4.2 (continued)

 Common name  Common names, acronyms, and nomenclature  Process/target 

 N-[ 11 C]Methylspiperone  8-[4-(4-Fluorophenyl)-4-oxobutyl]-3-methyl-1- 
phenyl-1,3,8-triazaspiro[4.5] decan-4-one 

 Dopamine D2/5-HT 2  
receptor 

  Receptor- and enzyme-binding ligands   (other than for Dopamine system)  

 [ 11 C]PK11195  1-(2-Chlorophenyl)-N-methyl-N-(1- methylpropyl)-
3-isoquinolinecarboxamide 

 Translocator protein 
(TSPO) 

 [ 11 C]Flumazenil  4H-Imidazo(1,5-a)(1,4)benzodiazepine-3- carboxylic 
acid, 8-fl uoro-5,6-dihydro-5-methyl-6- oxo-, ethyl 
ester 

 GABA receptor 

 [ 123 I]Iomazenil  Ethyl 7-iodo-5-methyl-6-oxo-4H- imidazo[1,5-a]
[1,4]benzodiazepine-3-carboxylate 

 GABA receptor 

 2-[ 18 F]F-A85380  2-Fluoro-3-[2(S)-2-azetidinylmethoxy]pyridine  nACh receptor 

 [ 11 C]MP4A  N-[ 11 C]Methylpiperidin-4-yl acetate  AChE activity 

  Plaque-binding ligands  

 [ 11 C]PiB  2-(4′-[ 11 C]
Methylaminophenyl)-6-hydroxybenzothiazole 

 Plaque acceptor 

 [ 18 F]Florbetapir (Amyvid)  4-{(E)-2-[6-(2-{2-[2-(18F)Fluoroethoxy]ethoxy} 
ethoxy)-3-pyridinyl]vinyl}-N-methylaniline 

 Plaque acceptor 

 [ 18 F]Flutemetamol (Vizamyl)  2-[3-(18F)Fluoro-4-(methylamino)
phenyl]-1,3-benzothiazol-6-ol 

 Plaque acceptor 

 [ 18 F]Florbetaben (Neuraceq)  4-{(E)-2-[4-(2-{2-[2-(18F)Fluoroethoxy]ethoxy} 
ethoxy)phenyl]vinyl}-N-methylaniline 

 Plaque acceptor 

  Cisternography  

 [ 111 In]Indium 
diethylenetriamine 
pentaacetic acid injection 

 Sodium;2-[bis[2-[bis(carboxylatomethyl)amino]
ethyl]amino]acetate;indium-111 

 CSF transport 
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  Fig. 4.1    Discovery and development process for a diagnostic (Adapted from FDA’s Critical Path Initiative, cost and 
timeline numbers taken from Nunn and Zimmermann)       

 

M. Riondato and W.C. Eckelman



39

4.3.1     Radiopharmaceuticals 
for High-Capacity Systems or 
for Low-Density-Easily 
Saturated Sites 

 The design and the development of a radiophar-
maceutical are strictly connected with its applica-
tion: delineating a pathophysiological process or 
targeting a specifi c molecular structure. 

 The majority of the technetium-99m radio-
pharmaceuticals currently in use have been 
designed and developed for high-capacity sys-
tems. They are formulated from commercially 
available “instant kits” and pertechnetate-99m 
obtained from  99 Mo/ 99m Tc generators. Each kit 
typically contains the ligand, the radionuclide has 
to be complexed, and an adequate quantity of 
reducing agent buffers to adjust the pH and to suit 
the labeling conditions, stabilizing agents and 
excipients. The radiotracer is thus obtained from 
the reaction between the ligands and the radionu-
clide in an appropriate oxidation state, resulting 
in a new stable coordinated system. The integral 
chemical structure for each complex, composed 
by the radionuclide core and ligands, is respon-
sible for pharmacokinetic and pharmacodynamic 
properties. [ 99m Tc]HMPAO and [ 99m Tc]ECD are 
examples of kit-formulated radiopharmaceuticals 
for brain imaging routinely prepared in Nuclear 
Medicine worldwide [ 29 ,  30 ]. However, the 
amount of ligands contained in an “instant kit” is 
by far greater than that of technetium-99m, and it 
would saturate many low-capacity targets. This is 
the reason why these radiopharmaceuticals are 
primarily used for the imaging of high-capacity 
systems, such as regional cerebral blood fl ow, 
where saturation cannot be achieved. [ 99m Tc]-kit- 
based radiopharmaceuticals are covering over 
80 % of all Nuclear Medicine diagnostic proce-
dures worldwide, with a noteworthy contribution 
to neuroimaging studies, although receptors and 
other molecular structures are subjects of major 
interest in brain imaging research at present. 

 Radiolabeled agents with high specifi city for 
low-density-easily saturated sites are usually 
modeled on partial agonists and antagonists in 
the CNS therapeutic drug repertoire and lead 
compounds in the fi eld of pharmaceutical 

research. Once the chemical structure of a poten-
tial new radiotracer has been identifi ed for a spe-
cifi c biological target, the next step is to 
synthesize the desired compound by coupling an 
emitting nuclide suitable for imaging. 

 Many radiolabeled compounds with selectiv-
ity for receptors, enzymes, and transporters both 
for SPECT and PET brain imaging have been 
developed over more than 40 years of research. 
Among these, radiotracers based on positron 
emitters provide much useful information on 
neurophysiology and neuropharmacology of 
cholinergic, serotonergic, dopaminergic, GABA/
benzodiazepine, opioid, and other neurotrans-
mission systems [ 73 ]. Furthermore, PET method-
ology offers several advantages over SPECT, 
such as a higher sensitivity, better temporal and 
spatial resolution, shorter imaging protocols, and 
a lower patient dosimetry [ 79 ]. On the other 
hand, PET needs cyclotron and radiopharmacy 
facilities, which are expensive and require highly 
skilled personnel to operate. 

 SPECT radiotracers for low-density-easily 
saturated sites have a long history of radiochem-
istry research due to the relatively easy labeling 
with iodine-123 and the large availability of 
technetium- 99m. A number of single-photon- 
emitting radiotracers for brain imaging have 
reached the clinical state and are commercially 
available in many countries. SPECT methodol-
ogy is by far largely widespread compared with 
PET; therefore, it still plays a fundamental role 
allowing access to neuroimaging examinations in 
many conventional Nuclear Medicine centers 
worldwide. Recent technological improvements 
have reduced the gap between SPECT and PET 
[ 80 ], thus promoting the research and 
 development of new single-photon-emitting 
radiotracers to satisfy the clinical need in Nuclear 
Medicine which are not supported by a PET 
cyclotron facility.  

4.3.2     Challenges in Brain Imaging 
Radiotracer Development 

 The development of new diagnostic agents for 
brain imaging follows two main initial steps: 
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fi rst the identifi cation of the biological process 
indicative of the pathology to be investigated 
and second the identifi cation of the molecular 
target best representing the process. This target 
will virtually represent the chemist’s work-
bench for the design of the probe chemical 
structure. 

 During the pregenomic era, radiotracer design 
was based on in vitro assays, in vivo biodistribu-
tion studies, and autopsy data. This approach has 
been successful for a number of SPECT and PET 
agents with specifi city for targets at molecular 
level, including most of the commonly applied 
radiopharmaceuticals (metabolic and receptor- 
binding tracers), but it does not represent the 
ideal approach for the design of early diagnostic 
agents [ 81 ]. 

 However, considerable advances in molecular 
cell biology and the sequencing of the human 
genome opened the way for the postgenomic era 
with the advent of the new millennium. Ever 
since, new potential drug targets, as well as bio-
markers, have become available from the genom-
ics, proteomics, and single nucleotide 
polymorphisms (SNPs) fi ndings [ 82 ]. Molecular 
imaging, as other fi elds in medicine, has gained 
benefi t from the identifi cation of new targets. 
This, together with the concomitant extended 
repertoire of tools and technologies, promoted 
the design of novel imaging probes for the appli-
cation in Nuclear Medicine moving toward “pre-
cision medicine.” In the future, the personalized 
imaging probes are expected to guide the treat-
ment for patients (especially targeted treatments) 
and to signifi cantly improve healthcare delivery 
and reduce its costs. 

 In this scenario, radiochemistry has main-
tained its crucial role, and the design and synthe-
sis of novel radiotracers, which may become 
radiopharmaceuticals in clinical settings, are still 
considered one of the major challenges for radio-
pharmaceutical chemists. 

 The development of brain imaging radiotrac-
ers is not easy to carry out, especially if com-
pared to other diagnostic agents, due to the 
extraordinary complexity of cerebral anatomy 
and biochemical functions [ 83 ,  84 ]. Radiotracer’s 
pipeline has a typical bottleneck shape, where 

only a few of the numerous candidates synthe-
sized will show suitable in vivo properties and 
eventually become radiotracers and then radio-
pharmaceuticals. When designing SPECT and 
PET radiotracers, the following key factors must 
be taken into account:

•    Choice of the target indicative or representa-
tive of the pathology under investigation with 
consideration of an unmet need in the diagno-
sis of this pathology  

•   Identifi cation of the lead compound/structure 
with specifi city for the target  

•   Selection of the radionuclide  
•   Labeling strategy to synthesize the desired 

chemical structure    

 In addition, in order to allow the radioactivity 
to distribute within the brain and to quantify it 
with imaging techniques, radiotracers should ide-
ally exhibit:

•    Rapid and quantitative permeation through the 
blood–brain barrier (BBB)  

•   High affi nity and selectivity for the target  
•   In vivo stability and absence of radioactive 

metabolites  
•   Favorable pharmacokinetic and pharmacody-

namic properties in relation to radionuclide 
half-life    

 Other factors should also be considered in 
respect to the pharmaceutical requirements for 
human use, imposed by Drug Regulatory 
Authorities. Current radiopharmaceutical devel-
opment shares much with standard drug discov-
ery and development practices, and although 
diagnostic radiopharmaceuticals are generally 
administered only a few times in a patient’s life-
time and the adverse reactions are extremely 
rare, the safety profi le of a new radiotracer has 
to be demonstrated and validated. This assess-
ment includes the evaluation of pharmacologi-
cal and toxicological activity of the diagnostic 
preparation (including any component other 
than the labeled tracer) and the estimation of the 
absorbed radiation dose to prove a favorable 
risk-to-benefi t ratio. 
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 Last but not least, researchers should also 
keep in mind that, to be successful, radiopharma-
ceutical development should satisfy a specifi c 
clinical need with direct impact on patient dis-
ease treatment [ 85 ]. Although effectiveness of a 
radiotracer is required by regulatory authorities 
in order to get approval, a clear diagnosis of a 
pathologic status is most of the times diffi cult to 
achieve with brain imaging agents. An example 
is depicted by the recently introduced PET radio-
pharmaceuticals for quantitative imaging of beta- 
amyloid plaques [ 86 ]. Due to the occurrence of 
beta-amyloid deposition in normal elderly people 
and in clinical syndromes other than Alzheimer’s 
disease (AD), amyloid quantifi cation is an 
ambiguous indicator, even though plaques are 
one of the defi ning pathologic features of 
AD. Clinical trial studies have been designed to 
validate PET amyloid technology and to under-
stand disease mechanisms, rather than to fi nd 
new applications in clinical practice for an effec-
tive and early AD diagnoses. Therefore, the use 
of amyloid PET to clinically improve AD out-
comes and to help medical decision-making has 
been long debated [ 87 ]. 

 Recent efforts of researchers are aimed at 
identifying single targets that could be used for 
revealing and monitoring the progression of dis-
eases. The discovery of new biomarkers for the 
accurate identifi cation of a pathologic status will 
certainly assist radiochemists in their efforts to 
design and develop novel radiolabeled agents. 

 Since an ideal model of radiotracer develop-
ment does not exist, we will now illustrate the 
main concepts for radiotracer design and devel-
opment and their use for brain imaging, based on 
the research experience and some examples of 
successful applications in clinic settings.  

4.3.3     True Radiotracers, Isotopic 
Radiotracers, and Analog 
Radiotracers 

 Labeling a desired biomolecule is not always an 
easy task. Since CNS molecules are always small 
in size (<500 Da) to cross the normal BBB, label-
ing may have a detrimental effect on the in vivo 

properties of the biomolecule and, eventually, on 
the fi nal quality of the diagnostic image. 
Therefore, in the design of a new brain imaging 
radiotracer, particular attention has to be paid to 
the labeling strategy to obtain the desired molec-
ular structure. 

 The process of coupling the radionuclide to 
the biomolecule can be achieved via the forma-
tion of covalent bonds for nonmetallic radioiso-
topes (such as carbon, nitrogen, oxygen, and the 
halogens) and dative bonds for metallic radionu-
clides (as technetium-99m or Indium-111). 

 The replacement of endogenous elements, 
such as carbon-12, oxygen-16, or nitrogen-15 
with a radioisotope, is an appealing solution to 
avoid molecular perturbation due to the insertion 
of a radionuclide. Labeled compounds synthe-
sized via isotopic substitution of organic mole-
cules are defi ned as “true tracers,” and their 
biochemical properties, including pharmacoki-
netics and pharmacodynamic properties, do not 
differ from those of the original biomolecule. 
[ 11 C]methionine, [ 11 C]acetate, and L-β-[ 11 C]
DOPA are examples of true tracers (Fig.  4.2 ). 
The most important peculiarity of true radiotrac-
ers is their ability to study the components of a 
physiologic or pathologic process without dis-
turbing the homeostatic system.

   Isotopic substitution is also a convenient 
labeling approach for exogenous molecules with 
known pharmacologic activity, such as CNS 
drugs. In addition to the replacement of naturally 
occurring elements, other isotopes can be consid-
ered, for example, halogens. Fluorine-19 is not 
typically contained in endogenous molecules, but 
it is a common constituent of many pharmaceuti-
cals, due to its contribution to improve drug bio-
availability. Replacement with fl uorine-18 can 
generate an “isotope tracer” identical to the cho-
sen lead compound, which shares the same 
in vivo behavior without showing any pharmaco-
logical effect. The chemical structure of fl umaze-
nil, for example, allows the preparation of two 
isotope tracers: the carbon substituted [ 11 C]fl u-
mazenil ([ 11 C]FMZ) and the fl uorine substituted 
[ 18 F]fl umazenil ([ 18 F]FFMZ) (Fig.  4.2 ). They are 
both isotopic tracers of fl umazenil with similar 
kinetic and binding behaviors, but with different 
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radionuclide half-lives and perhaps different 
radioactive metabolites [ 88 ]. 

 If the chosen radionuclide for radiolabeling 
does not have a stable isotope in its structure or it 
is not chemically convenient to replace, isotopic 
substitution is not an adequate strategy. This situa-
tion is extremely common, and to overcome this 
problem, labeling may be achieved by a chemical 
modifi cation of the tracer structure, generating a 
derivative known as an “analog tracer.” In order to 
assure a minimal molecular perturbation, substitu-
tion with a radiochemical scaffold of similar steric 
or electronic characteristics to the original mole-
cule should be preferred. However, due to the 
labeling, the fi nal radioactive molecule will be 

 different from the native compound, and its bind-
ing affi nity and selectivity for the target, as well as 
pharmacokinetic and pharmacodynamic proper-
ties, need to be tested for confi rming its potential 
use as an imaging agent. For example, while 
L-β[ 11 C]DOPA is a true tracer for L-DOPA, [ 18 F]
FDOPA L-(6-[ 18 F]-fl uoro-DOPA) is an  analog 
[ 18 F]-tracer, which differs for an additional fl uo-
rine in position 6 of the aromatic ring (Fig.  4.2 ). 
They are both used as biochemical probes to assess 
the rate of endogenous dopamine synthesis, 
although they have a different metabolism [ 89 ]. 

 The biological behavior of an analog tracer is 
diffi cult to predict. However, considering the 
general small dimension of the interested 
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 molecules, a modifi cation in the chemical struc-
ture is often followed by an alteration of binding 
affi nity and/or pharmacokinetic properties. A rel-
evant number of studies demonstrating the vari-
able infl uence of chemical modifi cations, due to 
labeling with different strategies, are reported in 
literature for many PET and SPECT radiotracers. 
Many analog tracers are produced by incorporat-
ing [ 18 F]alkyl scaffold of different lengths on N-, 
O-, or S-functions of the parent molecules. While 
N-[ 18 F]fl uoroethyl fl umazenil ([ 18 F]FEFMZ) 
maintained the specifi c binding to the benzodiaz-
epine receptor, an N-[ 18 F]fl uoropropyl derivative 
lost completely this affi nity [ 90 ]. On the contrary, 
among the [ 18 F]-labeled spiperone analogs 
 N-(2-[ 18 F]-fl uoropropyl)-spiperone, the longer 
N-alkylated derivative showed improved binding 
and kinetic properties in comparison with N-(2-
[ 18 F]-fl uoroethyl)-spiperone [ 91 ]. 

 In some special cases, analog tracers are desir-
able because they exhibit superior characteristics 
as imaging agents in comparison with true tracers, 
due to their in vivo behavior. A prominent example 
is depicted by [ 18 F]FDG, the most important ana-
log tracer used for the assessment of glucose 
metabolism (Fig.  4.2 ). Once [ 18 F]FDG and glu-
cose entered in the cell, they can either be trans-
ported back to the plasma or, as fi rst metabolic 
step, they can equally be phosphorylated by hexo-
kinase. In contrast, glucose continues along the 
glycolytic pathway for energy production while 
[ 18 F]FDG cannot enter glycolysis and becomes 
effectively trapped as FDG-6- phosphate, thus 
reaching a steady state. Therefore, [ 18 F]FDG is 
susceptible to metabolic trapping thus facilitating 
a PET study, while a glucose true tracer with car-
bon-11 or oxygen-15 produces many different 
radioactive metabolites, resulting in the need of 
image correction with mathematical models.  

4.3.4     Common Radionuclides 
for Brain Imaging and Related 
Labeling Strategies 

4.3.4.1     Carbon-11 
 Carbon-11, a positron emitter, is considered to be 
the preferable radionuclide for true tracer design, 

given the abundance of carbons in endogenous 
and exogenous molecules and the virtual versatil-
ity of organic chemistry labeling reactions. On 
the other hand, its fast decay (20.4 min) repre-
sents a major constraint in the clinical practice 
and imposes several requirements in the prepara-
tion and use of [ 11 C]-labeled compounds such as 
the presence of an in-house cyclotron and the 
development of a rapid procedure of radiolabel-
ing, purifi cation, and quality controls. As a rule 
of thumb, in order to be sustainable for clinical 
use, the production and release of 
[ 11 C]-radiotracers should be carried out within 
three half-lives of the radionuclide. This will 
afford manipulating enough radioactivity to 
allow the injection, distribution of the radionu-
clide, and the patient scanning according to the 
imaging protocol. 

 [ 11 C]-PET tracer production is currently 
based on the conversion of the irradiated in-
target product [ 11 C]carbon dioxide or methane 
([ 11 C]CO 2  or [ 11 C]CH 4 ) to a secondary reactive 
precursor (or synthon) that ensures labeling of 
suitable substrates in few minutes and with 
high yields. [ 11 C]methyl iodide and [ 11 C]methyl 
trifl ate are the most prominent examples of 
synthons for nucleophilic [ 11 C]methylation of 
primary and secondary alcohols, amines, and 
thiols, commonly applied for the production of 
many [ 11 C]radiotracers and radiopharmaceuti-
cals, such as [ 11 C]methionine, [ 11 C]choline, 
[ 11 C]PIB, [ 11 C]raclopride, N-[ 11 C]methylspi-
perone, [ 11 C]carfentanil, and [ 11 C]McN-5652 
[ 92 ]. When simple methylation is no longer a 
viable approach, the radionuclide has to be 
incorporated into the molecule with a different 
labeling strategy. [ 11 C]C-C bond formation is 
often required, especially for labeling mole-
cules with functional groups such as carbox-
ylic acids, ketones, amides, and imides. A 
common procedure is based on the direct reac-
tion of target- prepared [ 11 C]CO 2  with a 
Grignard reagent to produce an intermediate, 
which can be hydrolyzed to give [carbonyl-
 11 C]carboxylic acids or converted to [carbonyl-
 11 C]amides [ 93 ]. In recent approaches, [ 11 C]
carbonylation is also achieved through transi-
tion-metal-mediated reactions using [ 11 C]
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methyl iodide, [ 11 C]cyanide, or [ 11 C]carbon 
monoxide, as secondary precursors. Several 
palladium-mediated cross-coupling reactions 
have been shown to be effective and very inno-
vative approaches for preparing many [ 11 C]
tracers. However, despite the availability of a 
large variety of synthetic strategies for 
[ 11 C]-radiotracers and radiopharmaceuticals, 
the majority of their production scale for clini-
cal routine is limited to a few of the reactions 
described above [ 92 ,  93 ].  

4.3.4.2     Fluorine-18 
 Another positron emitter widely used for the 
preparation of brain imaging agents is fl uorine-
 18, the most important radionuclide for PET 
imaging. As mentioned above, fl uorine is not 
typically present in endogenous molecules, in 
contrast to carbon and the most common hetero-
atoms. Its exceptional employment for in vivo 
imaging is primarily due to the minimal perturba-
tion caused by its incorporation (similar to a 
hydroxyl substituent) into the fi nal molecule, 
combined with advantageous physical half-life of 
109.7 min, which permits multistep syntheses as 
well as a major fl exibility in postproduction pro-
cedures. Furthermore, differently from carbon-
 11, it allows the distribution of [ 18 F]-labeled 
compounds within a few hours drive from the 
production site, thus attracting commercial 
interest. 

 [ 18 F]-fl uorination strategies cover an impor-
tant role in radiochemistry, and they are often 
used for the translation of [ 11 C]-radiotracers to 
[ 18 F]-analogs to overcome the main constraints in 
the manipulation of carbon-11 compounds. 
However, the approaches for incorporating a fl u-
orine- 18 in a molecule remain much more lim-
ited than those of carbon-11, due to the chemical 
nature of this element. The main synthetic strate-
gies behind [ 18 F]-labeling can be classifi ed into 
“direct fl uorination,” a one-step reaction, and 
“indirect fl uorination,” which requires a multi-
step synthetic procedure. The direct introduction 
of [ 18 F]fl uorine into a  molecule is often accom-
plished through a nucleophilic substitution reac-
tion using no- carrier-added in-target-produced 
[ 18 F]fl uoride, an enhancer for [ 18 F]nucleophilicity 

(Kryptofi x-222) and a precursor with a good 
leaving group (trifl ate, mesylate, tosylate). After 
labeling, the crude reaction mixtures have to be 
purifi ed by semipreparative HPLC or solid-phase 
extraction (SPE) techniques, to provide pure 
radiopharmaceuticals as sterile, pyrogen-free iso-
tonic solutions suitable for intravenous injection. 
This simple method has the advantage to be eas-
ily adapted to many commercially available auto-
mated synthesizers, and due to the large 
availability of suitable precursors, it is routinely 
used to effi ciently produce some of the most 
important [ 18 F]-radiotracers (some examples are 
[ 18 F]FDG, [ 18 F]FLT, [ 18 F]fallypride, and [ 18 F]
FAZA). In addition, nucleophilic substitution 
may also be applied for the insertion of fl uorine-
 18 into aromatic systems, such as for [ 18 F]fl uma-
zenil or [ 18 F]FDOPA, with high specifi c activity 
[ 94 ,  95 ]. 

 Electrophilic fl uorination using [ 18 F]F 2 , pro-
duced by cyclotron irradiation, is an alternative 
direct strategy that was successfully developed in 
the early years of PET radiochemistry. Few clini-
cal radiopharmaceuticals still rely on regioselec-
tive aromatic electrophilic [ 18 F]fl uorination 
synthesis, for example [ 18 F]FDOPA [ 96 ]. 
Nevertheless, the general use of this labeling 
method is hampered by the low specifi c activity 
of the fi nal [ 18 F]labeled compounds and a compli-
cated high-pressure gas target, imposing a severe 
limitation for the development of targeted brain 
imaging agents. 

 When direct substitutions are not accessible, 
a common alternative is the “indirect [ 18 F]label-
ing via prosthetic groups.” This process consists 
in the synthesis of a secondary small labeled 
precursor, typically a [ 18 F]fl uoro-alkylating 
agent, which can be easily introduced into the 
molecule of interest. Prosthetic groups are ver-
satile and they can react with the amine, amide, 
carboxylic, and phenolic groups of the “cold” 
precursors to obtain the [ 18 F]fl uoro-alkylated 
radiotracers [ 97 ]. Among the most popular 
alkylating agents, [ 18 F]fl uoro-methyl/ethyl/pro-
pyl bromine and tosylate have been used for the 
production of radiopharmaceuticals, such as 
[ 18 F]fl uoromethyl and ethyl choline, [ 18 F]FET, 
and [ 18 F]FP-CIT [ 98 ,  99 ].  
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4.3.4.3     Iodine-123 
 Iodine-123 represents the main alternative to 
PET emitters for the design of target-specifi c 
radiotracers, thanks to its low energetic gamma 
emission and a half-life of 13.2 h suitable for 
SPECT imaging. Due to its easy and well- 
established chemistry, which allows its incorpo-
ration into a wide variety of molecules, iodine-123 
holds a major interest in the development of 
radiotracers for nearly three decades. 
Furthermore, the advantageous half-life and the 
very high purity of iodine-123 starting radioac-
tive material (which lead to high specifi c activity 
radiotracers) allow industrial production and 
delivery for hospital use over long distances 
although the highest radionuclidic purity I-123 
requires a high-energy cyclotron. 

 Numerous small molecules have been studied 
as probes for brain receptors and enzymes, and 
iodine-123 has become the SPECT radionuclide 
of choice for development of conventional radio-
pharmaceuticals for brain imaging. However, 
iodine has a considerable dimension if compared 
with PET radionuclides (steric hindrance is simi-
lar to a methyl group), and therefore radiolabel-
ing, depending on where iodine is incorporated, 
could deeply modify the kinetic and target affi n-
ity of the molecule. For instance, [ 123 I]-β-CIT, 
tropane-labeled derivative with relevant use in 
clinical setting, suffers serious drawbacks. It 

shows a low target selectivity, binding equally to 
both dopamine and serotonin transporters (DAT 
and SERT), and it has a slow kinetics which 
impose the operators to perform the imaging ses-
sions within 24 h after bolus injection. [ 123 I]IPT 
and [ 123 I]PE2I have chemical structures similar to 
[ 123 I]-β-CIT, but they show much faster kinetics 
and improved selectivity for DAT versus SERT 
[ 100 – 102 ] (Fig.  4.3 ).

   Radioiodination is the process that introduces 
a radioactive iodine into a chemical structure. 
Due to its relatively long half-life, the timing of 
the labeling reaction is only a minor limitation, 
and the production strategy focuses mainly on 
the one-step preparation and purifi cation with 
high yield. Direct labeling is by far the most 
common method, based on the radionuclide 
insertion in an aromatic ring or vinylic groups 
using N-chloroamides. These reagents generate 
iodine cations from sodium iodide, which 
promptly react with activated groups through 
electrophilic substitution of good leaving groups. 
Radioiodination by demetallation, a commonly 
applied procedure, allows a regioselective label-
ing in almost a quantitative yield, preventing the 
formation of iodine side products that may be 
diffi cult to remove [ 103 ]. Some examples of the 
most important iodine-123 radiopharmaceutical 
for brain imaging are [ 123 I]-FP-CIT, [ 123 I]-β-CIT, 
[ 123 I]iomazenil, [ 123 I]IBZM, and [ 123 I]epidepride. 
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Unfortunately, the production costs, especially 
those related to iodine-123 precursor, are still 
relatively high in comparison with other radio-
nuclides, thus limiting the future interest for the 
development of new iodine-based radiotracer.  

4.3.4.4     Technetium-99m 
 As an alternative to carbon-11, fl uorine-18, and 
iodine-123, technetium-99m could be more 
widely used for the preparation of SPECT neuro-
imaging agents due to its relative low cost and 
easy availability. Different from the former radio-
nuclides where a covalent attachment is required 
for radiolabeling, technetium-99m has to be 
incorporated through a chelation because of its 
metal nature. In the traditional labeling method, 
called the “pendant approach,” the radiometal is 
stabilized through an external chelating system, 
covalently bonded to the bioactive molecule. 
Several CNS technetium imaging agents have 
been labeled using the pendant approach, which 
unfortunately often produces molecules suffering 
from metal core hindrance on receptor interac-
tion and an overall excessive dimension which 
does not facilitate BBB crossing. This resulted in 
the development of very few technetium-99m 
radiotracers with suitable imaging properties and 
in only one agent, [ 99m Tc]TRODAT-1, currently 
approved and used in clinical settings in Taiwan 
(Fig.  4.3 ) [ 64 ,  65 ,  104 ,  105 ]. 

 To overcome constraints due to the presence 
of a voluminous external complex, technetium- 
99m “core” may be ideally incorporated within 
the chemical structure of the radiotracer. This 
strategy is defi ned as an “integrated approach,” 
and the resulting molecule/chelated system has to 
both stabilize the radiometal and demonstrate 
affi nity for the target. However, the insertion of 
such a foreign element causes dramatic modifi ca-
tions in the chemical properties of small mole-
cules. This, together with the existent severe 
restrictions for the design of a brain imaging 
radiotracer, still represents an outstanding chal-
lenge for radiochemists and successful examples 
are rare. Researchers have been working for a 
long time on the development of new technetium- 
99m- based radiotracers, with major focus coordi-
nation chemistry (technetium can exist in 

different oxidation states) and labeling strategies, 
which play a major role for improving the critical 
issue of brain uptake. Many efforts have been 
made with the inert, compact, and versatile  fac -
[ 99m Tc]tricarbonyl core after the year 2000 [ 106 ]. 
The interest for this new labeling approach was 
promoted by the development of a single vial 
freeze-dried kit for the preparation of 
[ 99m Tc(OH 2 ) 3 (CO) 3 ] + , suitable for routine proce-
dures in conventional Nuclear Medicine [ 107 ]. 
Despite the fact that penetration of the normal 
BBB remains a challenge for most of [ 99m Tc]tri-
carbonyl radiotracers, not so much because of log 
P but due to molecular size, a few recent exam-
ples provided encouraging evidence that devel-
opment of a promising brain imaging agent may 
be feasible [ 108 ,  109 ]. 

 Certainly, to reduce the costs of brain receptor 
imaging, it would be desirable to have more 
technetium- based pharmaceuticals, rather than 
PET or iodine radiotracers. This, as mentioned 
above, would further allow a vast worldwide 
access to these brain diagnostic techniques, espe-
cially in developing countries where access to 
cyclotrons is still limited.  

4.3.4.5     The Physical Half Life 
of a Radionuclide 
and the Biological Half Life 
of a Radiotracer 

 The half-life of the radionuclide in a radiotracer 
should correlate with the kinetic of the process to 
investigate. In other words, the radiotracer, after 
injection, should cross the BBB and interact 
quantitatively with the target, in a time frame that 
has to be consistent with the radionuclide half- 
life. Iodine-123 and technetium-99m allow 
extended imaging protocols due to their relatively 
long half-lives, and thus they may be employed 
to investigate slow kinetic processes. On the 
other hand, positron emitters with short half- 
lives, such as carbon-11 and fl uorine-18, impose 
faster kinetics in order to gain maximum target 
uptake before a substantial radioactive decay 
occurs. Very short-lived nuclides, such as oxy-
gen- 15, are appropriate for preparing simple mol-
ecules with rapid kinetic to be used as perfusion 
agents as [ 15 O]water, [ 15 O]O 2 , or [ 15 O]CO. An 
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optimized correlation between the half-life of a 
radionuclide and the process to investigate is also 
important in order to avoid unnecessary radiation 
burden to patients when long-lived radionuclide 
is used. 

 All these considerations are based on the 
assumption that a radiotracer is stable enough to 
reach the target intact. However, most radiotrac-
ers are signifi cantly metabolized in vivo, and the 
assessment of the radiotracer metabolism, as 
well as the fate of its metabolites, is crucial for 
designing a successful application for diagnostic 
purposes. 

 Immediately after administration, radiotracers 
are susceptible to BBB selection and processing 
by an array of enzymes in the blood and other 
tissues. This may dramatically decrease the 
amount of labeled molecules and have a substan-
tial impact on radiotracer distribution and target- 
to- nontarget ratio. The rate of metabolism 
determines the duration and effi cacy of a radio-
tracer, also known as the biological half-life. It is 
key to note that external imaging detects the 
emitted photons, but contains no information on 
the chemical structure. 

 The ability of a molecule to cross the BBB 
depends on the balance between its passive trans-
fer and its exit due to effl ux pumps, such as 
P-glycoprotein (P-gp) and multidrug resistance- 
associated proteins [ 110 ,  111 ]. It is generally 
assumed that passive entry is facilitated for mol-
ecules with low weight (<500 Da) and moderate 
lipophilicity (typically measured octanol/water 
partition coeffi cient-logP) [ 112 ]. Hydrophilic or 
charged compounds are excluded by BBB, with 
some important exceptions for nutrients, such as 
choline or amino acids that can pass through 
active transporters. On the other hand, an exces-
sive lipophilicity determines an increased bind-
ing to plasma proteins and nonspecifi c interaction 
with brain fats and proteins. 

 If an adequate brain entry is a key aspect for 
SPECT and PET radiotracers, in vivo stability is 
also crucial and it has to be also accurately evalu-
ated. Drug metabolism, also known as xenobiotic 
metabolism, involves the biochemical modifi ca-
tion of substances such as pharmaceuticals or 
radiotracers. Hydroxylation, N-demethylation, 

and oxidation are some of the most common 
enzyme-mediated reactions that may occur 
in vivo producing less lipophilic radioactive 
metabolites, which should then be excreted. The 
nature and degree for the metabolism of a radiola-
beled compound are dependent upon its molecu-
lar structure, and especially for low-density-easily 
saturated sites, it can have a signifi cant infl uence 
on the radioactive distribution and, eventually, on 
the reliability of the image scanning. In fact, 
tomographic systems detect the radionuclide sig-
nal regardless of its origin from the intact radio-
tracer, from a radiolabeled metabolic fragment or 
from the free radionuclide. This may result in a 
misleading acquired image due to the presence of 
several radioactive molecules. Since some of 
them are correlated to the parent chemical struc-
ture and compete for target occupancy, a biomath-
ematical analysis is required for the quantization 
of regional brain radioactivity uptake [ 113 ]. 

 Other common metabolic pathways for radio-
tracers involve the removal of [ 11 C]methyl or 
[ 18 F]fl uoroethyl substituents from radiotracers or, 
in case of halogenated radiotracers, direct defl uo-
rination or deiodination [ 114 ]. Radiodefl uorination 
is a relevant issue for [ 18 F]-radiotracers leading to 
the release of [ 18 F]fl uoride in vivo, which is then 
accumulated in bone tissue. In particular for 
brain imaging, an undesired accumulation may 
produce PET images where tissue uptake near the 
skull is more diffi cult to interpret [ 115 ]. 

 Radiotracer metabolism is not easy to predict, 
and although it remains an undesired effect, it 
does not always alter the fi nal quality of the 
image. If radiotracer processing occurs outside of 
the CNS, all the resulting radioactive hydrophilic 
metabolites will be excluded by the BBB. [ 11 C]
methyl-radiotracers, for example, are susceptible 
to demethylation leading to small polar radiome-
tabolites (e.g., [ 11 C]formaldehyde) that don’t 
interfere with brain uptake. 

 These considerations suggest that an effective 
molecular design has to take into account in order 
to prevent the formation of potential radioactive 
derivatives that may have negative consequences 
[ 114 – 116 ] for brain imaging. Several examples 
are reported in literature, where the chosen point 
of insertion of a radionuclide in the molecule 
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chemical structure will elicit radiotracer degrada-
tion to fragments that don’t interact with the 
desired target or with lower permeability for 
BBB [ 117 ]. In the preparation of [ 11 C]volinanse-
rin, a radiotracer with affi nity for 5HT 2A  recep-
tors, carbon-11 can be incorporated by 
methylation at the hydroxyl groups in positions 2 
or 3 of the aromatic ring [ 118 ]. Both radiolabeled 
molecules are susceptible of enzymatic demeth-
ylation at position 3, but while the fi rst results in 
the formation of lipophilic radioactive derivative 
that are able to cross the BBB and compete for 
target occupancy, the second is prone to produce 
a hydrophilic metabolite that is excluded from 
the brain (Fig.  4.4 ) [ 119 ,  120 ]. Labeling on posi-
tion 3 is, in this case, the preferred choice.

   The importance of inserting a radioisotope in 
different chemical groups and its infl uence on the 
radioactivity distribution in the brain have been 
also cleverly demonstrated with the 5-HT 1A  
radioligand [ 11 C]WAY-100635 [ 121 ]. In this 
example, chemical structure enables carbon-11 
insertion either in a methoxy group or in a car-
bonyl position (Fig.  4.4 ). Carbon-11 was fi rst 
introduced through methylation, but since pri-
mary metabolic pathway in humans occurs 
through hydrolysis of the amide bond, [ 11 C]WAY- 
100635 metabolism resulted in the formation of 

an active metabolite with affi nity for 5-HT 1A  
binding and for α1-adrenergic receptors in the 
brain. In this case, metabolites were interfering 
with PET measurements. Only subsequently 
labeling position was modifi ed into a carbonyl 
motif, thus avoiding [ 11 C]WAY-100635-labeled 
metabolites entering the brain and providing 
improved high PET signal and advantages in bio-
mathematical modeling [ 122 ,  123 ]. 

 A different approach for reducing the pres-
ence of radioactive metabolites is represented by 
the use of inhibitors for the enzyme responsible 
for the radiotracer major metabolic pathway. 
Carbidopa, for instance, a known inhibitor of aro-
matic amino acid decarboxylase, is clinically 
used for increasing total and specifi c brain tomo-
graphic activity per unit dose of [ 18 F]FDOPA 
[ 124 ]. Other inhibitors have been recently 
 successfully tested although, due to the complex-
ity of their metabolic pathways, the molecular 
design of a radiotracer remains the main measure 
for limiting the undesired metabolism [ 125 ,  126 ].  

4.3.4.6     Specifi c Activity 
 Specifi c activity (SA) is one of the most impor-
tant parameters (especially for radiotracers for 
low-density sites) to assess during radiotracer 
and radiopharmaceutical development, and it is 
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defi ned as the amount of radioactivity per unit 
mass of a radiolabeled compound. This mass 
includes the mass of the radioactive product and 
the mass of its nonradioactive counterpart, deter-
mined typically by spectroscopic or electrochem-
ical methods. SA is measured in Ci/μmol or GBq/
μmol units, and for short-lived radionuclides, the 
time that the measurement of SA is key. 

 SA of a diagnostic agent must be congruent 
with the “radiotracer principle,” where the over-
all mass of the administered tracer should be able 
to trace a process without inducing an unwanted 
biological response. This means that, for imaging 
studies, the amount of radioactivity to be admin-
istered has to be suffi ciently high to allow the 
acquisition of good-quality images and low 
enough to prevent detector saturation and an 
excessive patient radiation exposure. At the same 
time, the radiopharmaceutical preparation, 
including all components, has to present a safe 
profi le with low toxicity. 

 Every radioisotope or radioactive molecule is 
characterized by a specifi c SA; however, its eval-
uation may not be critical for all application with 
radiotracers. This is the case for true tracers (such 
as [ 11 C]acetate and [ 11 C]methionine) since the 
nonradioactive endogenous compounds are nor-
mally found in μM or higher concentrations in 
the organism and for high-capacity system radio-
tracers, such as agents for measuring regional 
cerebral blood fl ow, hypoxia, and glucose metab-
olism (e.g., [ 15 O]water or [ 18 F]FDG). In fact, due 
to the large capacity of these biological systems, 
radioactivity distribution is not signifi cantly 
affected by the presence of relatively high con-
centration of “cold” molecules with identical or 
similar kinetic properties; thus, the acquired 
images may correctly represent organ functional-
ities or metabolic activities. 

 On the contrary, SA becomes crucial when the 
radioactive and nonradioactive molecules con-
tained in the radiotracer batch may produce 
undesired pharmacodynamics–toxicological 
effects as well as target occupancy or saturation. 
Specifi c imaging applications, such as the study 
of toxic molecules behavior or the visualization 
of low-density receptors and enzymes in the 
brain, have to pay particular attention to SA. The 

required SA for a given radiotracer depends on 
the concentration of the interested low-capacity 
easily saturated sites, especially for receptors, 
which are typically in the range of 0.1–50 nM. 

 This has been recently demonstrated for [ 11 C]
raclopride in an animal model study, where in 
case of a low specifi c activity radiotracer, signifi -
cant receptor occupancy occurred by unlabeled 
dopamine, thus altering dramatically the target 
uptake [ 127 ]. 

 Several factors may have a substantial impact 
on the fi nal radiotracer SA. Ideally, the radionu-
clide employed for radiotracer development 
should be carrier-free, which means that it does 
not have to be contaminated by either stable 
radionuclides or other isotopes of the same ele-
ment. Technetium-99m and iodine-123 closely 
match this property [ 128 ]. Furthermore, labeling 
should be carried out with a minimal amount of 
cold precursor, thus reducing the possibility of 
competition for target binding. Unfortunately, 
many fast reaction and high-labeling yields are 
achieved using a large excess of reagents; thus, 
the fi nal preparation may contain biologically 
active impurities, such as residual precursor or 
side products from the labeling reaction, which 
were not removed by purifi cation. 

 SA parameter is considered to be critical for 
many PET radiotracers. Although theoretical SA 
values for the most common used positron emit-
ters are very high (340 TBq/μmol for carbon-11, 
63 TBq/μmol for fl uorine-18), these experimen-
tal values are usually very far from those obtained 
after radiotracer synthesis. The required SA for 
radiotracers that have to interact with receptors 
are generally in the range of 37–370 GBq/μmole, 
while lower SA may be adequate for 
 enzyme- mediated molecular imaging studies. 
This decrease in SA is generally due to a dilution 
process with nonradioactive isotope, usually 
occurring in the radionuclide manipulation for 
the radiotracer preparation (from radionuclide 
production to labeling reaction). In fact, fi nal spe-
cifi c activities of [ 18 F]- and [ 11 C]labeled radio-
tracers are extremely dependent on the production 
methods as well as the technologies, reagents, 
equipment, and procedures employed. Minimal 
alterations of experimental conditions can lead to 
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considerable effects on SA, especially when high 
values are required. For this reason, the same 
radiotracer may be produced with different val-
ues of SA depending on the production sites, and 
this produces the unpleasant consequence having 
different image quality from one PET center to 
another. 

 Therefore, considering the increasing expan-
sion of PET radiopharmaceuticals and the infl u-
ence of SA for neuroimaging studies, the 
establishment of harmonized protocols for each 
radiotracer production and use are certainly 
desirable. Furthermore, a defi nition of SA values 
for brain imaging radiotracers may also facilitate 
the approval of new radiopharmaceuticals for 
human use through regulatory authorities [ 129 ].    

4.4     SPECT/PET Brain Imaging 
Radiopharmaceuticals 

 Radiopharmaceuticals and radiotracers for the 
investigation of neurological disorders with 
SPECT and PET have found many diagnostic 
applications. A large number of radiolabeled 
molecules have been developed, but only a few 
reached clinical state in Nuclear Medicine. After 
administration, typically by intravenous injec-
tion, the regional uptake and distribution of 
radioactivity are evaluated using tomographic 
systems. A selection of the most important radio-
pharmaceuticals routinely employed in clinical 
practice are reported in Table  4.2  and described 
as follows. 

4.4.1     Flow and Perfusion 

 Radiopharmaceuticals applied in the evaluation 
of rCBF are transported by diffusion from the 
arterial vascular compartment into the normal 
brain tissue compartment. The distribution pat-
tern depends on the interaction with brain tissue. 
Xenon-133 and krypton-81m for SPECT and 
[ 15 O]oxygen and [ 15 O]water for PET are freely 
diffusible and not trapped; thus, rCBF is evalu-
ated by determination of the clearance rate of the 
tracer after a brief uptake period. [ 15 O]CO  (carbon 

monoxide) is assumed to have a different mecha-
nism, accumulating selectively in red blood cells 
when inhaled in tracer quantities. [ 15 O]CO labels 
hemoglobin in vivo forming carboxyhemoglo-
bin, thus making possible the delineation of the 
cerebral vascular blood pool [ 130 ]. 

 [ 99m Tc]HMPAO and [ 99m Tc]ECD are com-
monly used in clinical routine, and their use 
allows to monitor the changes of rCBF in various 
neurological diseases. Both complexes penetrate 
the intact BBB and their distribution correlates 
with rCBF. [ 99m Tc]HMPAO retention is due to its 
chemical instability. After BBB penetration, 
technetium-99m dissociates forming complexes 
with intracellular proteins, rendering it unable to 
re-diffuse through the BBB and thus trapping 
radioactivity in the brain. The redox status of the 
tissue and the concentration of glutathione have 
been identifi ed as critical parameters for this con-
version [ 131 ]. [ 99m Tc]ECD brain uptake is other-
wise attributed to the enzymatic hydrolysis of an 
ester group and the formation of a hydrophilic 
metabolite, which cannot diffuse back out across 
the BBB, thus allowing SPECT imaging [ 132 ].  

4.4.2     Tumor Metabolism 

 Despite the fact that [ 18 F]FDG is the “working 
horse” for diagnostic imaging studies in neuro- 
oncology (over 90 % are made with [ 18 F]FDG 
worldwide), other radiopharmaceuticals more 
tumor specifi c than [ 18 F]FDG are available. 
Among these, radiolabeled amino acid and cho-
line derivatives (true tracers or analog tracers) are 
routinely employed for the diagnoses of primary 
and metastatic brain tumors. [ 11 C]methionine as 
well as other PET-labeled aromatic amino acid 
analogs, such as [ 18 F]FET and [ 18 F]FDOPA [ 133 ], 
are able to delineate the increased rates of amino 
acid transport by many tumor cells. [ 123 I]IMT, a 
gamma-emitting radiopharmaceutical, represents 
the SPECT clinical alternative due to similar 
in vivo behavior. Abnormal choline metabolism 
is another metabolic hallmark associated with 
oncogenesis and tumor progression. Choline is a 
cellular membrane phospholipid precursor that 
can be phosphorylated by the enzyme choline 
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kinase and further incorporated into phosphati-
dylcholine, a major phospholipid of all mem-
branes. Radiolabeled choline derivatives are 
mainly used to diagnose prostate cancer; how-
ever, they have an established use for brain imag-
ing [ 134 ]. 

 [ 18 F]FLT, a nucleoside-labeled analog, is also 
employed as radiopharmaceutical in oncology 
and neuro-oncology. It is intracellularly phos-
phorylated by the thymidine kinase 1 (TK1), and 
the corresponding nucleoside monophosphate is 
not further metabolized. Since TK1 has a higher 
activity in proliferating tumor cells with respect 
to normal tissue, [ 18 F]FLT uptake represents an 
in vivo biomarker of proliferation activity [ 135 ]. 

  201 Tl and [ 99m Tc]MIBI are commonly used to 
image myocardial perfusion. Thallium-201 
uptake in brain tumors is a result of a combina-
tion of factors, such as alterations in the BBB 
variability in the expression of the Na + /K +  pump 
and blood fl ow. [ 99m Tc]MIBI accumulation 
depends on altered P-glycoprotein function on 
BBB and passive transport into tumor tissue 
mitochondria. Mainly in the past, cardiac radio-
pharmaceuticals have been widely used as neuro- 
oncological radiotracers, being able to be 
selectively incorporated by active proliferating 
cells comparing with normal brain tissue [ 133 ].  

4.4.3     Dopaminergic System 

 Dopaminergic neurotransmission has a central 
role in many brain functions. The presynaptic 
nigrostriatal projection is the main location of the 
pathologic process in Parkinson’s disease, and 
therefore, the assessment of disturbed dopamine 
synthesis is the main target for clinical studies. 
For measuring dopamine synthesis, the main 
radiopharmaceutical used is [ 18 F]FDOPA [ 89 ]. 
Postsynaptic receptors may also be involved in 
neurodegenerative disorders. The dopamine 
receptor family is composed by fi ve subtypes, but 
the most studied is D2. N-[ 11 C]methylspiperone 
was one of the fi rst radiotracer employed for the 
study of dopamine receptor reserve, but it also has 
affi nity for 5-HT 2  receptors. The gold standard 
PET tracer for D2 receptors is [ 11 C]raclopride at 

present, which has allowed the analysis of central 
D2 receptors (although it also binds D3 receptors) 
[ 136 ]. For SPECT, [ 123 I]IBZN is the most widely 
used D2 receptor tracer, while for PET, [ 18 F]fal-
lypride is especially suitable for investigation of 
extrastriatal D2 receptors. 

 The neural dopamine transporter (DAT) is a 
membrane-bound presynaptically located protein 
that regulates the concentration of dopamine in 
nerve terminals. The evaluation of the reuptake 
sites provides a measure of the density of dopa-
minergic nerve terminals. Several compounds 
have been shown to be antagonists of the mono-
amine reuptake system, and many tropane deriva-
tives labeled with single-photon emitters are 
currently in use.  

4.4.4     Other Neurotransmitting 
Systems 

 Acetylcholine is a neurotransmitter at cholinergic 
synapses that mediate functions on nicotinic and 
muscarinic receptors. Nicotinic receptors have 
been implied in many psychiatric and neurologic 
diseases, including depression and cognitive and 
memory disorders. 2-[ 18 F]F-A85380 is a potent 
and selective agonist suitable for imaging the 
nicotinic subtype α 4 β 2 nACh receptors [ 54 ]. The 
muscarinic reserve, which is the dominant post-
synaptic cholinergic receptor in the brain, has 
been targeted by many tracers for SPECT and 
PET. However, due to the lack of selectivity for 
the receptors subtypes, there are not radiophar-
maceuticals in clinical state at present. On the 
contrary, the quantitative measurement of the 
acetylcholinesterase activity in the brain by 
radiolabeled acetylcholine analogs, such as [ 11 C]
MP4A, has found broader application [ 52 ]. 

 GABA is the most important inhibitory neu-
rotransmitter which is altered in epilepsy, anxi-
ety, and other psychiatric disorders. The 
radiopharmaceutical most widely used for central 
benzodiazepine-binding sites is the antagonist 
fl umazenil labeled with carbon-11 or iodine-123 
[ 43 ]. Another binding site for benzodiazepine in 
the brain is the peripheral benzodiazepine recep-
tor (PBR), which is located in the mitochondrial 
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and nuclear subcellular fraction. The most fre-
quently used radiopharmaceutical as the ligand 
for the PBRs is [ 11 C]PK11195, which is a valu-
able tool for imaging the activation of microglia 
in vivo [ 39 ].  

4.4.5     Amyloid-Binding Ligands 

 The amyloid ligands in clinical use are the thio-
fl avin T-derived [ 11 C]-Pittsburgh compound B 
(PIB) and [ 18 F]fl utemetamol, [ 18 F]fl orbetaben, 
and [ 18 F]fl orbetapir [ 72 ]. [ 18 F]labeled analogs are 
approved by the Food and Drugs Administration 
(FDA) and European Medicines Agency (EMA) 
for the clinical evaluation of cognitive defi cits in 
patients and available in the market.  

4.4.6     Cisternography 

 Cisternography with [ 111 In]DTPA is indicated as 
an imaging agent to study the fl ow of cerebrospi-
nal fl uid (CSF) in the brain, to diagnose abnor-
malities in CSF circulation, to assess and help 
localize the site of CSF leakage, and to test the 
patency of or localize blocks in CSF shunts.   

4.5     Future Brain Imaging 
Directions 

 An area of great excitement is the detection of 
neurotransmitter system fl uctuations for the 
study of drug abuse or behavioral addictions. 
Addiction is the habitual compulsion to use a 
substance (i.e., alcohol, opiate, nicotine) or to 
engage in an activity without much regard for its 
detrimental effects on a person’s physical, men-
tal, fi nancial, and social well-being (i.e., gam-
bling, food, work, love). Brain imaging is a 
valuable tool that may help to establish addiction 
as a “disease,” leading to the characterization of 
the involved neural circuitry in intoxication, 
withdrawal, and abstinence. Furthermore, the 
evidence of an altered neurotransmitter system 
may lead to the identifi cation of a potential target 
for pharmacological treatments. 

 A key discovery has been the blunted striatal 
dopaminergic activity, at presynaptic and post-
synaptic levels, in a variety of addictions [ 137 ]. 
Dopaminergic neurotransmission was found 
altered after repeated drug exposure, and the 
measurement of dopamine release has been 
described with SPECT and PET using the avail-
able radiopharmaceutical for dopamine receptors 
and DAT transporters. 

 While studies of addiction have been well 
established for the dopamine system, extension 
to other systems has been limited by the lack of 
suitable radiopharmaceuticals. However, within 
the past 10 years, and in particular in the last few 
years, promising tools have been made available 
for imaging fl uctuations in 5-HT, endogenous 
opioids, GABA, and glutamate [ 73 ].  

    Conclusions 

 There are two main areas of research using 
PET-CT and PET-MRI imaging of neurological 
disease, namely, increasing the understanding 
of human biology and improving patient care 
through diagnostic imaging. Major advances 
have been made in understanding the compli-
cated interactions in the brain. Although genetic 
and environmental factors are contributors to 
abnormalities, neurological and psychiatric dis-
eases are not correlated with a single genetic 
abnormality. Ex vivo measurements using pro-
teomic analysis of biopsy samples are most dif-
fi cult in the brain giving external nuclear 
imaging an added value. As a result, measuring 
the changes in the biochemistry of the protein 
 expression products and their neurotransmitters 
has become the province of nuclear imaging. 
The addition of anatomical instruments to PET 
and SPECT has made a tremendous difference 
in co- registering the small anatomical struc-
tures with the emitted radioactivity. SPECT/CT 
and SPECT/MRI have benefi ted more than 
PET/CT and PET/MRI given the lower resolu-
tion of SPECT [ 138 ]. 

 The understanding of addiction, for exam-
ple, has been enhanced by PET studies of 
receptor occupancy and synaptic neurotrans-
mitter changes, especially for the dopamine 
system [ 139 ,  140 ]. 
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 Improving patient care through diagnostic 
imaging has been more diffi cult given the 
complexity of most diseases. The restrictions 
of patient tolerance and absorbed radiation 
dose have limited external imaging to one or 
two studies using probes for different bio-
chemistry. The major achievements have been 
in monitoring general disease control points, 
mostly in tumors, or serving as a biomarker 
for potential drugs by measuring occupancy 
and changes in biochemistry as a function of 
disease progression or treatment. A case in 
point is the plaque imaging agents that are 
clearly biomarkers for the presence of plaque, 
but do not impact uniquely on diagnosing 
Alzheimer’s disease. Overall, the combination 
imaging devices have increased the usefulness 
of radiopharmaceuticals by leading to more 
precise information for the location and the 
amount of radiopharmaceutical in specifi c 
areas of the brain.     
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   Glossary 

  Radionuclide    A radioactive nuclide is an 
unstable form of a chemical element that 
decays by emitting particles, gamma radia-
tion, or X-radiation.   

  Radioisotope    An unstable isotope of an ele-
ment that decays by emitting particles, gamma 
radiation, or X-radiation. The term, “radio-
isotopes,” is limited to unstable atoms of the 
same element.   

  Radioindicator    First used by Hevesy to 
describe the use of physiologic elements. It 
was used later to describe indicator dilution 
studies using radionuclides in cardiology.   

  Radiotracer    This should be reserved for 
those radiolabeled compounds that contain 
a radioisotope of a stable element and not a 
radionuclide. The latter requires extensive val-
idation to demonstrate that it is a radiotracer.   

  Radiopharmaceutical    The term for a radiola-
beled compound after approval or registration 

by a government agency. This nomenclature 
refl ects the similar requirements for iden-
tity, purity, and safety that are required of 
pharmaceuticals.   
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     Abbreviations 

   ASL    Arterial spin labeling   
  CEST    Chemical exchange   
  CNS    Central nervous system   
  CT    Computed tomography   
  DCE    Dynamic contrast enhancement   
  DOTATOC     1,4,7,10- tetraazacyclododecane- 

1,4,7,10-tetraacetic acid-tyrosine-
3-octreotide   

  DTI    Diffusion tensor imaging   
  DTPA    Diethylene-triamine-pentacetate   
  DWI    Diffusion-weighted imaging   
  FDG    2-fl uoro-2-deoxy-D-glucose   
  FET    Fluoroethyl-tyrosine   
  fMRI    Functional MRI   
  MRI    Magnetic resonance imaging   

  NMR     Nuclear magnetic resonance 
imaging   

  PET    Positron emission tomography   
  SPECT     Single-photon emission computed 

tomography   
  T1w    T1 weighted   
  T2*    T2 star   
  T2w    T2 weighted   
  FAZA    Fluoroazomycin-arabinoside   

     Diagnostic imaging has gained a pivotal role in 
medical science thanks to the development of 
noninvasive imaging strategies. Magnetic reso-
nance, x-ray, and ultrasound have been used for 
decades in clinical practice to provide primarily 
anatomical information on both diseased and 
healthy tissues. Although traditional imaging is 
extremely useful to answer key questions about 
tissue alterations produced by a specifi c disease, it 
does not offer insight on the underlying mecha-
nisms and molecular abnormalities that character-
ize the pathology. Differently, contrast-enhanced 
imaging takes advantage of the tissue contrast 
enhancement triggered by specifi c chemicals, 
namely, the contrast media, to obtain physiologi-
cal and molecular information. Contrast media 
are indeed pharmaceuticals, with low or absent 
pharmacological activity, that enhance the visual-
ization of radiological images by altering tissue 
contrast. After administration, contrast agents 
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(CAs) may passively diffuse in the body (e.g., 
iodinated CAs for angiography), bind plasma pro-
teins to enhance the vasculature (i.e., blood pool 
agents), distribute in the extravascular interstitial 
space (i.e., extracellular gadolinium- based CAs 
(GBCAs)), or target a biological substrate (i.e., 
molecular probes). Particularly, advances in the 
fi eld of cell biology have boosted the discovery of 
new molecular targets that can be tracked nonin-
vasively using molecular imaging, a novel diag-
nostic strategy that allows “in vivo characterization 
and measurement of the biological processes at 
the cellular and molecular level” [ 1 ]. Here, we 
will discuss the use of CAs in neurology with 
major focus on state-of-the-art diagnostic agents 
for magnetic resonance and nuclear imaging. 

5.1     Contrast Agents 
for Magnetic Resonance 
Imaging 

 The contrast signal in magnetic resonance imag-
ing (MRI) is the result of complex interplay 
between different chemical and physical factors, 
chiefl y the longitudinal (T 1 ) and transversal (T 2 ) 
relaxation rate of water protons. MRI CAs can be 
classifi ed in four groups of compounds based on 
their ability to prompt a tissue contrast enhance-
ment.  Positive  CAs are based on paramagnetic 
metal ions (i.e., Gd 3+ , Mn 2+ ) chelated to various 
nontoxic polyaminocarboxylic acids, either cyclic 
or linear. Paramagnetic complexes trigger a 
hyperintense (bright) signal in tissues where they 
accumulate. They are mainly used as extracellular 
agents that distribute in the blood and interstitial 
fl uids, or as blood pool agents that bind natural 
macromolecules (e.g., serum albumin) to yield 
contrast enhancements especially for angio-
graphic purposes.  Negative  CAs take advantage 
of superparamagnetic iron oxide particles (i.e., 
Fe 3 O 4 , γFe 2 O 3 ) to generate a hypointense (dark) 
signal. These compounds are internalized by cir-
culating macrophages thanks to their hydrophilic 
cover, allowing detection by MRI after passive 
diffusion to infl amed regions. Chemical exchange 
saturation transfer (CEST) molecules are a new 
class of MRI CAs that can provide physiological 

information about the tissue environment (e.g., 
metabolites concentration, pH, temperature). 
CEST CAs work by infl uencing the intensity of 
the bulk water signal through the transfer of satu-
rated magnetization from an exchangeable pool of 
protons. Functional MRI CEST requires that pro-
tons are irradiated by a specifi c radiofrequency 
fi eld centered at their absorption frequency, gen-
erating a frequency-encoded contrast able to 
detect more agents in the same image or respon-
sive systems. Finally, endogenous molecules can 
be hyperpolarized (e.g.,  13 C-pyruvate) to image 
their metabolic pathway and monitor cellular 
metabolism using fast MRI sequences. 

 GBCAs were the fi rst class of NMR contrast 
media approved for clinical use in neurology 
[ 2 ]. Although sharing similar chemical features, 
they display different contrast enhancements, 
relaxivities, stabilities, and bindings to plasma 
proteins [ 3 ,  4 ] (Table  5.1 ). GBCAs are mainly 
used in neurology to highlight alterations in tis-
sue perfusion, often as result of blood-brain bar-
rier injury, particularly to enhance tumor 
contrast in patients with glioblastoma and to 
detect myelin injury in multiple sclerosis 
patients. Among new GBCAs currently tested, 
gadofl uorine M accumulates in degenerating 
nerve fi bers after experimental demyelination 
and multiple sclerosis in rodents, facilitating the 
visualization of CNS infl ammatory events [ 7 ]. 
Activation-Guided Irradiation by X-rays 
(AGuIX) nanoparticles are new ultrasmall gado-
linium-based systems that have been tested for 
MRI-guided radiotherapy for glioma treatment 
[ 8 ]. The nanoparticles accumulate at the tumor 
site, prompting greater contrast enhancement than 
the clinically approved gadoterate meglumine, as 
well as increased survival time after microbeam 
radiation therapy. Another important clinical 
application of GBCAs is vascular imaging. The 
new blood pool agent gadofosveset displays high 
relaxivity and long circulation time, improving 
blood vessel imaging and stenosis detection at the 
level of the head and neck with MR angiography 
[ 9 ]. Finally, gadolinium chelates linked to a tar-
geting moiety can be used as molecular probes to 
visualize biochemical substrates using MRI. The 
myeloperoxidase (MPO)-sensitive molecular 
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probe  Gd- bis -5- hydroxytryptamide-DTPA (Gd- bis -
5HT-DTPA) was used to target neuroinfl amma-
tion after experimental autoimmune encephalo-
myelitis (EAE) and stroke in rodents [ 10 ,  11 ]. 
Importantly, compared to conventional GBCAs, 
Gd- bis -5HT- DTPA accumulation does not refl ect 
passive CNS diffusion due to blood-brain barrier 
breakdown, but rather direct MPO-dependent MR 
enhancement, allowing in vivo imaging of neuro-
infl ammation. Remarkably, Gd- bis -5HT-DTPA 
showed therapy monitoring capabilities in EAE 
mice treated with a specifi c MPO inhibitor [ 12 ].

   Superparamagnetic iron oxide nanoparticles, 
either magnetite (Fe 3 O 4 ) or maghemite (γ Fe 2  O 3 ) 
based, have been tested for more than two 
decades as MRI CAs. Although several com-
pounds have been approved for clinical use, 
many have been discontinued or have limited 
global market (Table  5.2 ). According to their 
hydrodynamic diameter, the particles can be clas-
sifi ed in standard (SPIO, 50–180 nm), ultrasmall 
(USPIO, 10–50 nm), and very small superpara-
magnetic iron oxide (VSPIO, <10 nm) particles. 
Thanks to their size and long circulation time, 
iron oxide particles are captured by circulating 
monocytes and then carried into the CNS where 
they accumulate at the infl ammatory site. 
Although MR imaging cannot discriminate 
between endogenous (e.g., a hemorrhage after 
stroke or trauma) and exogenous (nanoparticles) 
iron signal, these agents have been used to detect 
several CNS lesions, including brain tumors, 

multiple sclerosis, and stroke [ 14 ,  15 ]. For exam-
ple, ferumoxytol, initially approved for iron-
replacement therapy in patients with chronic 
renal failure, has been used to detect various CNS 
pathologies by MRI, especially in patients with 
chronic kidney disease because of the lower tox-
icity compared to GBCAs [ 16 ]. Moreover, given 
the different mechanism of contrast enhancement 
(monocyte transport vs. passive diffusion), iron 
oxide nanoparticles have been used together with 
GBCAs to discriminate between multiple sclero-
sis lesions with different blood-brain barrier per-
meabilities [ 17 ]. Macrophage imaging with iron 
oxide nanoparticles is currently evaluated as a 
prognostic marker of disease progression in 
patients with early signs of multiple sclerosis 
(clinical trial code: NCT01567553). Iron oxide 
nanoparticles can also be conjugated to a target-
ing moiety to serve as MR molecular probes for 
endothelial vascular imaging. For example, 
USPIOs conjugated to vascular cell adhesion 
molecule-1 (VCAM-1)-binding peptides revealed 
vascular infl ammation in animal models of arte-
riosclerosis and stroke [ 18 ,  19 ]. Recently, micro- 
sized particles of iron oxide (MPIOs) have been 
applied to endothelial molecular imaging because 
of their micron size range, the large payload of 
iron oxide (usually 0.1–1.6 pg/iron/MPIO parti-
cle), and the very short blood half-life (50–100 s) 
result in superior MR contrast compared to iron 
oxide nanoparticles. For example, MPIOs target-
ing VCAM-1 have been used to detect vascular 

   Table 5.1    Gadolinium-based contrast agents commonly used for CNS imaging   

 Contrast agent 
 Commercial name 
(manufacturer)  Structure (charge)  Kinetic stability/Ktherm [ 5 ]  Relaxivity [ 6 ] a  

 Gadopentate 
dimeglumine 

 Magnevist (Bayer 
Healthcare) 

 Linear (di-ionic)  <0.3/22.1   r  1  = 4.9–5.0 
  r  2  = 5.4–6.3 

 Gadoteridol  ProHance (Bracco)  Cyclic (nonionic)  >0.95/23.8   r  1  = 4.6 
  r  2  = 5.3 

 Gadodiamide  Omniscan (GE 
Healthcare) 

 Linear (nonionic)  <0.3/16.9   r  1  = 4.8 
  r  2  = 5.1 

 Gadobenate 
dimeglumine 

 MultiHance (Bracco)  Linear (di-ionic)  0.3–0.95/22.6   r  1  = 9.7–10.8 
  r  2  = 12.2–12.5 

 Gadoterate 
meglumine 

 Dotarem (Guerbet)  Cyclic (ionic)  >0.95/25.9   r  1  = 4.3 
  r  2  = 5.0 

 Gadobutrol  Gadovist (Bayer 
Healthcare) 

 Cyclic (nonionic)  >0.95/21.8   r  1  = 5.6 
  r  2  = NA 

   a Measured at 0.47 T in human serum or plasma (Gd 3+  mM −1  s −1 )  
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infl ammation in mouse models of acute cerebral 
infl ammation, chronic cerebral hypoperfusion, 
atherosclerosis, stroke, myocardial ischemia, 
Alzheimer’s disease, and multiple sclerosis [ 20 ].

   CEST imaging is a relatively new MRI con-
trast approach in which exogenous or endoge-
nous compounds containing exchangeable 
protons are selectively saturated and, after trans-
ferring this saturation, indirectly detected through 
the water signal with enhanced sensitivity [ 21 ]. 
CEST MRI has been used to examine metabolites 
and tissue pH by endogenous contrast signal 
enhancement (e.g., amide proton transfer (APT)). 
pH-weighted MRI was performed after experi-
mental stroke to assess tissue acidosis, showing 
feasibility to delineate ischemic penumbra [ 22 , 
 23 ]. In patients with multiple sclerosis, APT- 
weighted CEST MRI revealed differences 
between healthy and degenerated white matter 
fi bers, supporting the potential of this new tech-
nology for translation in CNS imaging [ 24 ]. 

 Hyperpolarized MRI is a rapidly emerging 
and developing fi eld of molecular imaging, and 
new hyperpolarized MRI CAs (e.g.,  13 C-pyruvate, 
 13 C-lactate,  15 N-choline,  13 C-glutamine) have 
been used to monitor metabolic processes in 
healthy and pathologic CNS [ 25 ]. MR imaging 
following injection of hyperpolarized [1- 13 C] 
pyruvate and [2- 13 C] pyruvate was used to study 
brain metabolism in rats, by assessing the time 
courses of lactate and bicarbonate turnover and 
the transport of pyruvate through the BBB [ 26 ]. 
Quantitative assessment of  13 C-bicarbonate in 

tumor-bearing rat brain was recently performed 
by measuring the metabolism of pyruvate to ace-
tyl coenzyme A mediated by pyruvate dehydro-
genase [ 27 ]. The hyperpolarized compound 
2-keto[1- 13 C] isocaproate (KIC) was used to 
measure the branched-chain aminotransferase 
(BCAT) activity in the rat brain, a marker of met-
astatic cancer and a target of the proto-oncogene 
 c-myc  [ 28 ]. A recent clinical trial revealed a safe 
toxicological profi le for [1- 13 C] pyruvate, show-
ing no dose-limiting toxicity even at the maxi-
mum dose of 0.43 mL/kg (230 mM [1- 13 C] 
pyruvate) [ 29 ].  

5.2     Contrast Agents for Nuclear 
Imaging 

 Nuclear imaging has gained a pivotal role in neu-
rology since its clinical introduction due to the 
high sensitivity to detect brain pathologies and to 
investigate normal physiology and biochemical 
processes. Currently, the nuclear imaging tech-
niques most often used in preclinical and clinical 
applications are positron emission tomography 
(PET) and single-photon emission computed 
tomography (SPECT), both based on the 
 measurement of gamma-photons derived from the 
decay of a radioisotope. Therefore, PET or 
SPECT cameras detect the radioisotopes, which 
are usually incorporated into a molecule that is 
metabolically active (e.g., [ 18 F]-FDG for glucose 
metabolism imaging) or has targeting capabilities 

   Table 5.2    Superparamagnetic iron oxide contrast agents   

 Contrast agent 
 Commercial name 
(manufacturer)  Coating agent  Size  Relaxivity [ 13 ] a  

 Ferumoxides AMI-25  Feridex/Endorem (Guerbet)  Dextran T10  SPIO   r  1  = 10.1 
  r  2  = 120 

 Ferucarbotran SH 
U555A 

 Resovist (Bayer Healthcare)  Carboxydextran  SPIO   r  1  = 9.7 
  r  2  = 189 

 SH U 555C  Supravist (Bayer 
Healthcare) 

 Carboxydextran  USPIO   r  1  = 10.7 
  r  2  = 38 

 Feruglose NC-100150  Clariscan (GE Healthcare)  Pegylated starch  USPIO  NA 

 Ferumoxytol-10 
AMI-227 

 Combidex/Sinerem 
(Guerbet) 

 Dextran T10, T1  USPIO   r  1  = 9.9 
  r  2  = 65 

 Ferumoxytol Code 
7228 

 Feraheme (Guerbet)  Polyglucose sorbitol 
carboxymethyl ether 

 USPIO   r  1  = 15 
  r  2  = 89 

   a Measured at 1.5T in human serum or plasma (Fe 2+/3+  mM −1  s −1 )  
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(e.g., [ 68 Ga]-DOTATOC for neuroendocrine 
tumor imaging). The resulting drug, namely, the 
radiopharmaceutical, can be used as a contrast 
agent for nuclear imaging (radiotracer), targeted 
radiation therapy (radiotherapeutic), or combined 
diagnosis and treatment (radiotheranostic). 
Several new radiopharmaceuticals with transla-
tional potential have been proposed during the 
past few years, and some of them have already 
reached clinical adoption for imaging applica-
tions in neurology. For example, for Alzheimer’s 
disease alone, three new PET radiotracers target-
ing beta-amyloid have been approved by the 
bureau of Food and Drug Administration (FDA) 
in the last 3 years (Amyvid, Eli Lilly, 2012; 
Vizamyl, GE Healthcare, 2013; Neuraceq, 
Piramal Imaging, 2014) [ 30 ]. A detailed review of 
radiotracers currently used in clinical practice has 
been reported in other chapters of this book and 
previously elsewhere [ 31 ]. Here, we will examine 
new radiotracers currently tested in preclinical 
settings, with particular emphasis on probes 
undergoing “fi rst-in-human” exploratory trials. 

 Currently, many promising candidates are 
challenging the translational pipeline (Table  5.3 ). 
[ 18 F]-GE-180 (S-N,N-diethyl-9-(2-fl uoroethyl)-
5-methoxy 2,3,4,9-tetrahydro-1H-carbazole-4- 
carboxamide) is a tricyclic compound that binds 
with high-affi nity to the activated glial cells 
marker translocator protein (TSPO 18 kDa), 
which dramatically increases after a neural 
injury [ 32 ]. Since neuroinfl ammation is involved 
in many neurodegenerative pathologies (e.g., 
multiple sclerosis, Parkinson’s disease, stroke), 
molecular imaging of reactive glial cells is an 
important tool for both diagnosis and therapy 
monitoring with potential widespread diffusion 
in neurology and neuroscience [ 37 ]. [ 18 F]-GE- 180 
has some advantages compared to the standard 
TSPO marker [ 11 C]-(R)-PK11195, which has a 
low target-to- background contrast and low spec-
ifi city and requires an on-site cyclotron for  11 C 
labeling [ 38 ]. In fact, [ 18 F]-GE-180 showed good 
metabolic stability and higher target uptake and 
specifi city than [ 11 C]-(R)-PK11195 after admin-
istration in rats [ 32 ]. Moreover, [ 18 F]-GE-180 
performed better in micro-PET imaging experi-
ments than [ 11 C]-(R)-PK11195 in a model of 

LPS-induced neuroinfl ammation in rats [ 39 ] and 
showed higher ipsilateral TSPO uptake and 
lower contralateral background noise than 
[ 11 C]-(R)-PK11195 in a rat stroke model (middle 
cerebral artery occlusion) [ 40 ]. Specifi city 
in vivo was confi rmed by ex vivo autoradiogra-
phy, binding experiments, and immunohisto-
chemical stainings for activated microglia and 
astrocytes. Finally, a GMP-compliant, auto-
mated FASTlab synthesis and radiolabeling 
procedure has been already established (radio-
chemical yield 50 %, purity >95 %, specifi c 
activity 700–2000 GBq/μmol, high reproducibil-
ity across different radiopharmacies), in compli-
ance with clinical human trial requirements [ 41 ]. 
[ 18 F]-GE-180 has already undergone a phase I 
trial in healthy volunteers and patients with mul-
tiple sclerosis (clinical trial code: NCT01738347), 
and a phase II trial in Alzheimer’s disease 
patients is being planned. [ 124 I]-CLR1404 
(18-(p-iodophenyl) octadecyl phosphocholine) 
is an alkylphosphocholine analog that accumu-
lates in lipid rafts, highly abundant in cancer 
cells, allowing tumor imaging and therapy (in 
case of radioiodination with  131 I) [ 33 ]. Preclinical 
PET data showed high and selective uptake in a 
broad range of tumors, including glioblastoma 
and colon, breast, and pancreatic cancers. 
Particularly for glioma, [ 124 I]-CLR1404 was 
found to be more specifi c for detecting brain 
lesions than the gold standard [ 18 F]-FDG after 
administration in patients [ 33 ]. In fact, while 
FDG accumulates also in the normal brain and 
infl ammatory cells, [ 124 I]-CLR1404 levels are 
high only in cancer cells, drastically increasing 
target-to- background contrast and therefore 
specifi city of detection. Moreover, after radioio-
dination with  131 I, CLR1404 acts as a potent ther-
anostic agent, showing radiation therapy effi cacy 
in mouse xenograft tumor models [ 33 ]. In pre-
clinical models of head and neck human cell-
derived xenografts, [ 131 I]-CLR1404 in 
combination with external beam radiation ther-
apy showed greater effi cacy in reducing tumor 
growth than external radiation alone [ 42 ]. In a 
recent phase I human trial (clinical trial code: 
NCT00925275), [ 131 I]-CLR1404 administration 
in solid tumor patients didn’t cause any severe 
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adverse health effect and showed high stability of 
the radiopharmaceutical with no release of the 
isotope [ 43 ]. Dosimetry estimates obtained from 
SPECT images revealed that after administration 
of 740 MBq, the bone marrow is the dose-
limiting organ (400 mSv). [ 18 F]-MNI-659 
(2-(2-(3-(4-(2-fl uoroethoxy)phenyl)-7-methyl- 
4-oxo-3,4-dihydroquinazolin-2-yl)ethyl)-
4- isopropoxyisoindoline- 1,3-dione) targets 
phosphodiesterase 10 A, an enzyme catalyzing 
the production of cyclic AMP, highly abundant in 
the medium spiny neurons of the corpus striatum 
[ 34 ]. Since medium spiny neuron degeneration is 
an early event in several human neurodegenera-
tive diseases, including Parkinson and 
Huntington, [ 18 F]-MNI-659 may have broad 
applications in neurology [ 44 ]. After preclinical 
validation in nonhuman primates, [ 18 F]-MNI-659 
was administered to healthy subjects showing 
high uptake in the striatum, fast clearance, and 
favorable dosimetry, with an effective dose of 
0.024 mSv/MBq [ 34 ]. A subsequent trial in 
Huntington patients revealed that [ 18 F]-MNI-659 
was capable of discriminating between different 
stages of the pathology, detecting also striatal 
degeneration in pre-Huntington patients [ 45 ]. PET 
imaging fi ndings were confi rmed by neurological 
assessments, with a strong inverse correlation 
between uptake and motor defi cits. [ 64 Cu]-FBP8 
is a short, cyclic peptide (FHC( L- 4- 
hydroxyproline)( L -3-chlorotyrosine)DLCHIL- 
para- xylenediamine) conjugated with two 
NODAGA chelators (1,4,7-triazacyclononane,1- 
glutaric acid-4,7-acetic acid) that binds with high- 
affi nity (400 nM) to fi brin, the main component of 
human thrombi [ 35 ]. [ 64 Cu]-FBP8 is produced in 

quantitative radiochemical yield (purity >99 %) 
with a specifi c activity of 6–12 GBq/μmol, has 
high metabolic stability (>90 % intact probe up 
to 4 h after intravenous administration in rats), 
has low affi nity for fi brinogen and plasma pro-
teins, and is cleared mostly by kidneys (plasma 
half- life: 14 min), features that make [ 64 Cu]-
FBP8 a potential candidate for translation in 
clinical imaging of thrombosis. Thrombosis is 
the underlying cause of many cardiovascular dis-
eases, including heart attack, stroke, deep vein 
thrombosis, and pulmonary embolism, which are 
leading causes of morbidity and mortality. Current 
diagnostic strategies rely on imaging modalities 
that are specifi c for distinct vascular territories, 
but a thrombus-specifi c whole-body imaging 
approach is still missing. Nonetheless, thrombo-
embolic events such as stroke and pulmonary 
embolism would benefi t from an imaging strat-
egy capable of detecting the source thrombus 
and the culprit embolus with a single scan. When 
tested in a rat model of carotid artery thrombo-
sis, [ 64 Cu]-FBP8 showed high target uptake and 
low off-target background, revealing thrombus 
location at both early and late time-points with 
high conspicuity. [ 64 Cu]-FBP7, a close analog of 
[ 64 Cu]-FBP8, detected extracranial and intracra-
nial emboli in a model of embolic stroke in rats 
and allowed to visualize and quantify clot bust-
ing after administration of the thrombolytic drug 
recombinant tissue plasminogen activator (rtPA) 
[ 46 ]. A single whole-body PET/MRI scan was 
suffi cient to pinpoint the location of multiple 
thrombi (carotid artery and femoral vein) after 
[ 64 Cu]-FBP8 administration in rats, confi rming 
the potential of this new diagnostic strategy to 

   Table 5.3    New radiopharmaceuticals with clinical translation potential   

 Radiopharmaceutical  Biological target  Application in neurology 

 [ 18 F]-GE-180 [ 32 ]  Translocator protein 
 18 kDa (TSPO) 

 Microglia (neuroinfl ammation) 

 [ 124 I]-CLR1404 [ 33 ]  Cholesterol-rich lipid rafts  Cancer stem cells (glioblastoma) 

 [ 18 F]-MNI-659 [ 34 ]  Phosphodiesterase 10A  Early striatal degeneration 
(Huntington, Parkinson) 

 [ 64 Cu]-FBP8 [ 35 ]  Fibrin  Thrombosis, thromboembolism 
(stroke) 

 [ 11 C]-Martinostat [ 36 ]  HDACs 1–3, 6  Epigenetics (neural plasticity, memory, 
and aging) 
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detect thrombosis in different body parts without 
the need of multiple examinations that can delay 
therapeutic interventions [ 47 ]. Moreover, probe 
uptake was greater in younger clots than in older 
ones and this was consistent with the amount of 
fi brin in these thrombi, showing that [ 64 Cu]-
FBP8-PET may provide insight into clot com-
position and perhaps guide therapeutic 
strategies (i.e., thrombolysis vs. thrombec-
tomy). Finally, human dosimetry estimates 
from rat biodistribution revealed an effective 
dose of 0.022 mSv/MBq for male and of 
0.027 mSv/MBq for female, suggesting a low 
risk of radiogenic adverse health effects [ 48 ]. 
First-in-human clinical trials are scheduled 
for early 2016. [ 11 C]-Martinostat ((E)-3-(4-
((((3r,5r,7r)-Adamantan-1-ylmethyl)(methyl)
amino)methyl)-phenyl)-N- hydroxyacrylamide) 
is a hydroxamic acid with high brain penetration 
that targets the epigenetic key-modulator 
enzymes histone deacetylases (HDACs) [ 49 ]. 
HDACs are a family of enzymes involved in 
chromatin modifi cation and epigenetic regula-
tion of gene expression. Epigenetic dysregula-
tion is implicated in several neurological and 
psychiatric conditions including neurodegener-
ative diseases, brain cancer, addiction, schizo-
phrenia, and depression; therefore, HDAC 
imaging may be a valuable tool for both diagno-
sis and therapy monitoring [ 50 ]. [ 11 C]-Martinostat 
showed high target selectivity and nanomolar 
affi nity for HDAC 1–3 and 6 in vitro (binding to 
recombinant enzyme) and ex vivo (blocking 
studies via autoradiography on rat brain sec-
tions) [ 49 ]. In vivo PET imaging conducted on 
rodents and nonhuman primates (baboons) 
revealed high brain penetration and target 
uptake, which was reverted by administration of 
the nonradioactive analog  12 C-Martinostat and 
the HDACs inhibitor CN54. Pharmacokinetic 
analyses showed that [ 11 C]-Martinostat has a 
fast arterial plasma clearance (peak 1 min after 
intravenous injection) and reaches maximum 
brain occupancy 20 min postinjection [ 36 ]. 
Volumes of distribution estimated from a two-
compartmental model revealed values ranging 
from 30 to 55 mL/cc, with the highest radioac-
tivity concentrations detected in the cortical 

regions, cerebellum, basal ganglia, and thala-
mus. Fast uptake of the probe from the blood-
stream, high blood-brain barrier permeability, 
and slow washout kinetics further support clini-
cal translation of [ 11 C]-Martinostat to quantify 
HDAC expression in the brain. [ 11 C]-Martinostat 
is currently being tested in healthy volunteers at 
Massachusetts General Hospital (Boston, USA).

5.3        Combined Use of MRI 
Contrast Agents 
and Radiopharmaceuticals 
for Hybrid Imaging 

 Hybrid PET/MR imaging is a tremendous tool 
for neurologists and neuroscientists to investi-
gate normal physiology and pathologies of the 
brain. In fact, MRI is the top diagnostic imaging 
modality to assess brain morphology and FDG-
PET represents the most common imaging strat-
egy to evaluate brain metabolism. The clinical 
introduction of PET/MR integrated scanners has 
been a game changer in the fi eld of medical 
imaging, particularly for neurologic applica-
tions. In fact, simultaneous MRI and PET acqui-
sition offers several advantages compared to 
stand-alone modalities by providing comple-
mentary information about brain’s anatomy, 
physiology, metabolism, and biochemisty [ 51 , 
 52 ]. PET/MRI combines the exquisite anatomic 
details and high soft tissue contrast of MR with 
the high- sensitivity and absolute quantitative 
capabilities of PET, offering several advantages 
compared to the two modalities individually. 
Compared to PET/CT, the gold standard in clini-
cal practice, PET/MRI exposes the patients to 
lower radiation risks (>50 % less ionizing radia-
tion); has better tissue-to-noise contrast in the 
abdomen, pelvis, and brain; and can take advan-
tage of several MR sequences and contrast media 
that may facilitate diagnosis and therapeutic 
choice [ 53 ]. Unlike hybrid PET/CT, PET/MRI 
can be performed simultaneously, offering spa-
tial and temporal correlation of both signals and 
dynamic contrast enhancement. In clinical prac-
tice, PET/MR imaging using radiopharmaceuti-
cals and MRI sequences without contrast media 
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enhancement has been gaining an important role 
for investigating and diagnosing brain patholo-
gies [ 54 ]. For dementia imaging (e.g., 
Alzheimer’s disease, mild cognitive impair-
ments), PET may be used to assess hypometabo-
lism (e.g., [ 18 F]-FDG) and amyloid deposition 
(e.g., [ 11 C]-Pittsburgh compound B, 
[ 18 F]-Florbetapir), while MR sequences can pro-
vide anatomical information on brain atrophy 
(T1/T2), white matter abnormalities (DTI), and 
cerebral perfusion and blood fl ow (ASL) [ 55 ]. 
For Parkinson’s disease, dopaminergic system 
dysregulation can be imaged using [ 18 F]-DOPA 
or [ 11 C]-Raclopride (receptor agonist and antag-
onist, respectively), and [ 18 F]-FP/CIT (presynap-
tic dopamine transporter), while striatal increase 
of water diffusion (DWI) and iron accumulation 
(T2w, T2*) are MR markers of neuronal degen-
eration. Neuropathic pain can be evaluated by 
targeting the opioid system ([ 11 C]-Diprenorphine) 
and assessing functional hemodynamic response 
(fMRI) elicited by painful stimuli [ 56 ]. Thus, 
PET/MR imaging workup is now well consoli-
dated and suited for longitudinal studies to 
examine the change of dynamic biomarkers and 
monitor disease progression. As an example, a 
recent 10-year long trial conducted on 
Alzheimer’s disease patients showed that dis-
tinct phases of the pathology can be effi ciently 
imaged using PET/MR biomarkers [ 57 ], provid-
ing information relevant not only to assess dis-
ease progression but also to monitor therapeutic 
effi cacy. Differently, the combined use of PET 
radiopharmaceuticals and MR contrast agents is 
still limited, and just few examples can be found 
in recent clinical and basic science studies. Two 
recent clinical trials on glioma patients revealed 
good correlation between tumor metabolism 
([ 18 F]-FET, amino acid metabolism) and blood 
volume (gadolinium-enhanced MRI) but poor 
colocalization between highly perfused and 
hypermetabolic areas [ 58 ,  59 ], providing com-
plementary information about tumor heteroge-
neity. Another application of contrast-enhanced 
PET/MRI in neuro-oncology is the evaluation of 
blood-brain barrier disruption and metabolism. 
Larson and colleagues showed that multipara-

metric DCE-MRI and [ 18 F]-FDG-PET may help 
to discriminate tumor recurrences from radiation 
damage [ 60 ]. In fact, while recurrences are char-
acterized by high [ 18 F]-FDG uptake and altered 
permeability due to blood-brain barrier disrup-
tion, areas with low metabolism but high perme-
ability may be suggestive of lesions induced by 
radiation injury. In the preclinical fi eld, molecu-
lar MRI using USPIO particles and [ 11 C]-
PK11195 PET were used to image chronic 
neuroinfl ammation after experimental stroke in 
rats [ 61 ]. USPIO imaging shows areas with high 
phagocytic activity (i.e., macrophages), while 
[ 11 C]-PK11195 is a marker of activated glial 
cells (microglia and astrocytes). Multimodal 
analysis revealed that phagocytic activity 
(USPIO positive) was associated with tissue 
necrosis while tissue displaying only non-phago-
cytic infl ammation ([ 11 C]-PK11195-positive) 
remained viable for several weeks after the 
onset, revealing diagnostic potential for this 
strategy to predict long- term tissue outcome 
after stroke. In a rat model of glioblastoma, 
sequential PET/MRI was used to visualize tumor 
metabolism ([ 18 F]-FDG), hypoxia ([ 18 F]-FAZA), 
and morphology (gadolinium- DTPA) [ 62 ]. 
Multiparametric imaging results were confi rmed 
by ex vivo assessments, showing the feasibility 
of this multimodal approach to investigate non-
invasively tumor biology. Another potential 
PET/MRI application involves the use of dual, 
bimodal probes targeting the same molecular 
moiety. Uppal and colleagues pioneered this 
methodology by labeling the MR fi brin-binding 
probe EP-2104R with  64 Cu [ 63 ]. The resulting 
dual fi brin-targeting probe showed good feasi-
bility to detect arterial clots after experimental 
thromboembolism in rat, allowing simultaneous 
PET/MR molecular imaging of thrombosis. 
Lewis and collaborators developed a manganese-
based dual-modality reporter gene to track stem 
cell traffi cking in the brain [ 64 ]. Manganese-
enhanced MRI successfully revealed the loca-
tion of stem cells transplanted in the rat’s brain, 
but authors found low PET [ 55 ] Mn uptake, 
detectable only by high-sensitivity ex vivo 
 autoradiography. In summary, combined, 
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contrast- enhanced molecular PET/MRI is still a 
young technology that has been mainly used in 
neurology to assess tumor perfusion and metab-
olism. Targeted neuro PET/MR imaging is still 
mainly limited to PET tracers, while molecular 
MR imaging has not been implemented for 
patient imaging yet. Further studies are needed 
to fully exploit the diagnostic potential of com-
bined molecular PET/MRI.  

5.4     Final Remarks 

 Contrast media have gained a fundamental role in 
diagnostic imaging because of their ability to 
enhance radiological images and to provide multi-
parametric information about physiology, metabo-
lism, and molecular targets. Contrast agents for 
magnetic resonance and nuclear imaging are indis-
pensable tools for radiological assessments, and 
their use is increasing exponentially together with 
the diffusion of new diagnostic strategies and tech-
nologies. Although there have been terrifi c 
advancements in the fi eld over the past 30 years, 
chemists and molecular imagers still have to face 
several challenges to improve the perks and to 
limit some of the pitfalls of contrast media [ 65 ]. 
Because of the inherent limited sensitivity of MR 
imaging, grams of contrast agents are usually 
administered to patients, raising potential toxicity 
risks. New gadolinium- and iron-loaded nanosys-
tems, manganese-based agents, CEST and hyper-
polarized probes, and new  19 F carriers may 
increase MR sensitivity and limit toxicity- related 
drawbacks. On the other side, potential radiogenic 
adverse effects always need to be taken into 
account for nuclear imaging probes, especially for 
those agents labeled with long- lived isotopes. The 
development of radiopharmaceuticals with 
improved pharmacokinetics and radiation dosim-
etry will be pivotal to support the diffusion of new 
nuclear imaging strategies. Finally, the design of 
specifi c combinations of magnetic resonance and 
nuclear imaging contrast agents for multimodal 
assessments (e.g., PET/MRI) may contribute to 
the diffusion in clinical practice of new diagnostic, 
molecular imaging approaches.     
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6.1          Neuropathology 
of Dementia 

 The word “dementia” derives from the Latin “de 
mens,” meaning “without mind.” This condition 
is referred to a wide spectrum of symptoms 
encompassing for memory impairment, personal-
ity changes, and emotive dysregulation [ 1 ]. For 
the majority of these cases (about 6–7 % in peo-
ple aged 65 years and older) [ 2 ], the etiology and 
pathogenesis are not fully recognized. 

 Although clinical cognitive assessment repre-
sents the fi rst and crucial step in the diagnostic 
patient’s workfl ow, neuropathological examination 
is needed to characterize dementia subtypes, repre-
senting the “gold standard” in dementia diagnos-
tics. This approach consists in a macro- and 
microscopic investigation of the brain post- mortem, 
although brain biopsy from a living patient can be 
considered a possible alternative, even if not justi-
fi ed in terms of risk/effectiveness [ 3 ]. 

 Brain tissues can be stained with conventional 
(such as hematoxylin-eosin, Congo red, or differ-
ent silver stains) and immunohistochemical (IHC) 

procedures. By IHC, specifi c abnormally confi g-
ured proteins (e.g., tau, β-amyloid, α-synuclein, 
ubiquitin, transactivation- responsive DNA-
binding protein 43 (TDP-43), or fused in sarcoma 
(FUS)) can be easily visualized and used as 
marker of dementia subtypes, grouped according 
to it, in “tauopathies,” “synucleinopathies,” “TDP-
43 proteinopathies,” and “FUS proteinopathies” 
[ 4 – 6 ] (see Table  6.1  for further details).

6.2        The Neuropathology 
of Alzheimer Disease 

 Typical macroscopic fi ndings are represented by 
symmetric and diffuse cortical atrophy with ven-
tricle enlargement. Depigmentation of the 
noradrenaline- producing pontine nucleus locus 
coeruleus (LC) is also frequently observed. 
Neurodegeneration spreads from the medial tem-
poral lobe, containing the hippocampus and ento-
rhinal cortex, and early involved by Alzheimer 
disease (AD) progression, to the temporal, the 
parietal, and eventually the occipital and frontal 
lobes in cases with a more severe impairment [ 7 ]. 

 Typical microscopic fi ndings are repre-
sented by neurofi brillary tangle (NFT) and 
neuritic plaque (NP) and in more severe cases 
by cortical neuronal loss and gliosis. These 
histological alterations are generally stained 
by IHC for hyperphosphorylated tau and 
β-amyloid aggregations. 
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 Few neuropathological systems are commonly 
used for AD staging, based on the topographic 
distribution of the microscopic lesions [ 8 ,  9 ], the 
semiquantitative assessment of NP frequency 
[ 10 ], or a combination of Braak and Consortium 
to Establish a Registry for Alzheimer’s Disease 
(CERAD) grading scores, resulting in a likeli-
hood rating for AD [ 11 ].  

6.3     The Neuropathology 
of Vascular Dementia 

 Vascular dementia (VaD) is a heterogeneous condi-
tion that includes different forms depending from 
the vessel diameter (large- or small-vessel variants) 
or the pathogenetic mechanism (e.g., hypoxic 
hypoperfusion) determining vascular injury. 
Strategically located infarcts, like in thalamus or 
hippocampus, can determine cognitive impair-
ment, not strictly dependent by the lesion size. 

 Due to high heterogeneity of histological 
alterations, no consensus statements exist for 
neuropathological staging systems in VaD.  

6.4     The Neuropathology of Lewy 
Body Disease 

 Two major forms of Lewy body disease (LBD) 
exist: “dementia with Lewy bodies” (DLB) and 
“Parkinson’s disease with dementia” (PDD). 

These subtypes are both macroscopically charac-
terized by mild cortical atrophy, mainly in the 
frontal lobes, and by depigmentation of the LC 
and the substantia nigra and differentiated by par-
kinsonism symptoms. 

 Microscopically, the peculiar lesion is repre-
sented by Lewy body (LB) inclusions, positive- 
stained with α-synuclein antibodies. LB 
alterations early involve brainstem to spread in 
more severe cases to limbic structures and the 
neocortex. 

 Two neuropathological staging systems are 
commonly used for LBD: CDLB05 [ 12 ] and 
Braak PD system [ 13 ]. The former, divided in 
four stages, is a semiquantitative assessment 
that takes into account spatial distribution of 
Lewy- related pathology (no LBD, brainstem- 
predominant, limbic/transitional, or diffuse 
neocortical LBD). The latter, based on the 
topographic distribution of Lewy-related 
pathology, stratifies LBD patients in seven 
stages, 0 to six.  

6.5     The Neuropathology 
of Frontotemporal Lobar 
Degeneration 

 Frontotemporal lobar degeneration (FTLD) is a 
heterogeneous group of pathologies, com-
muned by macroscopic frontal and/or temporal 
lobe atrophy and microscopic neuronal loss and 

   Table 6.1    Molecular features of dementias   

 Marker  Histological alteration  Pathology 

 Tau  Neurofi brillary tangle (NFT) and 
neuritic plaques (NP) 

 Alzheimer disease (AD) 
 Frontotemporal lobar degeneration (FTLD) variants, 
including Pick’s disease (PiD), corticobasal 
degeneration (CBD), and progressive supranuclear 
palsy (PSP) 

 β-Amyloid  NP cores and in small-vessel walls  Alzheimer disease (AD) 
 Cerebral amyloid angiopathy (CAA) 

 α-Synuclein  Lewy bodies (LB) and 
Lewy neurites 

 Parkinson’s disease (PD) 
 Lewy body disease (LBD) 
 Multiple system atrophy (MSA) 

 Ubiquitin/p62  NFT, NP, LB  Tau-negative FTLD 
 Amyotrophic lateral sclerosis (ALS) 

 TDP-43  Ubiquitin/p62-positive intracellular 
inclusions 

 Tau-negative FTLD 
 Amyotrophic lateral sclerosis (ALS) 

 FUS  Intracellular inclusions  FTLD variants 
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gliosis [ 7 ]. According to IHC staining, FTLD 
subtypes may be divided into “tauopathies,” 
“TDP-43 proteinopathies,” “FUS proteinopa-
thies,” and other minor forms. Also in this case, 
due to high heterogeneity of FTLD family, no 
consensus statements exist for neuropathologi-
cal staging systems.  

6.6     FDG-PET Applications 
and Findings in Dementia 

 Positron emission tomography (PET) with 
2-[fluorine- 18]fluoro-2-deoxy-d-glucose 
(FDG) is a highly useful imaging modality for 
the diagnosis of neurodegenerative disorders 
[ 14 – 19 ]. FDG is an analog of glucose, the main 
energy substrate of the brain. After uptake and 
phosphorylation by hexokinase, FDG becomes 
trapped in neurons, allowing imaging and mea-
surement of the cerebral metabolic rate for glu-
cose, which is closely related to neuronal and 
synaptic function [ 14 – 16 ]. Characteristic pat-
terns of altered metabolism seen at fl uorodeox-
yglucose-PET (FDG-PET) can markedly 
improve the clinical diagnosis for specifi c types 
of dementia such as frontotemporal dementia 
(FTD), AD, and DLB, each of which has char-
acteristic metabolic signatures, although there 
is some overlap. After performing anatomic 
imaging concurrently with biochemical and 
laboratory investigations to exclude secondary 
causes, FDG-PET is the most widely available 
and useful biomarker to detect early neurode-
generative dementia, differentiate neurodegen-
erative dementias [ 20 ], or suggest comorbidity 
of other neurodegenerative diseases identifying 
the cause of cognitive impairment.

  In healthy subjects, the most intense FDG 
uptake occurs in the subcortical putamen, cau-
date nucleus, and thalamus, followed by high 
uptake in the cortical gray matter. The globus pal-
lidus typically demonstrates mild uptake, and the 
white matter is relatively photopenic. In the 
workup of patient with dementia, two key struc-
tures should be actively sought and evaluated: the 
cingulate gyrus and the overlying precuneus cor-
tex. However, it is important to review the ana-
tomic images before interpreting the PET study. 

Structural lesions may confound the interpreta-
tion; hence, proper inspection of the anatomic 
images will prevent false-positive errors, while in 
the absence of anatomic structural changes, the 
risk of false-positive is low and FDG-PEt allows 
early and differential diagnosis among neurode-
generative dementia. 

 A small study in which 14 AD patients were 
compared with 16 mild cognitive impairment 
(MCI) patients found that the former group had 
reduced cerebral glucose metabolism in the 
 posterior cingulate cortex, precuneus, and infe-
rior parietal and middle temporal lobes, whereas 
in MCI patients, hypometabolism occurred only 
in the posterior cingulate gyrus [ 21 ]. 

 In one multicenter study, 548 elderly sub-
jects—including 110 healthy subjects—under-
went FDG-PET. Disease-specifi c patterns 
allowed correct classifi cation in 95 % of 
patients with AD, 92 % of patients with DLB, 
94 % of patients with FTD, and 94 % of healthy 
subjects [ 22 ]. 

 A meta-analysis of 24 studies involving 1112 
patients confi rmed the ability of FDG-PET to 
help predict the conversion of MCI to Alzheimer 
disease [ 23 ]. FDG-PET can depict glucose meta-
bolic changes that not only precede but also 
exceed the degree of atrophy as determined with 
volumetric MR imaging, including voxel-based 
morphometry [ 24 ,  25 ]. 

 In the following, the characteristic metabolic 
patterns observed in various cases of dementia 
will be reviewed.  

6.7     Alzheimer Disease 

 AD is the most common cause of dementia and 
FDG-PET plays an important role as biomarker 
since it is described as a “neuronal injury” 
 biomarker [ 26 ,  27 ]. The earliest changes of 
hypometabolism are often seen in the posterior 
cingulate gyrus [ 28 ]. The classic pattern of 
impaired metabolism consists of involvement of 
the posterior cingulate gyri, precuneus, and pos-
terior temporal and parietal lobes [ 29 – 33 ]. With 
respect to the two hemispheres, involvement 
may be asymmetric or unilateral; when inter-
hemispheric asymmetry is present, its direction 
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is consistent across all involved regions. In addi-
tion, in nearly all cases, the posterior cingulate 
gyrus is preferentially involved [ 34 ,  35 ]. In 
moderate-to-severe stages of AD, hypometabo-
lism spreads to the prefrontal association corti-
ces and there may be frontal lobe involvement, 
but the anterior cingulate gyrus is spared and the 
metabolism in the basal ganglia, thalamus, 
 primary sensorimotor cortices, posterior fossa, 
and cerebellum is relatively preserved despite 
disease progression. Because the magnitude of 
glucose metabolic reduction in the medial tem-
poral lobe, including the hippocampus, is not as 
large as that in the posterior temporal or poste-
rior cingulate cortices, a decrease in hippocam-
pal glucose metabolism with progression from 
mild-to-moderate-stage AD is not usually dem-
onstrated [ 36 ] despite obvious hippocampal 
atrophy at the early stage. 

 FDG-PET studies of AD dementia can be 
aimed not only at improving diagnosis, prognos-
tic assessment, and/or therapeutic management of 
the disease but also at elucidating neurological 
substrates, either of fundamental pathophysiology 
or of associations observed between disease and 
genetic or environmental factors [ 37 ]. Using PET 
to assess cerebral glucose metabolism, Alexander 
at al. [ 38 ] compared AD patients matched for 
demographic characteristics and dementia sever-
ity but differing in estimated pre- AD intellectual 
ability, as defi ned by demographic- based intelli-
gent quotient (IQ) estimates, as well as by perfor-
mance on a test of reading words: they found that 
estimated IQs were inversely correlated with 
cerebral metabolism in the prefrontal, premotor, 
and left superior parietal regions. Figure  6.1  
shows PET/MR images depicting the progression 
of temporal atrophy and hypometabolism at dif-
ferent stages of cognitive impairment. Also, 
genetic risk factor has been identifi ed: the apoli-
poprotein E gene (APOE) is a risk factor for late-
onset AD, while the APOE ε4 allele [ 39 ] increases 
the risk and decreases the average age of dementia 
onset. Patients with early-onset AD who were 
APOE ε4-positive showed a signifi cant decrease 
in glucose metabolism in the medial temporal 
lobe compared with patients with APOE 
ε4-negative AD [ 40 ]. By contrast, in the late-
onset group, there were no differences in the glu-

cose  metabolic reduction patterns between 
patients with APOE ε4-positive and APOE 
ε4-negative AD. These fi ndings suggest that the 
APOE genotype has a differential effect on the 
distribution of glucose metabolism.

6.8        Dementia with Lewy Bodies 

 DLB is the second most common neurodegenera-
tive disorder in patients over 65 years of age and 
manifests with a pattern of bilateral parietal and 
posterior temporal hypometabolism and poste-
rior cingulate gyral hypometabolism  similar to 
that seen in Alzheimer disease  [ 41 – 43 ]. However, 
there can also be associated involvement of the 
occipital lobes, which are spared in Alzheimer 
disease [ 44 – 46 ]. If the occipital cortex is not 
involved, AD and DLB cannot be distinguished 
on the basis of their FDG metabolic signatures. 
These fi ndings are also seen in patients with 
Parkinson’s disease (PD) and PD with dementia 
[ 47 ] because DLB and PD with dementia are in 
the same disease entity,  involving spread of Lewy 
bodies in the cerebral cortices: in this case, the 
differential diagnosis can be made through clini-
cal symptoms that are slightly different.  

6.9     Frontotemporal Lobe 
Degeneration 

 Frontotemporal lobe degeneration is a heteroge-
neous group of diseases involving frontal and/or 
anterior temporal lobe degeneration and associ-
ated dementia. Frontotemporal lobe degeneration 
includes FTD, semantic dementia, and progres-
sive nonfl uent aphasia. In FTD, frontal and ante-
rior temporal glucose  metabolism is decreased, 
though the medial temporal region and the sub-
cortical structures, including the striatum and 
thalamus, are also affected [ 48 ]. Metabolic and 
atrophic changes occur in the bilateral frontal and 
temporal lobes, whereas the affected regions of 
metabolism are larger and more severe than those 
of atrophy in the frontal lobe [ 49 ]. In patients 
with semantic dementia, asymmetrically severely 
decreased temporal metabolism can be demon-
strated on FDG-PET images. These areas can 
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spread to the frontal and parietal cortices, though 
the degree of metabolism alteration is not as 
marked as in the anterior temporal cortices. 
Figure  6.2  shows PET/MR images of FT 
dementia.

6.10        Vascular Dementia 

 Vascular dementia is diagnosed with clinical 
symptoms and by detecting vascular lesions 
demonstrated by morphologic imaging, such as 
CT or MR [ 50 – 53 ]. As such, pure vascular 
dementia is not a PET-applicable dementia. 

However, vascular dementia is sometimes asso-
ciated with AD or other neurodegenerative 
pathology, and these patients should be  examined 
with FDG-PET to determine the comorbidity of 
AD or other  neurodegenerative pathology. More 
likely,  hypometabolism related to stroke is 
encountered incidentally in patients undergoing 
routine PET for oncologic indications when at 
least a portion of the involved area is within the 
fi eld of view. The typical pattern consists of 
hypometabolism with abrupt margins in the ter-
ritory of either the anterior, middle, or posterior 
cranial arteries, usually with evidence of enceph-
alomalacia in the corresponding region on the 

Cognitively normal

MCI

Mild AD

Severe AD

D
isease    progression

  Fig. 6.1    PET/MR imaging showing the progression of temporal atrophy and hypometabolism at different stages of 
cognitive impairment (Images are courtesy of IRCCS SDN, Naples)       
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CT images [ 52 – 54 ]. If the frontal lobe or internal 
capsule is involved, hypometabolism in the con-
tralateral cerebellum may be seen due to crossed 
cerebrocerebellar diaschisis.  

6.11     Structural Markers 

 Structural imaging has been receiving increasing 
interest as biomarker for cognitive impairment. 

 MRI is generally regarded as superior tool for 
brain imaging, as compared with CT; the main 
reason is the better soft tissue contrast of MR 
and, in addition, there are no ionizing radiations. 
Nevertheless, CT can be used for the evaluation 

of the brain atrophy in individuals who cannot 
receive MRI [ 58 ]. 

 The clinical use of structural brain imaging 
confers substantial assistance in the early diagno-
sis of AD and is recommended for dementia 
diagnosis by major working groups involved in 
AD study [ 57 ,  58 ]. 

 Hippocampal atrophy is a well-established 
early marker of AD [ 57 ] that correlates with 
impairments in memory function [ 56 ]. 
Furthermore, AD leads to progressive loss of brain 
volume throughout the cerebral cortex and other 
areas that is signifi cantly greater in AD patients 
than age-matched controls and that correlates with 
the rate of cognitive deterioration [ 55 ]. 

T1-w T1w-MR/PET FDG-PET

T1-w T1w-MR/PET FDG-PET

  Fig. 6.2    PET/MR images of FT dementia. Male, 66 
years old with diagnosis of frontotemporal dementia. 
Images show the typical FT dementia pattern: hypome-

tabolism and atrophy of frontal ( top ) and temporal lobes 
( bottom ); preserved metabolism of occipital and parietal 
cortices (Images are courtesy of IRCCS SDN, Naples)       
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 Recent studies are focusing on a fi ner analy-
sis where the hippocampus structure is charac-
terized beyond its volume. In particular, 
hippocampal shape and subfi eld analysis are 
shown to be more sensitive in predicting patho-
logical alterations [ 55 ]. 

 Although the hippocampal and the whole 
brain atrophy rates are the most established struc-
tural markers for dementia progression, the esti-
mation of the cortical thickness could represent a 
marker more specifi cally related to the evolution 
of AD and might be useful to evaluate the effi -
cacy of new disease-modifying therapies [ 56 ]. 

 On MR, white matter hyperintensities (WMH) 
and lacunas, frequently observed in the elderly 
(leukoaraiosis), are generally viewed as evidence 
of small-vessel disease. Fluid-attenuated 
 inversion recovery (FLAIR) T2 weighted is con-
sidered the imaging gold standard for the classifi -
cation and quantifi cation of WMH load. 
Furthermore, diffusion-weighted imaging (DWI) 
can provide suitable information about the timing 
(acute or chronic) of WMH. 

 The Fazekas scale (FS) provides an overall 
impression of the presence of WMH in the entire 
brain. It is mainly scored on FLAIR or simply 
T2-weighted images dividing the white matter in 
periventricular and deep white matter, and each is 
given a grade depending on the size and confl u-
ence of lesions [ 57 ]. The Hachinski Ischemic 
Score (HIS) represents a brief clinical tool helpful 
in the differentiation of vascular dementia (HIS 
>7) [ 58 ]. Figure  6.3  shows a PET/MR study of 
VD with high WMH load, clearly visible in 
FLAIR, and HIS = 8.

6.12        Functional Markers 

 Dementia generally exhibits a specifi c regional 
pattern of altered brain perfusion. 

 In particular, perfusion estimated by arterial 
spin labeling (ASL) MR technique successfully 
revealed brain hypoperfusion in parietal areas 
and in the posterior cingulate cortex [ 59 ]. FTD 
shows frontal lobe hypoperfusion compared 
with AD [ 60 ]. 

 ASL perfusion imaging has been shown to be 
suitable for early diagnosis of neurodegenerative 
diseases [ 59 ] in group comparisons, but it 
remains to determine its diagnostic confi dence in 
individual patients. Moreover, it is interesting to 
exploit PET/MR hybrid imaging to understand 
the relationship between perfusion and glucose 
metabolism [ 61 ,  62 ]. 

 Resting-state functional MRI (rs-fMRI) 
examination could provide further information 
about imaging alterations in dementia. New 
 scenarios have been opened since Raichle intro-
duced the term “default mode network” (DMN) 
to describe the brain function activity pattern 
during rest [ 63 ]. 

 This DMN would include the relatively 
hypermetabolic brain areas of an individual that 
is not focused on any specifi c activity, entailing 
a  relationship with the outside world, but is 
focused on task-independent introspection or 
self-referential thought. DMN is characterized 
by coherent neuronal slow (0.1 Hz) to very slow 
(0.01 Hz) oscillations of fMRI signal. DMN is 
deactivated during goal-oriented activity to 
leave space to other networks, specifi cally 
involved in a given task (so-called task-positive 
networks, or TPN). It is thought that during a 
specifi c task, the deactivated DMN and the TPN 
should be considered opposite elements of a 
single default network with anticorrelated com-
ponents [ 64 ]. The DMN is not the only “low-
frequency resting state.” The DMN is an 
interconnected and anatomically defi ned brain 
system showing a greater Blood Oxygenation 
Level Dependent (BOLD) fMRI activity during 
rest than during any attention- demanding task 
of a number of experimental paradigms [ 65 , 
 66 ]. It has been shown that DMN changes dur-
ing a visual-encoding task and is able during a 
nonspatial working memory task to distinguish 
between healthy aging, MCI, and mild AD. The 
degree of deactivation was lower in AD patients 
than in MCI patients and lower in MCI patients 
than in healthy controls [ 67 ]. By means of a 
simple sensorimotor processing task paradigm 
and fMRI, the decreased DMN activity in the 
posterior cingulate and hippocampus in healthy 
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aging subjects as compared to AD patients was 
sensitive and specifi c enough to differentiate 
between the two conditions and could therefore 
be a promising approach to identify AD [ 68 ]. 

 Regional homogeneity (ReHo) is related to 
local functional connectivity and is another 
promising rs-fMRI metric sensible to alterations 
due to cognitive impairment [ 69 ,  70 ]. 

T2-FLAIR  

T1-w T1w-MR/PET  FDG-PET  

ADC  ASL – CBF map 

CT
 

CT/PET
 

FDG-PET
 

a

b

  Fig. 6.3    Vascular dementia: PET/MR ( a ) vs. PET/CT ( b ), 
male patient, 67 years old, MMSE 17, CDR 2, Hachinski 
Score 8. The Hachinski Ischemic Scale is a tool widely used 
to identify a likely vascular component once a dementia 
diagnosis has been established. It is not itself a validated 

diagnostic tool. A score greater than 7 suggests vascular 
involvement. Main fi ndings in MR/PET are mismatch 
between perfusion and metabolism in frontal area. Decreased 
frontal perfusion in absence of evident glucose metabolism 
in these areas. Images are courtesy of IRCCS SDN, Naples       
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 Regarding simultaneous PET/MR imaging, it 
offers the unique opportunity to study and com-
pare different imaging parameters at the same 
physiological conditions. 

 Aiello et al. [ 71 ] exploit PET/MR imaging to 
explore the relationship between the metabolic 
information provided by resting-state FDG-PET 
and resting-state BOLD fMRI (rs-fMRI) in neuro-
logically healthy subjects. Their results show that 
the correlation between FDG-PET and rs- fMRI is 
signifi cantly high, especially in DMN. Figure  6.4  
depicts a visual comparison between rs-fMRI and 
FDG-PET voxel-wise maps carried out in this study.

6.13        Computer-Aided Diagnosis 

 The diagnostic performance of FDG-PET imag-
ing could be improved exploiting well- established 
algorithms for the processing and analysis of 

PET images. To this aim, anatomic standardiza-
tion of PET image sets is commonly performed 
by investigators to compare brain positron emis-
sion tomography images of different subjects 
voxel by voxel and for intersubject statistical 
analyses. 

 A key step for imaging software is registration 
algorithms. The registration of images aims to 
establish spatial correspondence between differ-
ent modalities or different time points of each 
subjects’ acquisition (co-registration) or between 
the image under examination and a spatial tem-
plate (spatial normalization). 

 In the case of single modality, retrospective 
co-registration needs to be performed for 
visual comparison and voxel-wise analysis. In 
the case of hybrid acquisitions, different 
modalities (mainly PET/MR and PET/CT) 
could be considered intrinsically co-registered, 
but head displacements occurred during the 

PET

DCfALFF

ReHo

  Fig. 6.4    Relationship between FDG-PET- and rs-fMRI- 
derived metrics. These pictures show the results of FDG- 
PET and different resting-state fMRI metrics (ReHO, 
Fractional Amplitude of Low Frequency Fluctuation 

(fALFF), and Degree Centrality (DC)) averaged over 23 
neurologically health subjects simultaneously acquired on 
a PET/MR scanner. For further details and in-depth dis-
cussion, see [ 71 ]       
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time-out between structural and functional 
acquisition could dramatically affect their spa-
tial correspondence. 

 After image acquisition, following tomo-
graphic reconstruction with scatter correction 
and resolution recovery, attenuation correction is 
applied. Post-processing basically consists of 
image reorientation and normalization of uptake. 
Several Computer-Aided Diagnosis (CAD) soft-
ware programs are available for brain image 
interpretation, all of which work on the same 
basic principle [ 72 ]. These programs are all 
designed to standardize brain images to account 
for individual variation in head size and shape 
and achieve correct alignment in the anterior 
commissure-posterior commissure plane. PET 
data are then normalized to a spatial template. 

 Spatial normalization of PET images could 
benefi t from hybrid imaging; in fact, structural 
modalities such as CT and, mainly, MR provide 
more accurate normalization with respect to the 
PEt alone. 

 MRI-aided spatial normalization is more 
accurate than the one performed by using only 
PET images, given the better anatomical infor-
mation and higher spatial resolution of MRI 
images [ 73 ]. Activity in each voxel is then 
 normalized either globally or regionally [ 74 ]. 
Regional normalization is usually performed to a 
selected region (e.g., the cerebellum or pons) that 
is considered unlikely to be affected by the dis-
ease process [ 75 ]. 

 The mapping of data to a brain FDG-PET 
template allows comparison of activity between 
individuals or groups of patients with use of 
 statistical modeling, enabling the display of sig-
nifi cant hypometabolic voxels on either two-
dimensional cross-sectional images or 3D 
surface-rendered images and thereby facilitat-
ing pattern recognition, which is the key to the 
diagnosis. Use of automated voxel-based statis-
tical mapping of the brain has been shown to 
increase diagnostic accuracy [ 76 – 78 ] fi rst devel-
oped the 3D stereotactic surface projection sys-
tem and used Z-score images to aid visual 
inspection of individual FDG images for diag-
nosing Alzheimer disease. The Z-score is the 

number of standard deviations from a database 
of age-matched control subjects ([normal 
mean - predicted value]/normal standard devia-
tion). By using Z-score analysis, the magnitude 
of metabolic reduction across areas with differ-
ent baseline (normal)  metabolic activities can be 
compared and displayed with voxel-based color 
coding. 

 Statistical Parametric Mapping (SPM) is well 
documented, freely available and strongly sup-
ported by brain imaging community [ 79 ]. It 
offers quantitative voxel-by-voxel analysis in 
both functional [ 80 ,  81 ] and structural brain stud-
ies (voxel-based morphometry) [ 82 ]. SPM is the 
most popular method in voxel-based data analy-
sis of functional brain data, for PET, SPECT, as 
well as fMRI. It is currently employed to reveal 
which parts of the brain are signifi cantly acti-
vated by a task for a group of subjects or to fi nd 
out which parts of the brain have a signifi cant dif-
ference in cerebral blood fl ow or metabolism 
between healthy volunteers and patients [ 83 ]. 
First of all, spatial normalization, also known as 
anatomic standardization, was carried out in 
order to transform brain images of individual 
subjects into a standard brain [ 83 ]. Anatomic 
standardization analyzes subject groups, for 
which individual variations are treated statisti-
cally. The examination of a patient image in the 
standardized coordinate system to detect pixels 
above or below the normal range is a special case 
of a group analysis, because the patient is com-
pared with a group of healthy volunteers and the 
result depends on the selection of the volunteers 
[ 83 ]. Spatial normalization uses a two- step 
approach: the affi ne transformation and the non-
linear warps. Firstly, the affi ne transformation 
that best maps the image to a template image in a 
standard space is calculated. The most employed 
templates are the stereotactic Talairach and 
Tournoux atlas (1988) and the Montreal 
Neurological Institute (MNI) template. The latter 
is based on averages of many MRI scans of 
healthy young adults and is used in SPM [ 84 ]. 
Figure  6.5  shows typical results of a normal data-
base comparison of SPM analysis on FDG-PET 
images of AD subject.
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  Fig. 6.5    Typical reporting of a SPM evaluation of FDG 
hypometabolism. ( a ) SPM’s spatial normalization of a 
PET acquisition. PET image of single subject ( right ) nor-
malized on SPM’s PET template in MNI coordinates ( left ). 
( b – c ) SPM results. Maximum intensity projections ( b ) and 
multi-slice overlay of SPM(t) map on MNI space. Voxels 
surviving statistical signifi cance of  p  < 0.001 are shown for 

the contrast patient < database of normality (hypometabo-
lism). On the right of b, the design matrix of the two- 
sample  t -test. Note the typical pattern of AD-related FDG 
hypometabolism. Pictures are rearranged from the report 
of SPM grid service of neu4grid platform (  www.neu-
grid4you.eu    ) funded by DG-CONNECT initiative         
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      Amyloid Imaging in Dementia 
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7.1          Introduction 

 Alzheimer’s disease (AD) is the most common 
cause of cognitive impairment in the elderly that 
it accounts for about 70 % of cases of dementia. 
Less common causes include dementia with 
Lewy bodies (DLB) (about 15 %), frontotempo-
ral lobar degeneration (FTLD) (more common in 
late middle age and the younger elderly), and 
vascular dementia [ 1 ]. AD may occur sporadi-
cally or as a result of rare genetic mutations that 
produce an autosomal dominant form of the dis-
ease. Initially, AD presents with amnesic mem-
ory impairment that progressively worsens with 
concomitant declines in other cognitive abilities 
and behaviors, which lead to the complete func-
tional dependency that defi nes the dementia 
phase of the illness [ 2 ]. 

 The pathological hallmarks of the disease are 
amyloid-β (Aβ) and tau aggregates, synaptic loss, 
and reactive gliosis [ 3 ]. Amyloid plaques are 
most abundant in the frontal cortex, cingulate 
gyrus, precuneus, and lateral parietal and tempo-
ral regions. There are relatively fewer plaques in 
the primary sensorimotor and occipital cortex 
and the mesial temporal areas, in contrast to neu-

rofi brillary tangles, which are present in highest 
density in the mesial temporal areas, including 
the hippocampi [ 4 ]. 

 AD dementia is now considered part of a con-
tinuum of clinical and biological phenomena, in 
which both AD pathological processes and clini-
cal decline occur gradually over decades, with 
dementia representing the end stage. A model to 
explain the sequence of events has been proposed 
in which Aβ pathophysiological processes 
become abnormal fi rst and downstream neuronal 
injury biomarkers become abnormal later [ 5 ]. 
The Aβ protein is produced from the cleavage of 
the amyloid precursor protein (APP) that occurs 
sequentially by the action of α-secretase or 
β-secretase (BACE-1) and γ-secretase. While the 
majority of APP is processed by α-secretase to 
result in non-amyloidogenic cleavage products, a 
proportion is cleaved by β-secretase and 
γ-secretase to result in the formation of Aβ pep-
tides [ 6 ]. The predominant forms of Aβ peptides 
produced are Aβ40 and Aβ42, although Aβ 
aggregates have been shown to be directly toxic 
to neuronal cell cultures, the mechanism by 
which they exert their neurotoxic effects is still 
unclear [ 7 ]. In AD, these pathological processes 
have the early consequences of synaptic dysfunc-
tion and culminate later in neuronal loss. Amyloid 
burden correlates poorly with disease severity, 
suggesting a lesser role for insoluble Aβ fi brils, 
while soluble Aβ oligomers appear to play the 
major part in neurotoxicity [ 8 ]. 
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 In the last few decades, clinical diagnosis of 
AD has been made using the criteria defi ned by 
the Working Group of the National Institute of 
Neurological and Communicative Disorders and 
Stroke and the Alzheimer’s Disease and Related 
Disorders Association [ 2 ]. In this criteria, the 
clinical diagnosis of AD could only be desig-
nated as “probable” while the patient was alive 
and could not be made defi nitively until 
Alzheimer’s pathology had been confi rmed post- 
mortem; and the specifi city of clinical criteria in 
differentiation of AD from other dementias was 
low [ 9 ]. In the  Revised Criteria for the Diagnosis 
of Alzheimer’s Disease  [ 10 ] published in 2011, 
the core clinical criteria for AD continued to be 
essential in clinical practice but biomarkers were 
included to improve pathophysiological specifi c-
ity in the diagnosis. Recently, the  International 
Working Group and the US National Institute on 
Aging-Alzheimer’s Association  described criteria 
for diagnosis of AD, defi ning phenotypes and 
integrated biomarkers into the diagnostic pro-
cess: pathological biomarkers (decreased Aβ 1–42  
with increased T-tau or P-tau in CSF and 
increased retention on fi brillar amyloid PET) and 
topographical biomarkers (volumetric MRI and 
18F-fl uorodeoxyglucose-PET) [ 9 ]. 

 Although the treatment of AD is symptomatic, 
with cholinesterase inhibitors (donepezil, galan-
tamine, rivastigmine) or glutamate moderators 
(memantine), early diagnosis of AD is important 
to differentiate other causes of neurodegenerative 
diseases that cause dementia and to identify the 
patients that may benefi t from treatment. 
Clinicians and patients and their families are 
increasingly seeking more accurate diagnostic 
and prognostic information. Clinical diagnosis 
alone has only moderate accuracy and requires 
the presence of dementia, but specifi c biomark-
ers, such as amyloid imaging, will allow more 
accurate diagnosis and earlier diagnosis when 
patients are only mildly symptomatic.  

7.2     β-Amyloid Radiotracers 

 PET imaging with amyloid tracers provides 
important information about the extent of Aβ 
neuritic plaque burden in the brain; thus, amyloid 

PET is considered as a surrogate marker of brain 
fi brillar amyloid pathology in vivo [ 9 ]. The 
11C-labeled Pittsburg compound B (11C-PIB), a 
thiofl avin T derivated, was the fi rst PET ligand to 
visualize selectively Aβ in living patients [ 11 ]. 
Histopathological studies demonstrated that 
11C-PIB retention was correlated with postmor-
tem fi ndings [ 12 ]. However, the 20-min half-life 
of 11C limits its use to PET centers with a cyclo-
tron despite its potential advantage for research. 
To overcome this limitation, several ligands 
labeled with 18Fluorine (18F), with a 110-min 
half-life, have been developed and replicating the 
results obtained with 11C-PIB. 

 Current amyloid 18F tracers belong to a 
variety of chemical classes such as thiofl avin T 
(18F-fl utemetamol), stilbenes (18F-fl orbetapir 
and 18F-fl orbetaben), and benzofuran deri-
vates (18F-AZD4694) [ 13 – 16 ]. Although 
these tracers differ in how they bind to Aβ 
plaques, they exhibit high-affi nity binding 
for fi brillar amyloid similar to that of 11C-
PIB. Currently, three 18F-labeled amyloid 
tracers have been evaluated in clinical studies 
and approved for use by the Food and Drug 
Administration and the European Medicines 
Agency’s Committee for Medicinal Products 
for Human Use: 18F-fl orbetapir (AMYViD 
TM®), 18F-fl utemetamol (VizamylTM®), and 
18F-fl orbetaben (NeuraCeqTM®). A negative 
brain amyloid scan shows a distinctive pat-
tern of binding in white matter. In contrast, in 
a positive scan, uptake in cortical gray matter 
obscures the normal white matter pattern and 
shows binding extending to the outer edge of 
the brain (Fig.  7.1 ). White matter uptake is 
greater for 18F tracers than for 11C- PIB. In AD 
patients, the average cortical binding is similar 
to or less than the uptake in white matter, in 
contrast to 11C-PIB, which shows uptake about 
30 % higher in cortex than in white matter [ 1 ].

7.3        Aβ Imaging in AD 

 In AD patients, the distribution of 11C-PIB uptake 
refl ects the regional density of Aβ plaques [ 18 ]. 
Different studies have demonstrated, either by 
visual or by quantitative assessment, elevated 
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 cortical retention of 11C-PIB in AD patients com-
pared to healthy controls [ 11 ,  19 ] (Fig.  7.2 ). 
Similarly, other 18F-labeled tracers demonstrated a 
robust difference in cortical retention between AD 
and healthy controls [ 13 ,  20 ]. Recently, Chiotis 
et al. [ 21 ] investigated the role of age in the amy-
loid load of AD patients. In this study,  age-related 

differences between groups were observed only in 
the putamen, where young AD patients showed 
signifi cantly lower amyloid deposition in compari-
son to the older AD patients. This effect was 
observed in all diagnostic groups (healthy control 
(HC), MCI, AD), supporting an important role of 
the striatum in the age-related accumulation of Aβ.

  Fig. 7.1    Representative positive (+) and negative (−) PET 
( top row ) and PET–CT ( down row ) images obtained with 
different Aβ radiotracers. From left to right: 11C- PIB, 

18F-fl orbetapir, 18F-fl orbetaben, and 18F-fl utemetamol 
(From Arbizu et al. [ 17 ], with permission from Elsevier)       

a b c d

  Fig. 7.2    Images of 18F-fl orbetapir PET ( top row ) and 
PET–CT ( down row ). Negative amyloid PET in healthy 
control ( a ) and in MCI patient ( b ) with a contrast between 

white and gray matter. Positive amyloid PET in MCI ( c ) 
and AD ( d ) patients with high cortical retention of tracer 
refl ecting amyloid deposition       
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   Different studies indicate that Aβ imaging 
might allow accurate differential diagnosis of 
dementias [ 15 ,  22 ]. Villemagne et al. [ 15 ] dem-
onstrated the utility of 18F-fl orbetaben to distin-
guish AD from other neurodegenerative 
disorders; specifi cally, 96 % of AD patients and 
60 % of patients with MCI presented cortical 
retention of 18F-fl orbetaben; in contrast, only 
9 % of patients with FTLD, 29 % of patients with 
DLB, 25 % of patients with vascular dementia, 
and 60 % of healthy controls presented cortical 
binding. 

 Interestingly, the regional distribution of 11C- 
PIB is not always the same. Patients with familial 
AD due to presenilin-1 mutations, familial AD, 
and cerebral amyloid angiopathy (CAA) due to 
reduplication of the APP present a very high 
11C-PIB uptake in the striatum and relatively low 
cortical uptake [ 23 ]. This binding pattern is in 
contrast with the extensive cortical Aβ pathology 
found at autopsy in these patients, while the 
explanation for this atypical 11C-PIB pattern is 
not yet clear [ 24 ]. 

 Most studies have found that Aβ binding is not 
associated with dementia severity and hypome-
tabolism once the clinical diagnosis of AD has 
been reached, and there is no correlation between 
11C-PIB binding and disease duration [ 25 ,  26 ]. 
These fi ndings are consistent with the majority of 
clinicopathological studies that have not found a 
strong correlation between Aβ plaque burden and 
AD severity [ 27 ]. Jack et al. [ 28 ] reported that 
longitudinal clinical decline correlated strongly 
with brain atrophy rates but did not correlate with 
Aβ burden.  

7.4     Aβ Imaging in Healthy 
Elderly 

 Neuropathological studies have reported a sig-
nifi cant Aβ deposition in 25–45 % of the healthy 
elderly, and the extent and distribution of Aβ 
pathology may be indistinguishable from that 
found in AD. The prevalence of 11C-PIB positive 
in the healthy elderly increases each decade: at 
60s, the prevalence of positive 11C-PIB is 12 % 
and at 80s increases at least to 50 % [ 1 ]. 

 The ε4 allele of the apolipoprotein E 
(APOE-ε4) is associated with an increased risk of 
developing AD. Different studies demonstrated 
that the prevalence of 11C-PIB positive in the 
healthy elderly is strongly related to the presence 
of the APOE-ε4 allele, carried by 27 % of the 
general population [ 29 ]. In a recent meta- 
analysis, Jansen et al. [ 30 ] described that the age 
at onset of amyloid positivity was associated with 
cognitive status and the APOE genotype and at 
90 years of age, about 40 % of the APOE-ε4 non-
carriers and more than 80 % of APOE-ε4 carriers 
with normal cognition were amyloid positive. 
Elevated 11C-PIB binding in the healthy elderly 
is associated with a greater risk of cognitive 
decline and faster rate of brain atrophy, suggest-
ing that Aβ imaging may be sensitive for detec-
tion of a preclinical AD state [ 31 ]. The rate of Aβ 
deposition increases slowly; in the healthy elderly 
with an 11C-PIB positive, the increase is on aver-
age 2–3 % per year and appears to be similar in 
MCI arriving at a plateau when AD is developed 
[ 32 ]. These results support that amyloid deposi-
tion starts 1 or 2 decades before onset of the clini-
cal symptoms.  

7.5     Amyloid PET in MCI 

 The term MCI due to AD is applied to a symp-
tomatic predementia phase of AD. Thus, MCI 
due to AD is considered as a subset of the many 
causes of cognitive impairment that are not 
dementia, including impairments resulting from 
head trauma, substance abuse, or metabolic dis-
turbance [ 33 ]. It is important to identify those 
symptomatic but nondemented individuals whose 
primary underlying pathophysiology is AD. Aβ 
imaging is useful in the early differential diagno-
sis of MCI. Different studies have shown a high 
amyloid deposition in 50–60 % individuals with 
MCI, who later progress to AD over 3–5 years of 
follow-up [ 34 ,  35 ]. Okello et al. [ 36 ] found that 
11C-PIB-positive more rapid converters had a 
signifi cantly increased Aβ burden in the anterior 
cingulate and frontal cortex compared to 
11C-PIB-positive slower converters and noncon-
verters. On the other hand, patients with MCI 
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converting to AD during follow-up had greater 
11C-PIB deposition in the posterior cingulate, 
lateral frontal cortex, temporal cortex, putamen, 
and caudate nucleus as compared to nonconvert-
ers. After a follow-up of 36 months, Doraiswamy 
et al. [ 37 ] described that subjects with 
18F-fl orbetapir-positive scans presented with 
greater cognitive and global deterioration than 
18F-fl orbetapir-negative subjects, regardless of 
diagnostic status. The higher amyloid deposition 
is correlated with the degree of memory impair-
ment [ 38 ].  

7.6     Aβ Related to Other 
Biomarkers 

 The  International Working Group and the US 
National Institute on Aging-Alzheimer’s 
Association  report integrated biomarkers into the 
diagnostic process of AD [ 9 ]. The pathophysio-
logical biomarkers are required for clinical diag-
nostic criteria and the topographical markers are 
recommended for the assessment of disease stage 
and progression. However, diagnostic and topo-
graphical biomarkers cannot be used as stand- 
alone test and should be interpreted in a larger 
clinical context that takes confounding factors 
into account. 

7.6.1     CSF 

 The presence of low Aβ1–42 with increased 
T-tau or P-tau concentrations in CSF increases 
signifi cantly the accuracy of AD diagnosis even 
at prodromal stage with a sensitivity of 90–95 % 
and a specifi city of about 90 % [ 39 ]. An impor-
tant concern is the large variability in CSF mea-
sures between laboratories, across techniques, 
and the lack of agreement on cutoff thresholds 
makes direct comparison of studies often diffi cult 
[ 40 ]. Although CSF biomarkers and Aβ imaging 
are pathophysiological biomarkers in the diagno-
sis of AD, they provide different information 
about AD pathophysiology. CSF Aβ1–42 mea-
sures soluble forms of Aβ and a low concentra-
tion suggests that signifi cant parenchymal 

deposition has occurred, whereas Aβ imaging 
directly identifi es fi brillar Aβ brain deposition. 
On the other hand, CSF T-tau and CSF P-tau 
refl ect neuronal degeneration and hyperphos-
phorylation of tau in the brain, respectively. 

 Despite these discrepancies, a high degree of 
correlation exists between CSF markers of Aβ1–
42 and tau and Aβ binding. Amyloid ligand 
retention on PET has consistently correlated 
inversely with CSF concentrations of Aβ1–42 
[ 41 ] which supports the concept of a physiologi-
cal link between CSF Aβ1–42 concentrations and 
brain amyloidosis, and it indicates that Aβ bio-
markers are overall equally associated with clini-
cal AD, both at the dementia stage and at the 
MCI stage. While this inverse relationship is con-
sistent, there is not a perfect agreement between 
two markers, since some individuals have abnor-
mal CSF Aβ1–42 concentrations with normal Aβ 
PET and vice versa [ 42 ]. Some studies have sug-
gested that CSF Aβ abnormalities may precede 
fi brillar Aβ aggregation in the cortex especially 
in healthy elderly [ 41 ], and others suggest that 
Aβ imaging has greater specifi city because CSF 
Aβ1–42 not always translates to cognitive decline 
or brain Aβ deposition [ 43 ]. Landau et al. [ 44 ] 
examined the agreement and disagreement 
between biomarkers of Aβ deposition in 374 
individuals (AD, MCI, and healthy elderly) and 
observed a relatively small numbers of discor-
dant subjects. Disagreement between CSF Aβ 
and 18F-fl orbetapir measurements may have 
been due to measurement problems such as errors 
introduced by PET image processing, the use of 
cutoffs with differing sensitivities and specifi ci-
ties, and standardization of CSF assays to the 
same set of cutoffs.  

7.6.2     18F-FDG 

 18F-FDG PET has revealed glucose metabolic 
reductions in the parietotemporal, frontal, and 
posterior cingulate cortices to be the hallmark of 
AD and has a 90 % sensitivity in identifying AD 
[ 45 ]. 18F-FDG PET has been shown to have 
good sensitivity to follow disease evolution over 
time [ 46 ]. Hypometabolism in parietotemporal 
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and posterior cingulated cortex can be used to 
distinguish AD from other forms of dementia 
such as FTLD and DLB and from cerebrovascu-
lar disease [ 47 ]. Aβ PET and 18F-FDG PET pre-
sented similar accuracy to differentiate AD and 
FTLD [ 48 ]. 

 Overall, the pattern of cortical metabolic 
changes has been useful to predict conversion 
from MCI to AD with a sensitivity of 95 % and a 
specifi city of 79 % [ 49 ] and is related to cognitive 
impairment [ 50 ]. Although the accuracy of Aβ 
imaging and 18F-FDG in diagnosis of AD is sim-
ilar, Li et al. reported a high accuracy of 18F- 
FDG than 11C-PIB in MCI patients [ 51 ]. In MCI 
patients, Aβ deposition was positively associated 
with hypometabolism in posterior brain regions, 
but not after conversion to AD, suggesting that 
there are interactions between Aβ deposition and 
metabolism during AD process and that a possi-
ble compensatory upregulation of posterior brain 
metabolism in the early phase may exist [ 52 ].  

7.6.3     MRI 

 MRI, as well as 18F-FDG, is a biomarker of neu-
rodegeneration that precedes and parallels cogni-
tive decline. Medial temporal lobe atrophy is the 
best MRI marker at a prodromal stage of further 
progression to AD [ 53 ]; however, hippocampal 
volume is reduced in several conditions including 
old age and other neurodegenerative dementia 
[ 54 ]. The reliability of volumetric measures 
obtained from repeated MRI scans is high and 
allows the measurement of disease progression. 
Hippocampal loss occurs two or four times faster 
in patients with AD than in age-matched healthy 
controls [ 55 ]. The congruence between positive 
Aβ load and medial temporal atrophy is low, as 
these biomarkers play a different role in the phys-
iopathology of AD [ 28 ]. This model of disease 
implies a complimentary role for MRI and amy-
loid clinical imaging, with each modality refl ect-
ing one of the major pathologies in Alzheimer’s 
disease, amyloid dysmetabolism, and neurode-
generation. It also implies a complementary role 
in clinical trials: longitudinal measures with MRI 
might be preferred as an outcome measure to 

detect change in the underlying neurodegenera-
tive pathology that tracks with clinical disease 
stage.   

7.7     Amyloid PET in Other 
Conditions 

7.7.1     Down’s Syndrome 

 The typical neuropathological features of 
Alzheimer’s disease, plaques and tangles, 
appear in virtually all patients with Down’s 
syndrome (DS) over 40 years of age. Clinically, 
changes in cognitive performance and behavior 
appear to correlate with these neuropathologi-
cal changes [ 56 ]. The prevalence of dementia in 
DS increased from 11 % between ages 40 and 
49 to 77 % between 60 and 69 [ 57 ]. Aβ imaging 
has been used in DS as a model of the natural 
history of Aβ deposition in the brain (Fig.  7.3 ). 
In the literature, there are few studies using Aβ 
imaging in DS. These studies have reported 
widespread cortical binding in people with DS 
after over 40 years of age [ 58 ,  59 ]. Recently, 
Annuls et al. [ 60 ] reported that abnormal 11C-
PIB load was strongly associated with clinical 
diagnosis of dementia without evidence of a 
substantial time window between abnormal 
11C-PIB and cognitive decline. These results 
are in agreement with previous studies that 
reported absence of Aβ imaging in younger 
individuals although some single isolated cases 
presented with striatal binding [ 58 ]. Further 
studies are necessary to confi rm these results 
because early detection of Aβ deposition prior 
to cognitive symptoms may modify therapies in 
these patients.

7.7.2        Cerebral Amyloid Angiopathy 

 CAA has been used as a general term to describe 
cerebrovascular amyloid deposition or cerebro-
vascular amyloidosis [ 61 ]. CAA is a common 
age-related cerebral small-vessel disease, charac-
terized by progressive deposition of Aβ in the wall 
of small- to medium-sized arteries,  arterioles, and 
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capillaries of the cerebral cortex and overlying 
leptomeninges. CAA is the major cause of spon-
taneous hemorrhagic stroke (intracerebral hemor-
rhage and microhemorrhages) and cognitive 
impairment in the elderly [ 62 ]. The prevalence of 
CAA increases with age and occurs in approxi-
mately half of elderly individuals [ 63 ]. The amy-
loid deposition pattern differs from AD in that the 
occipital cortex is more affected in CAA [ 64 ]. 
Although the Aβ PET has low specifi city for CAA 

due to a higher 11C-PIB uptake in healthy elderly 
that may refl ect incipient AD, a negative Aβ PET 
rules out CAA with a good sensitivity [ 65 ]. In 
addition, microhemorrhages may be associated 
with 11C-PIB retention. Gurol et al. [ 66 ] described 
in CAA patients with dementia that new related 
CAA hemorrhages preferentially occur at sites of 
increased 11C-PIB, suggesting that Aβ imaging 
may be useful in the prediction of incident hemor-
rhages in these patients.  

a

b

  Fig 7.3    Images of 18F-fl orbetapir PET ( left ) and PET–
CT ( right ) in DS patient without cortical amyloid burden 
( a ) and in DS patient with high cortical amyloid burden. 

Amyloid PET in DS may help to identify patients with 
high amyloid deposition ( b )       
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7.7.3     Lewy Bodies Disease 

 DLB and Parkinson disease dementia (PDD) 
share pathologic fi ndings that include cortical 
Lewy body accumulation, alpha-synuclein toxic-
ity, and Aβ plaques and have similar clinical 
manifestations. DLB and PDD differ in the tem-
poral sequence of symptoms and clinical features 
[ 67 ]. Different studies demonstrated Aβ deposi-
tion in Lewy body diseases (Villemagne 2014) 
(Fig.  7.4 ). In a recent meta-analysis, Ossenkoppele 
et al. [ 68 ] described that the prevalence of Aβ 
deposition in DLB is associated with APOE-ε4 
and increased with age.

   Several studies have found higher Aβ burden 
in DLB than in PDD [ 69 ,  70 ]; these results may 
suggest that amyloid burden contributes to cogni-
tive impairment and it may relate to the relative 
timing of motor and cognitive fi ndings. Foster 
et al. [ 70 ] reported high association between ele-
vated 11C-PIB binding and worse global cogni-
tive impairment in Lewy body  disease, but there 
is no association with any other clinical or neuro-
psychological feature. They suggested that the 
presence of fi brillar amyloid-β does not distin-
guish between clinical subtypes of Lewy body- 
associated disorders, although larger numbers are 
needed to defi nitively rule out this association.  

a

b

  Fig. 7.4    Images of 
18F-fl orbetapir PET ( left ) and 
PET–CT ( right ) in patient 
with DLB without cortical Aβ 
deposition ( a ) and in DLB 
patient with high cortical 
deposition ( b )       
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7.7.4     Frontotemporal Lobar 
Degeneration 

 FTLD is the second most common cause of prese-
nile dementia that typically presents with impair-
ments in social, behavioral, and/or language 
function [ 71 ]. However, early diagnosis may be 
diffi cult due to the overlap between clinical 
 features seen in FTLD and other neurodegenera-
tive conditions such as AD. Many patients with 
pathologically confi rmed FTLD are diagnosed 
with AD during life, and conversely, 10–40 % of 
patients clinically diagnosed with FTLD are 
found to have AD post-mortem [ 72 ]. 

 In patients with FTLD, cortical Aβ load does 
not differ signifi cantly from that of healthy con-
trols; thus, Aβ imaging is a potential marker that 
can differentiate between FTLD and AD [ 15 ] 

(Fig.  7.5 ). Ravinovici et al. [ 48 ] observed that two 
tracers had similar accuracy in discriminating AD 
and FTLD, and 11C-PIB visual reads had a higher 
sensitivity for AD (89.5 %) than FDG visual reads 
(77.5 %) with similar specifi city (11C-PIB 83 %, 
FDG 84 %). When scans were classifi ed quantita-
tively, PIB had higher sensitivity (89 % vs. 73 %) 
while FDG had higher specifi city (83 % vs. 98 %). 
A recent meta-analysis reported that the preva-
lence of Aβ positivity increased with age and 
APOE-ε4 in FTLD. An 18F-fl orbetapir study 
reported a patient with frequent cortical neuritic 
plaques and frontotemporal lobar degeneration 
with TDP4 inclusions. Probably the positive Aβ 
scans in patients diagnosed clinically of FTLD 
represent FTLD–AD comorbidity in the histopa-
thology, with the FTLD component dominating 
the clinical presentation.

  Fig 7.5    A representative negative18F-fl orbetapir PET ( left ) and PET–CT ( right ) in patient with frontotemporal lobar 
degeneration       
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7.7.5        Traumatic Brain Injury 

 There is increasing acceptance of epidemiologi-
cal and pathophysiological links between trau-
matic brain injury (TBI) and the development of 
AD later in life and that Aβ plaques may be found 
in patients within hours following TBI [ 73 ]. It 
has also been suggested that a history of TBI 
accelerates the onset of AD [ 74 ]. Aβ plaques are 
found in up to 30 % of patients who die in the 
acute phase following TBI. In contrast, in indi-
viduals dying of nonneurological causes, Aβ 
plaques tend to be confi ned to elderly individuals 
[ 75 ]. Different studies using Aβ imaging reported 
an increased Aβ deposition in gray matter in 
patients after TBI, at a range of times after TBI 
[ 76 ,  77 ]. The use of Aβ imaging following TBI 
provides us with the potential for understanding 
the pathophysiology of TBI, for characterizing 
the mechanistic drivers of disease progression of 
TBI, for identifying patients at high risk of accel-
erated AD, and for evaluating the potential of 
antiamyloid therapies.   

7.8     Future Directions of Amyloid 
Imaging 

 There are pending issues in correlation between 
Aβ PET and the other biomarkers. Although the 
pathophysiological biomarkers have high corre-
lation in the diagnosis of AD, there is not a per-
fect agreement with them. Some studies have 
suggested that CSF abnormalities may precede 
fi brillar brain Aβ deposition and others suggest 
that Aβ PET has greater specifi city. These con-
fl icting results indicate that further research is 
needed to discrepancies between in vivo Aβ mea-
surements that it is important since the new crite-
ria consider these markers as interchangeable in 
terms of diagnostic utility. On the other hand, 
while Aβ imaging measures molecular pathol-
ogy, progression biomarkers (18F-FDG PET and 
MRI) measure the secondary effects of disease 
on brain structure and function. It also implies a 
complementary role in clinical diagnostic of AD, 
as well as in MCI patients. 

 Recently, several tau PET tracers have been 
developed [ 78 ,  79 ]. For use of tau PET as a bio-

marker of tau pathology in AD, PET tracers 
should have affi nity PHF-tau and high selectivity 
for tau over amyloid-β and other protein depos-
its. PET tau imaging enables the longitudinal 
assessment of the spatial pattern of tau deposi-
tion and its relation to amyloid-β pathology and 
neurodegeneration. This technology could also 
be applied to the pharmacological assessment of 
anti-tau therapy, thereby allowing preventive 
interventions [ 80 ]. 

 On the other hand, the application of Aβ imag-
ing in pathologies of non-AD is subject of current 
active research, especially in non-AD diseases 
where Aβ deposition is present and may be 
involved in the disease pathogenesis (DLB, DS, 
CAA, TBI). Longitudinal studies are needed for 
early identifi cation of non-AD diseases and for 
detection of Aβ deposition prior to cognitive 
symptoms that may modify therapies in these 
patients. 

 Actually, Aβ PET is contributing to the devel-
opment of more effective therapies in clinical tri-
als for AD. Several studies have incorporated 
amyloid PET as an outcome measure. In the 
phenserine trial [ 81 ] and in the solanezumab 
 trials [ 82 ], no impact of therapy on Aβ deposi-
tion demonstrated by PET was observed. On the 
other way, in trials with other antiamyloid thera-
pies, small to modest treatment reductions on 
brain amyloid by PET were shown [ 83 – 85 ]. 
Thus, the Aβ imaging has important implications 
for the future development and evaluation of 
disease- modifying therapies in clinical AD trials 
[ 86 ] and provides a potential prognostic time 
frames based on individual current Aβ burden. 
Furthermore, knowledge of the time frames 
associated with Aβ deposition is also relevant to 
design the therapeutic trials, allowing investiga-
tors to establish critical periods suitable for 
intervention along the disease pathway or esti-
mate the duration of a specifi c trial.     
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8.1          Neuropathology 
and Pathophysiology 
of Movement Disorders 
and Relevance to Imaging 

 The pathological hallmark of PD is the presence of 
Lewy bodies in the cytoplasm of dopaminergic 
neurons and the loss of dopamine-containing cells 
in the substantia nigra. Lewy bodies are inclusions 
containing aggregates of alpha- synuclein, which is 
the misfolded protein characteristic of PD pathol-
ogy. According to the Braak staging, the fi rst path-
ological abnormalities are observed in the olfactory 
bulbs and the dorsal motor nucleus of the vagus 
nerve [ 1 ]. From those regions, alpha-synuclein 
pathology appears to spread in a caudal-to-rostral 
fashion, with subsequent involvement of other 
brainstem nuclei, such as the locus coeruleus, the 
raphe nuclei, and the substantia nigra, and fi nally 
of cortical regions, such as the anterior cingulate 
cortex, the insula, the amygdala, and the entorhi-
nal cortex [ 1 ,  2 ]. At present, there is no available 

radioligand for imaging of alpha-synuclein depo-
sition in vivo that has suffi cient selectivity and 
affi nity for alpha-synuclein aggregates [ 3 ]. Thus 
currently it is not possible to follow the develop-
ment of alpha-synuclein pathology as it is the case 
for amyloid and tau imaging. However, the associ-
ated neuronal loss in the various brainstem nuclei 
and the loss of the axonal projections to the stria-
tum and cortex can be examined in vivo with dif-
ferent radioligands targeting the monoaminergic 
systems. Alternatively, specifi c MR sequences can 
be used to examine the change of MR signal in the 
substantia nigra and locus coeruleus, and DTI trac-
tography can be used to visualize nigrostriatal 
projections in vivo. The loss of nigrostriatal dopa-
minergic projections in PD is associated also with 
an imbalance between the direct and indirect path-
way in the basal ganglia, which has been described 
in relation to the decreased thalamocortical input 
and might explain motor symptoms as rigidity and 
bradykinesia. The functional changes occurring in 
the basal ganglia circuit are associated with char-
acteristic glucose metabolic abnormalities that 
result in the so-called PD covariance pattern. In 
addition to specifi c abnormalities of monoaminer-
gic systems and of glucose metabolism, studies 
indicate also the presence of neuroinfl ammatory 
changes in the brain of PD patients, including 
microglia activation, which can be examined 
in vivo using PET imaging of the 18-kDa translo-
cator protein (TSPO). 
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 MSA is another alpha-synucleinopathy char-
acterized by the presence of glial cytoplasmic 
inclusions containing aggregates of alpha- 
synuclein accumulating in oligodendrocytes in 
the white matter of the striatum and the cerebel-
lum, with associated involvement of the striatal 
and nigral neurons (striatonigral degeneration), 
the Purkinje cells of the cerebellum, the inferior 
olives, and the pontine nuclei (olivopontocerebel-
lar atrophy). Jellinger et al. have provided a path-
ological classifi cation of MSA [ 4 ], indicating the 
degree of severity of the aforementioned abnor-
malities and their clinical correlates that are con-
ventionally referred to as MSA-P or MSA-C 
based on the prevalence of parkinsonian or cere-
bellar symptoms. Considering the involvement of 
the striatonigral pathway, the primary target of 
interest has been the dopaminergic system, both 
at the presynaptic (dopamine uptake or dopamine 
transporter) and postsynaptic site (D2 receptors). 
In addition, changes in glucose metabolism can 
be examined in the basal ganglia and cerebellum. 
Structural MRI permits to identify some specifi c 
signs of signal change both in the striatum and 
the pons. Diffusion-weighted imaging with MRI 
can sensitively detect changes in diffusion of the 
water molecules in the striatum and pontocere-
bellar region, associated to the degenerative pro-
cess. Similarly as in PD, microglia activation can 
be examined with PET in the striatum of MSA 
patients. 

 The other two disorders that are of interest for 
this chapter are PSP and CBD. Both are condi-
tions characterized by the presence of tau aggre-
gates in the form of neurofi brillary tangles or 
other specifi c aggregates and are conventionally 
referred as tauopathies. There are different tau 
tandem repeats that can be found in different dis-
orders. The three tandem repeats are typical of 
Pick disease, whereas the four tandem repeats are 
characteristic of CBD, PSP, and argyrophilic 
dementias. The tau aggregates found in 
Alzheimer’s disease instead contain a mixture of 
three and four tandem repeats. PSP is typically 
characterized by three major clinical phenotypes: 
PSP-parkinsonism, Richardson’s syndrome (RS), 
and pure akinesia with gate freezing (PAGF). In 
the case of PSP, a scoring of the tau pathology 

has been proposed by Williams et al., and it has 
been shown that the severity of tau abnormalities 
is greater in RS as compared with PSP-P and 
PAGF [ 5 ]. Besides neurofi brillary tangles, the 
other characteristic tau aggregates are the tufted 
astrocytes and the coiled bodies. The main brain 
regions where tau aggregates are typically found 
in PSP are the internal globus pallidus, the cau-
date nucleus, the substantia nigra, the subtha-
lamic nucleus, the pons, the dentate nuclei of the 
cerebellum, the cerebellar white matter, and the 
frontal and parietal gray and white matter. The 
main pathological abnormalities that distinguish 
PSP from CBD are the presence of tufted astro-
cytes in PSP and the astrocytic plaques in CBD 
[ 6 ]. In addition, in PSP the pathology is more 
proximal and mainly localized in the basal gan-
glia, diencephalon, and brainstem, whereas in 
CBD pathological changes are more distal and 
tend to involve the cerebrum [ 7 ]. Imaging mark-
ers of interest for the assessment of PSP and 
CBD include dopamine uptake, dopamine trans-
porter, and D2 receptors and in the case of PSP 
cholinesterase activity as marker of cholinergic 
projections from the brainstem to the thalamus, 
which are typically involved in PSP. FDG-PET 
shows characteristic patterns of hypometabolism 
in PSP and CBD. Neuroinfl ammatory changes 
have also been observed in the brain of PSP and 
CBD patients. New PET radioligands for tau 
imaging are under evaluation for their property to 
bind to four tandem repeats in PSP and CBD. Very 
preliminary results using PET and [ 11 C]PBB3, a 
new tau radiotracer with high selectivity and 
affi nity for all the tau isoforms, showed increased 
binding in the basal ganglia, brainstem, thalamus, 
and cerebral cortex of a patient diagnosed as 
CBD, providing the fi rst evidence of in vivo 
detection of tau aggregates in CBD [ 8 ]. Increased 
[ 18 F]FDDNP binding was also reported in sub-
cortical and cortical regions of PSP patients, a 
pattern consistent with that of tau distribution in 
this disorder. [ 18 F]FDDNP however lacks suffi -
cient specifi city, selectivity, and affi nity for tau as 
compared to Aβ aggregates [ 9 ]. Structural MRI 
can show characteristic fi ndings of brainstem 
atrophy, and DWI has also been used to examine 
patterns of diffusion in the basal ganglia.  
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8.2     Main PET Applications 
and Findings in Parkinson’s 
Disease and Related 
Disorders 

 The biochemical hallmark of PD is the loss of 
dopamine content in the striatal terminals due to 
the degeneration of dopaminergic nigrostriatal 
projections. Therefore, the dopaminergic system is 
the primary monoaminergic system affected in 
PD. However, considering the pathological stag-
ing reported by Braak et al., other nuclei of the 
brainstem seem to be affected early in the course 
of the disease. The raphe nuclei are highly enriched 
of serotonin-containing cells. Postmortem studies 
have reported a decrease of serotoninergic neurons 
in the medial raphe nuclei and a loss of serotonin 

markers (serotonin and serotonin transporter) in 
the striatum of PD patients. The degree of sero-
toninergic loss seems to be less severe than the loss 
of dopaminergic projections. 

8.2.1     Monoaminergic Systems: 
Dopamine 

 In vivo PET studies have contributed to defi ne the 
degree of dopaminergic and serotoninergic loss 
in relation to the disease onset and progression. 
Imaging markers for the presynaptic dopaminer-
gic system include [ 18 F]fl uorodopa and radioli-
gands for the dopamine transporter (DAT) and 
for the vesicular monoamine transporter type 2 
(VMAT2) (Fig.  8.1  and Table  8.1 ).
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  Fig. 8.1    Schematic representation of the dopamine syn-
apse with ( a ) relevant presynaptic and postsynaptic targets 
for PET imaging. Representative images of different 
radioligands for imaging of the dopaminergic terminals. 
( b ) [ 18 F]Fluorodopa ( AADC  aromatic amino acid decar-

boxylase), [ 11 C]DTBZ (VMAT2), and PET radioligands 
for the DAT. ( c ) [ 11 C]Raclopride (D2 receptor) (Reprinted 
with permission of Elsevier)       
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    PET studies with [ 18 F]fl uorodopa and other 
presynaptic markers such as the DAT and the 
VMAT2 have shown that approximately 60–70 % 
of the dopaminergic terminals in the putamen are 
lost already at early stages of PD [ 10 – 22 ]. The 
caudate and the ventral striatum seem to be less 
affected as they receive the projections from the 
ventromedial part of the substantia nigra [ 23 ] 
and from the mesolimbic pathway that is less 
compromised in early stages of PD. The loss of 
dopaminergic projections is an exponential pro-
cess occurring at a rate of approximately 6–10 % 
per year [ 21 ,  24 – 29 ]. The severity of the nigros-
triatal dopaminergic defi cit in the posterior puta-
men mostly correlates with some of the motor 
features of PD, such as bradykinesia and rigidity 
[ 16 ,  23 ], whereas the integrity of caudate projec-
tions correlates with working memory function 
[ 30 ] and with some personality traits such as 
novelty seeking [ 31 ] and harm avoidance [ 32 ]. 
Therefore, the dopaminergic dysfunction in PD 
seems to be not only associated with motor 
impairment but also with cognitive and behav-
ioral aspects of the disease. 

 Newly developed  18 F-labeled tracers for the 
DAT and the VMAT2 such as [ 18 F]FE-PE2I and 
[ 18 F]FP-DTBZ are of potential interest as diag-
nostic markers in PD [ 20 ,  22 ]. The labeling with 
 18 F could allow for the distribution and use of 
the tracers in imaging centers having PET/CT 

systems, even without the cyclotron and radio-
chemistry units. The improved imaging charac-
teristics of these new tracers combined with the 
improved resolution and sensitivity of the mod-
ern PET/CT and PET/MR systems would pro-
vide the possibility to examine the two targets, 
DAT and VMAT2, not only in the striatum but 
also in the substantia nigra (Fig.  8.2 ). Finally, the 
quantitative performance of PET might be of 
advantage in clinical trials aimed at using [ 18 F]
fl uorodopa, DAT, or VMAT2 imaging as bio-
markers to assess imaging end points [ 33 ,  34 ].

   The involvement of the dopaminergic system 
in PD is mainly confi ned to the presynaptic ter-
minals, whereas the striatal neurons are only 
functionally affected by the loss of nigrostriatal 
input and decreased levels of striatal dopamine. 
In the very early stage of PD, there is indeed an 
increased availability of D2 receptors in the stria-
tum measured with the radioligand [ 11 C]raclo-
pride. This increased availability is most likely 
related to upregulation and/or reduced competi-
tion of the endogenous dopamine with the D2 
receptor [ 35 ]. It has been shown that such 
increased availability tends to normalize with the 
 l -dopa or dopaminergic treatment [ 36 ]. In PSP 
and MSA, there is involvement of striatal neu-
rons depending upon the subtype or the stage of 
the disease. Therefore, D2 receptor imaging can 
demonstrate reduced postsynaptic D2 receptor 

   Table 8.1    PET radioligands for different dopaminergic targets of interest in movement disorders   

 Target  Radioligand 
 Synaptic location and parameter 
measured 

 AADC  [ 18 F]Fluorodopa  Presynaptic, dopamine uptake, 
and storage 

 DAT  [ 11 C]Methylphenidate  Presynaptic, dopamine reuptake 
from synaptic cleft  [ 11 C]β-CFT 

 [ 11 C]PE2I 

 [ 18 F]β-CFT 

 [ 18 F]FP-CIT 

 [ 18 F]FECNT 

 [ 18 F]FE-PE2I 

 VMAT2  [ 11 C]DTBZ  Presynaptic, dopamine reuptake in 
vesicles  [ 18 F]DTBZ (AV-133) 

 D2 receptor  [ 11 C]Raclopride  Postsynaptic on striatal neurons 

 [ 18 F]Fallypride 

 [ 18 F]Desmethoxyfallypride 
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  Fig. 8.2    Representative PET images of [ 18 F]FE-PE2I 
( upper panel ) and [ 18 F]FP-DTBZ ( lower panel ) in control 
subjects and Parkinson’s disease patients. The [ 18 F]
FE-PE2I images were acquired using the high-resolution 
research tomograph (HRRT) at Karolinska Institutet and 
were smoothed with a Gaussian fi lter of 6 mm to repro-
duce the resolution of a clinical PET system (courtesy of 
Dr. Andrea Varrone). The [ 18 F]FP-DTBZ images were 

acquired at Molecular NeuroImaging (MNI), New Haven, 
CT, USA (courtesy of Dr. John Seibyl). The color scale 
corresponds to standard uptake value (SUV) units. The 
 arrow head  < indicates the binding to the DAT or 
VMAT2 in the dopaminergic cells of the substantia nigra; 
the  arrow head  ∧ indicates the binding to the VMAT2 in 
the serotoninergic cells in the raphe nuclei       
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availability in the striatum of MSA or PSP 
patients as compared with PD patients [ 37 ]. This 
difference can be also used as a diagnostic crite-
rion to support the differential diagnosis between 
PD and MSA or PSP. 

 However, a certain overlap of dopamine D2 
receptor availability might be present between 
PD patients and MSA or PSP patients. The 
accuracy of the differential diagnosis at indi-
vidual level could be improved by using a mul-
titracer approach (i.e., [ 11 C]raclopride + [ 18 F]
FDG) [ 38 ,  39 ] or complementary information 
from a single-tracer study (i.e., blood 
fl ow + receptor binding for [ 11 C]raclopride) 
[ 40 ]. Besides the reference radioligand [ 11 C]
raclopride,  18 F-labeled radioligands with higher 
affi nity for the D2 receptor, [ 18 F]fallypride and 
[ 18 F]desmethoxyfallypride, have been devel-
oped [ 41 ]. A recent study in 37 patients with 
PD and 44 patients with atypical parkinsonian 
syndromes has shown that the measurement of 
[ 18 F]desmethoxyfallypride binding in the puta-
men had a sensitivity of 86.5 %, a specifi city of 
95.5 %, an accuracy of 91.4 %, and a positive 
predictive value of 94.1 % [ 42 ], similar to the 
values reported for FDG-PET [ 43 ].  

8.2.2     Monoaminergic Systems: 
Serotonin 

 The involvement of the serotonin system in PD 
in vivo has been examined in several PET stud-
ies using different imaging markers of the sero-
tonin systems. Most of the studies have been 
conducted with the serotonin transporter 
(5-HTT) radioligand [ 11 C]DASB [ 44 – 46 ], and 
additional few studies have been conducted 
with the 5-HT 1A  radioligands [ 11 C]WAY100635 
or [ 18 F]MPFF [ 47 ,  48 ] or with the 5-HT 1B  radio-
ligand [ 11 C]AZ10419369 [ 49 ]. PET studies 
with [ 11 C]DASB have shown that the 5-HTT 
availability is relatively more preserved than 
the dopaminergic function in early stages of the 
disease and that it decreases as the disease 
advances [ 46 ]. In early PD patients, there is 
approximately 30 % lower 5-HTT availability 

as compared with control subjects in the brain-
stem and basal forebrain, with the progressive 
involvement of the basal ganglia, amygdala, 
hippocampus, and anterior cingulate cortex in 
more advanced stages of the disease. The sero-
tonin dysfunction globally seems not to be 
associated with the motor dysfunction [ 46 ]. 
However, PD patients with chronic fatigue have 
a marked reduction of 5-HTT availability in 
striatum and cortical areas compared with PD 
patients without fatigue symptoms [ 50 ], and the 
presence of depressive symptoms in PD patients 
seems to be positively associated with 5-HTT 
availability in the raphe nuclei and limbic 
regions [ 51 ,  52 ]. Therefore, some nonmotor 
symptoms such as chronic fatigue and depres-
sion seem to be associated with the serotonin 
function. PET studies with other markers of the 
serotonin system have contributed to support 
the involvement of the serotonin system in 
PD. Decreased 5-HT 1A  receptor availability in 
the raphe nuclei was found using [ 11 C]
WAY100635 [ 47 ]. The 5-HT 1A  receptor avail-
ability in the raphe nuclei correlated with the 
severity of the tremor assessed with the Unifi ed 
Parkinson´s Disease Rating Scale (UPDRS) 
[ 47 ]. Reduction of 5-HT 1A  receptor availability 
in several limbic brain regions in PD patients 
with depression was also reported using the 
radioligand [ 18 F]MPFF [ 48 ]. Finally, a recent 
study with the 5-HT 1B  receptor radioligand 
[ 11 C]AZ10419369 showed lower 5-HT 1B  recep-
tor availability in the orbitofrontal cortex of PD 
patients without depression, suggesting an 
early involvement of serotonin function in PD 
not necessarily related with depressive symp-
toms [ 49 ]. Depression is a common nonmotor 
feature observed in PD patient, sometimes 
occurring also before the onset of the motor 
symptoms. Experience from clinical trials with 
serotonin reuptake inhibitors suggests that non-
selective reuptake inhibitors can be also effec-
tive in the treatment of depression in PD. In 
agreement with this hypothesis are the results 
of the only one study with the nonselective 
monoaminergic transporter radioligand [ 11 C]
RTI-32, demonstrating lower binding of [ 11 C]
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RTI-32 in the locus coeruleus and limbic brain 
regions of depressed PD patients compared 
with nondepressed patients [ 53 ].  

8.2.3     Enzymatic Activity 
in the Basal Ganglia 

 In parkinsonism there is alteration of the normal 
function of the basal ganglia-cortical circuit due to 
presynaptic denervation and loss of monoaminer-
gic but also cholinergic terminals. In PD and PSP, 
the involvement of the nucleus basalis of Meynert 
determines a loss of cholinergic projections to the 
frontal cortex. Therefore, by measuring acetylcho-
linesterase activity with the PET radioligand [ 11 C]
MP4A, it is possible to examine the loss of cholin-
ergic projections to the frontal cortex in PD and 
PSP, compared with control subjects. In PSP, there 
is an additional involvement of the pedunculopon-
tine nucleus (PPN) in the brainstem with conse-
quent loss of thalamic cholinergic projections. 
According to this postmortem observation, in vivo 
PET studies revealed a decreased thalamic acetyl-
cholinesterase activity in PSP patients as com-
pared with controls and PD patients. This 
differential involvement of the thalamus and the 
cortex in PSP vs. PD has been suggested as poten-
tial marker to differentiate the two disorders [ 54 ]. 

 Another important enzyme highly enriched in 
the striatal medium-sized spiny neurons (MSNs) 
is the phosphodiesterase 10A (PDE10A). 
PDE10A is the major regulator of cyclic AMP 
and cyclic GMP in the striatum both within the 
direct and indirect pathway. The PDE10A 
enzyme has been shown to be severely affected in 
Huntington’s disease, due to the primary involve-
ment of the MSNs. However, recently a decrease 
of PDE10A enzyme availability has been reported 
also in PD patients [ 55 ]. The decrease of PDE10A 
enzyme correlated with the duration of the dis-
ease and seemed to suggest an involvement of the 
cAMP/cGMP signaling pathway as the disease 
progresses. Additional studies are though needed 
to exclude a possible effect of antiparkinsonian 
pharmacological treatment on the PDE10A 
enzyme.  

8.2.4     Neuronal Integrity 
and Glucose Metabolism 

 To our knowledge, there is only one study in 
PSP patients that has examined the integrity of 
cortical neurons using the radioligand [ 11 C]fl u-
mazenil. [ 11 C]Flumazenil is a marker of 
GABA-A receptors that are present on cortical 
GABAergic interneurons. The measurement of 
GABA-A receptor availability with [ 11 C]fl uma-
zenil is considered a marker of neuronal integ-
rity. In PSP, decreased availability of GABA-A 
receptors has been found in the anterior cingu-
late cortex [ 56 ], a region in which glucose 
metabolism is also decreased. There seems not 
to be a loss of gray matter in the anterior cingu-
late [ 57 ], which might suggest that the loss of 
GABAergic signal and glucose metabolism in 
this region might be a result of subcortical 
deafferentation. 

 FDG-PET has been recently proposed also 
for the differential diagnosis of PD from atypi-
cal parkinsonian disorders. In PD patients a 
typical spatial covariance pattern of glucose 
metabolism has been described, with character-
istic relative increase in glucose metabolism in 
the putamen and the cerebellum [ 58 ]. The 
expression of this pattern has been found also to 
correlate with dopaminergic dysfunction and 
with disease progression [ 59 ]. In atypical par-
kinsonian disorders, such as MSA, PSP, and 
CBD, there are characteristic and specifi c pat-
terns of abnormalities in glucose metabolism. In 
MSA, there is a decrease in glucose metabolism 
in the putamen (in MSA-P variant) and in the 
cerebellar hemispheres (MSA-C variant) 
(Fig.  8.3 ). In PSP a decrease of glucose metabo-
lism is found in the caudate nucleus, the brain-
stem, and the medial frontal cortex (Fig.  8.3 ). In 
CBD, an asymmetric decrease of glucose 
metabolism is found in the cortex (frontal and 
parietal including sensorimotor cortex) and in 
the striatum (Fig.  8.3 ). These patterns of abnor-
malities of glucose metabolism have been found 
to be specifi c for each disorder, with high sensi-
tivity and specifi city [ 43 ]. Therefore, FDG-PET 
can help support the differential diagnosis 
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between PD and other parkinsonian disorders 
and could be considered an important diagnostic 
imaging tool for the neurologist and nuclear 
physicians [ 60 ].

8.2.5        Neuroinfl ammation: Imaging 
of the 18-kDa Translocator 
Protein (TSPO) 

 The 18-kDa translocator protein (TSPO) is a 
protein located on the inner mitochondrial mem-
brane of different cells, such as microglia, mono-
cytes, and astrocytes. The expression of TSPO is 
increased in case of microglia activation follow-
ing acute or chronic pathological conditions, and 
TSPO PET imaging is considered a marker of 
microglia activation and neuroinfl ammation. In 
parkinsonian disorders, PET studies have been 
conducted with the TSPO radioligand 
[ 11 C]- R -PK11195 (Fig.  8.4 ). In PD patients, 
higher TSPO binding has been found in the 

 following subcortical regions, striatum, thala-
mus, globus pallidus, and pons, and also in the 
frontal and cingulate cortex, compared with con-
trol subjects [ 61 ]. The [ 11 C]- R -PK11195 binding 
did not change signifi cantly in those patients that 
underwent a follow-up PET measurement 
18–24 months after the fi rst examination, sug-
gesting that the neuroinfl ammation in PD might 
be a stable process over time. Moreover,  
[ 11 C]- R -PK11195 binding in the midbrain has 
been found to correlate negatively with the DAT 
availability in the dorsal putamen and positively 
with the motor UPDRS, suggesting a link between 
neuroinfl ammation, dopaminergic defi cit, and 
motor defi cit [ 62 ]. Increased [ 11 C]- R -PK11195 
binding was also reported in the striatum, globus 
pallidus, and thalamus of MSA patients, and in 
PSP patients increased binding was found in the 
same regions and also in the pons, midbrain, and 
frontal cortex [ 63 ,  64 ]. Interestingly, the striatal 
changes of water diffusivity measured with MRI 
in atypical parkinsonian patients and refl ecting 
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  Fig. 8.3     Left top panel  ( a ), FDG-PET images in a control 
subject ( Top row ) and a MSA patient ( Bottom row ), show-
ing decreased glucose metabolism in the putamen and 
cerebellar hemispheres ( arrowheads ).  Left bottom panel  
( b ), FDG-PET images in a control subject and a PSP 

patient. The  arrowheads  indicate area of decreased glu-
cose metabolism in the medial prefrontal cortex, striatum, 
and midbrain.  Right panel  ( c ), FDG-PET ( Top row ), MRI 
( Middle row ), and fused PET-MRI images ( Bottom row ) 
in a patient with CBD       
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microstructural damage correlate with microg-
lial activation in the brainstem but not in the 
striatum, suggesting that microglial activation 
only in the brainstem regions contributes to tis-
sue damage in these patients [ 65 ]. In addition, 
imaging of TSPO can be a suitable marker to 
examine treatment effects of anti-infl ammatory 
drugs. In a clinical trial using minocycline in 
MSA patients, a small subgroup of patients were 
examined with [ 11 C]- R -PK11195 PET before 
and after treatment. In those patients a decrease 
of [ 11 C]- R -PK11195 binding was observed 6 
months after treatment with minocycline [ 66 ]. 
Although minocycline did not show any clinical 
effi cacy in MSA patients, the TSPO imaging 
sub-study suggested the possibility to monitor 
the anti- infl ammatory effect on the microglia 
activation. This proof of mechanism was recently 
demonstrated in a study examining the effect of 
the myeloperoxidase (MPO) inhibitor AZD3241 
on microglia activation in PD patients after 8 
weeks of treatment and examined at baseline, 4 
weeks, and 8 weeks of treatment with the TSPO 
radioligand [ 11 C]PBR28 [ 67 ]. A statistically sig-
nifi cant decrease of [ 11 C]PBR28 binding by 15 % 
was observed in the active group, whereas no 
statistically signifi cant changes were observed in 

the placebo group, suggesting that the inhibition 
of MPO leads to a decrease in microglia activa-
tion that can be detected in vivo with TSPO 
imaging [ 67 ].

8.3         Main MR Applications 
and Findings in Parkinson’s 
Disease and Related 
Disorders 

8.3.1     Conventional MRI 

 While conventional MRI has limited value in the 
diagnostic workup of typical PD [ 68 ], it can con-
tribute to the exclusion of PD mimics, such as 
cerebrovascular disease, normal pressure hydro-
cephalus, or tumors [ 69 ], in patients with atypical 
parkinsonisms or in patients who fail to respond 
to therapeutic doses of  l -dopa, conventional MRI. 

 In addition, specifi c signs may be present in 
atypical parkinsonian syndromes (APS) [ 70 ,  71 ] 
that can allow differential diagnosis. 

 In PSP, these signs include the “hummingbird” 
[ 72 ] and the “Mickey Mouse” [ 73 ,  74 ] or “morning 
glory fl ower” [ 75 ] signs (Fig.  8.5 ; both signs are 
expression of midbrain atrophy), while in MSA, 

  Fig. 8.4    Representative parametric images of binding 
potential of [ 11 C]PK11195 in a control subject and in 
patients with different parkinsonian disorders. The  arrows  
indicate areas of increased binding of [ 11 C]PK11195 to 

TSPO (Courtesy of Dr. Alexander Gerhard, University of 
Manchester, UK. Reprinted with permission of Wolters 
Kluwer Health, Inc., John Wiley and Sons, and Elsevier)       
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putaminal involvement can result in atrophy and 
hypointensity of the putamen on T2-weighted 
and T2*-weighted images [ 76 ], associated to a 
hyperintense rim on FLuid Attenuated  Inversion-
Recovery (FLAIR) sequences in the external cap-
sule (Fig.  8.6a ) [ 76 ,  77 ]. Of note, although the 
hyperintense rim sign is frequently seen also in 
normal controls at 3 tesla [ 78 ]; at 1.5 tesla it is 
highly specifi c for MSA-P, especially when it 
borders the posterior part of the putamen [ 79 ].

    Conversely, the cerebellar involvement in MSA 
results in major vermian and cerebellar hemi-
spheric atrophy [ 80 ], coupled to T2 hyperintensity 
of the middle cerebellar peduncles, the pontocere-
bellar, and pontine raphe fi bers (Fig.  8.6b ) [ 70 ,  80 ]. 

 Of note, the hyperintensity of pontocerebellar 
and pontine raphe fi bers, which results in the so- 
called “hot cross bun” sign, has been however 
reported also in vascular parkinsonism [ 81 ] and 
in variant Creutzfeldt-Jakob [ 82 ]. 

 All these signs, however, although fairly spe-
cifi c, are usually more evident in the advanced 

phases of the disease, when the clinical picture 
is usually already suffi cient to establish a diag-
nosis. Accordingly, advanced MR techniques 
are being explored to help differentiate APS 
from PD. These techniques include diffusion-
weighted imaging (DWI), MR spectroscopy 
(MRS), and imaging of iron deposition by either 
R2* sequences or susceptibility-weighted imag-
ing (SWI). In addition, volumetric techniques 
probing brain tissue changes by post-processing 
of 3-D-T1w volumes, which have allowed to 
highlight specifi c GM atrophy patterns in differ-
ent parkinsonian syndromes, are also being 
explored to verify their diagnostic potential at 
single- subject level.  

8.3.2     Diffusion-Weighted Imaging 

 In PD, diffusion alterations in SN consistent with 
neuronal loss have been detected in most studies 
[ 83 ], reaching a 100 % accuracy in separating PD 

  Fig. 8.5    Signs of midbrain atrophy in PSP at conven-
tional MRI images. In sagittal images ( top row ), the hum-
mingbird sign (also known as the penguin sign) refers to 
the characteristic shape that the atrophic midbrain assumes, 
resembling the head of a hummingbird (see circles on the 

 top row ). The Mickey Mouse sign refers to the shape of the 
midbrain in the axial plane ( bottom row ), where atrophy of 
the midbrain with relative sparing of tectum and cerebral 
peduncles results in this characteristic shape (see circle in 
the  bottom row )       
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from healthy controls in early phases of the 
 disease in one study [ 84 ], although these changes 
appear to be nonspecifi c as they do not allow to 
differentiate PD from APS [ 83 ]. 

 In MSA, diffusion alterations have been quite 
consistently reported in the putamen [ 85 – 87 ] 
(Fig.  8.6c ), pons, and cerebellum [ 87 ], compared 
to healthy controls. In addition, a signifi cant pro-
gression of diffusion changes in the putamen has 
been shown in longitudinal studies [ 88 ,  89 ]. 

 When considering also APS, increaseas of 
Apparent Diffusion Coeffi cient (ADC) in the 
Middle Cerebellar Peduncle (MCP) [ 90 – 92 ] and 
in the putamen [ 92 ,  93 ] and allows to differenti-
ate the parkinsonian and cerebellar subtypes of 
MSA [ 94 ], and to separate MSA from both PSP 
and PD. On the other hand, increased ADC in 
midbrain and globus pallidus allowed to differen-
tiate PSP from both PD and MSA [ 92 ]. 

 Interestingly, the combination of morphomet-
ric and diffusion measures from a few critical 
structures (width and FA of the MCP and thick-
ness of the pons) has been shown to provide added 
diagnostic value, allowing to differentiate MSA 
from PD with 92 % sensitivity and 96 % specifi c-
ity [ 95 ], suggesting that these techniques provide 
complementary information to those conveyed by 
conventional MRI and volumetric analysis. 

 More heterogeneous patterns of diffusion 
alterations have been shown in CBD, where 
increased diffusivity has been however consis-
tently reported in motor regions, SMA, cingu-
lum, and thalamus [ 96 ,  97 ]. Although these 
regions were also affected in CBD, thus, it has 
been suggested that differences in the pattern of 
thalamic involvement (anteromedial nuclei in 
PSP, motor nuclei in CBD), greater involvement 
of SCP in PSP, and greater asymmetry of the 
supratentorial diffusion alterations may help to 
differentiate these two entities [ 97 ]. 

 The acquisition of DWI weighted in diffusion 
along at least six noncollinear direction allows to 
calculate the diffusion tensor, defi ning in 3-D the 
major direction of diffusion for each voxel. From 
the tensor, streamlines of preferential diffusion 
can be reconstructed, which represent the direc-
tion of axons in each voxel, and specifi c WM 
bundles can be identifi ed [ 98 ]. 

 Tractographic analysis allows in principle to 
increase the specifi city of the results by focusing 
on carefully chosen WM tracts, which are known 
to be selectively affected in the different diseases. 

 Accordingly, using a tractographic approach, 
reduced FA and increased ADC have been dem-
onstrated in MCP and pontine crossing tracts in 
MSA, while PSP patients showed alterations in 

a b c

  Fig. 8.6    ( a ) FLAIR image acquired at 1.5 tesla. Axial 
plane at the basal ganglia level in a MSA-P patient. 
A hyperintense rim surrounding the lateral margins of the 
putamen can be seen bilaterally, more prominent posteri-
orly on the right. ( b ) T2w axial plane at the MCP level in a 
MSA-C patient. Thinning and hyperintensity of both MCP, 
along with severe vermian and bilateral hemispheric 

 cerebellar atrophy, can be seen. In addition, mild hyperin-
tensity of the transverse pontocerebellar fi bers and of the 
raphe results in the so-called “hot cross bun” sign. ( c ) ADM 
map. Axial plane at the basal ganglia level in a MSA-P 
patient. Increase diffusivity, consistent with neuronal loss 
and vacuolization, can be seen in the putamen bilaterally. 
Diffuse cortical and subcortical atrophy is also apparent       
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the SCP and an extensive reduction of cortical 
projection fi bers [ 99 ]. 

 In addition, tractographic elaboration of 
high- resolution DTI more recently allowed to 
reliably isolate smaller WM bundles. Using this 
approach, increased diffusivity, coupled to 
reduced diffusion anisotropy, has been shown in 
the dentatorubrothalamic tracts of PSP patients 
[ 100 ] and in the nigrostriatal tracts of PD 
patients [ 99 ] (Fig.  8.7 ), in the latter being also 
highly asymmetric.

8.3.3        Imaging of Iron Deposition 

 Since early demonstrations of the possibility to 
measure signal changes due to abnormal iron dis-
tribution in MSA and PSP (increased in the puta-
men and less prominently in the caudate nucleus 
and lateral pars compacta of the substantia nigra) 

[ 101 ], several studies have focused on changes in 
either T2 or T2* in parkinsonian syndromes, with 
most studies showing increased R2* values in 
SNc of PD patients. 

 The recent introduction of SWI [ 102 ], with a 
signifi cantly superior sensitivity to dephasing 
due to ferromagnetic substances, has further 
improved our capacity to detect iron accumula-
tion in the SN [ 103 – 108 ], and following the 
same approach, increased iron content has been 
shown in putamen in MSA patients, as opposed 
to PD and PSP [ 107 ,  109 ,  110 ], while PSP 
patients show greater iron load in the globus pal-
lidus and caudate nucleus, compared with PD, 
and in the thalamus, globus pallidus, red nucleus, 
and substantia nigra compared with MSA 
patients [ 109 ,  110 ]. 

 However, overall accuracy at single-subject 
level in discriminating between PD, PSP, and 
MSA-P remained somewhat disappointing [ 111 ]. 

1. Secondary parkinsonism?

3. Atypical parkinsonism?

MRI (including DWI

PET-FDG

No specific signs

MSA PSP CBD MSA PD

D2-R PET

2. Degenerative parkinsonism?

Diagnostic imaging of parkinsonism

TC or MR DAT-PET

T2-w

T2-w

DWI

MSA

Signs of:
• MSA
• PSP
• CBD

+ve -ve +ve-ve

  Fig. 8.7    Proposed diagnostic fl owchart for the assess-
ment of patients with clinical evidence of degenerative 
parkinsonism. MRI, FDG-PET, and DAT-PET images are 

provided by Dr. Andrea Varrone. DWI-MRI image is pro-
vided by Drs. Sabina Pappatà and Mario Quarantelli. 
Images of D2-PET are courtesy of Prof. Koen Van Laere       
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 More recently, the introduction of ultrahigh fi elds 
has increased sensitivity to iron deposition in SN 
[ 112 ] and has allowed to study with greater sensitiv-
ity iron accumulation in SNpc nigrosome1 [ 113 ] 
(the largest nigrosome, where maximal cell loss 
occurs in PD). This approach has been then trans-
lated at 3 tesla, allowing a 94.6 % accuracy in dif-
ferentiating PD [ 114 ] or PD and APS [ 115 ] vs. 
Healthy Controls (HC). 

 Interestingly, selective loss of monoaminergic 
neurons has also been shown to be detectable at 
modifi ed T1w images as a loss of the physiologic 
high signal of the SNpc and of the locus coeru-
leus, due to neuromelanin depletion, increased 
magnetization transfer effects, and iron load, 
with reported 82 % sensitivity and 90 % specifi c-
ity in PD compared to HC [ 116 ]. 

 When interpreting these results, it should be 
however considered that these techniques do not 
provide a quantitative measure of iron concentra-
tion, but are based on signal changes that are the 
net results of several phenomena, including 
among the others, besides the phase shifts intro-
duced by the presence of ferromagnetic material, 
microstructural changes related to neuronal loss, 
vacuolization, and gliosis.  

8.3.4     Magnetic Resonance 
Spectroscopy Imaging 

 MR spectroscopy has been used for neuronal loss 
and mitochondrial metabolic dysfunction, which 
are refl ected by reductions in N-Acetyl-Aspartate 
(NAA) in cortical-basal ganglia networks. In addi-
tion, at higher fi eld strengths, changes of Glu and 
GABA concentrations have been studied in the 
basal ganglia of PD patients, as putative markers of 
dysfunction of neuronal excitatory and inhibitory 
activities involved in the control of movements. 

 Confl icting results have been obtained in MRS 
studies carried out at 1.5 tesla, which have shown 
either no changes [ 117 – 120 ] or reduced NAA in 
basal ganglia [ 121 ,  122 ] and in several cortical 
regions [ 123 – 125 ] of PD patients. 

 Conversely, more consistent results have been 
obtained in APS, pointing at a potential role of 
MRS in the differential diagnosis of parkinson-
isms. In particular, when comparing directly PD 

with different APS subtypes, reduced NAA [ 126 ] 
and NAA/Cho and NAA/Cr ratios [ 127 ,  128 ] have 
been found in the putamen and pallidum of MSA-P 
and PSP patients and in the pontine basis of MSA-C 
and MSA-P [ 128 ] patients, compared to PD. 

 Studies at higher fi elds have allowed to assess 
Glu/Gln and GABA in vivo, showing reduced 
Glu levels in the posterior cingulated gyrus [ 129 ], 
but not in the lentiform nucleus [ 130 ] of PD 
patients. In SN, reduced Glu levels have been 
shown in PD [ 131 ], with increases in GABA 
already in the mild stage of the disease [ 132 ] and 
a consequent strong increase of the GABA/Glu 
ratio [ 131 ]. 

 Overall, despite the encouraging differences 
between groups highlighted, the diagnostic 
potential of MRS at the individual level remains 
to be proven.  

8.3.5     Magnetization Transfer 
Imaging 

 Magnetization transfer imaging (MTI) probes tis-
sue microstructure by exploiting the transfer 
between protons bound to large molecules, such 
as in myelin, and the mobile water protons. 

 Reduced MTR has been reported in the SN 
and putamen of PD patients already at the early 
stages of the disease, coupled to alterations in 
periventricular and parietal white matter [ 133 , 
 134 ], and progression of the disease is associated 
to the involvement of caudate, pons, frontal white 
matter, and lateral thalamus [ 134 ]. 

 When comparing PD and APS, differential 
patterns of MTR reduction have been shown 
[ 135 ]. In particular, an extensive involvement of 
globus pallidus and SN in PSP was found, which 
allowed to discriminate this groups from both 
MSA and PD patients, while MSA showed the 
lowest MTR in the putamen, allowing to discrim-
inate between MSA and PD, although MSA and 
PSP groups somewhat overlapped.  

8.3.6     Atrophy Studies 

 Several ROI-based analysis methods have been 
proposed to differentiate among PD and APS, 
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based on differential patterns of midbrain atro-
phy in PSP, asymmetric cortical atrophy in CBD, 
and putaminal/cerebellar atrophy in MSA-P/
MSA-C. 

 In particular, the combined use of pons to 
midbrain and MCP/SCP ratios (MR parkinson-
ism index) has been proposed to distinguish PSP 
from other parkinsonian syndromes [ 136 ,  137 ]. 

 On the other hand, reduced pontocerebellar 
volumes can be detected in MSA [ 138 ], while SN 
atrophy, although already present in early PD 
[ 139 ,  140 ], does not have suffi cient sensitivity 
and specifi city to discriminate between PD and 
APS, even when signal intensity differences are 
considered [ 141 ]. 

 Finally, while atrophy of both parietal cortices 
and corpus callosum has been reported in CBD 
[ 142 ], these changes do not appear specifi c [ 143 ]. 

 Compared to ROI-based analysis, voxel-based 
assessment of brain tissue loss has the advantages 
of not requiring a priori hypotheses and of being 
operator independent and has thus gained exten-
sive use in the neuroimaging community. Its most 
diffuse implementation, voxel-based morphome-
try (VBM), has been shown to be suitable to 
detect cortical atrophy in temporal associative, 
limbic, paralimbic, frontal, and parietal regions 
in PD [ 144 – 147 ]. 

 In PSP, GM loss is detected in the thalamus, 
midbrain, basal ganglia, and insular and frontal 
cortices [ 148 ], coupled to WM volume reduc-
tions in pons and midbrain and adjacent to the 
basal ganglia [ 149 ]. 

 In MSA, signifi cant reduction in the volume 
of the putamen is reported [ 150 – 152 ], along with 
frontal cortical involvement and cerebellar atro-
phy, the latter more prominent in the cerebellar 
variant of the disease [ 151 ,  153 ,  154 ]. 

 Finally, asymmetric cortical atrophy remains 
the hallmark of CBD, with a less severe involve-
ment of subcortical GM [ 155 ,  156 ]. 

 In general, however, despite the clear differ-
ences in atrophy patterns across PD and APS 
subtypes, currently available studies do not sup-
port a suffi cient sensitivity and specifi city of 
VBM “as is” at single-subject level for a clinical 
use, apart from the differentiation of the PSP pat-
tern from classic PD [ 157 ]. 

 Furthermore, its performance in the early 
phases of these diseases, when differential diag-
nosis is an issue, remains to be proven. 

 Interestingly, however, recent studies based on 
large cohorts of PD patients suggest that support 
vector machines can be used to develop classifi -
cation criteria for segmented MRI studies, reach-
ing diagnostic accuracies above 90 % in 
differentiating PD from HC [ 158 ].  

8.3.7     Future Trends 

 While conventional MRI has a reasonable speci-
fi city but lacks suffi cient sensitivity in differentiat-
ing between parkinsonian syndromes, preliminary 
studies with advanced MRI techniques have shown 
a signifi cant potential for differential diagnosis, 
especially when complementary techniques are 
applied. However, further data on the diagnostic 
accuracy of this approach in the earlier phases of 
the disease, as well as comparative studies (to dis-
entangle the relative contributions of different 
techniques), are necessary to properly design inte-
grated imaging protocols, to maximize differential 
diagnosis accuracy at single-subject level. 

 Furthermore, the impact of ultrahigh fi eld 
MRI (providing superior sensitivity and resolu-
tion) and of hybrid PET/MRI scanners (allowing 
truly integrated structural and receptorial imag-
ing) remains to be assessed.   

8.4     Possibilities for Combined 
Applications 

 A proposed fl owchart for diagnostic imaging of 
parkinsonism combining nuclear medicine and 
MRI is outlined in Fig.  8.7 . A practical approach 
in case of suspected atypical parkinsonism would 
be to begin with MRI, including DWI to identify 
specifi c MRI fi ndings suggestive of MSA, PSP, or 
CBD. In the absence of such fi ndings, PET exam-
ination of glucose metabolism and/or D2 receptor 
imaging can help identify specifi c patterns of 
hypometabolism of D2 receptor loss suggestive of 
any of the above disorders. With the availability 
of hybrid PET/MR systems, the fl owchart can be 
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simplifi ed by considering only one imaging ses-
sion in which structural MR, DWI, and PET can 
be done in a “one-stop shop” examination. Such 
approach would save time for scheduling the dif-
ferent examinations, sometimes performed in dif-
ferent departments, optimize patient compliance 
to the different procedures, and increase also the 
level of confi dence in the diagnosis, giving the 
possibility to the radiologist and nuclear physi-
cian to review the images simultaneously and 
with high level of precision in the coregistration. 

 In patients in which the diagnosis of degenera-
tive parkinsonism is in question, the present 
approach is to perform a structural brain scan (MRI 
as fi rst choice) to rule out possible secondary 
causes of parkinsonism and DaTSCAN SPECT to 
examine DAT availability and confi rm or exclude 
the presence of dopaminergic defi cit. The availabil-
ity of 18F-labeled radioligands for the DAT or 
VMAT2 in combination with the more wide access 
to PET or PET/CT systems might change the clini-
cal scenario in the near future, giving the possibil-
ity to use PET instead of SPECT for examining the 

dopaminergic system in the clinical setting. The 
future availability of PET/MR systems will increase 
even more the possibility to use new DAT/VMAT2 
radioligands for examining the dopaminergic sys-
tem in suspected degenerative parkinsonism in 
combination with specifi c MR sequences to study 
the substantia nigra or DTI sequences to obtain 
tractography of the nigrostriatal tracts (Fig.  8.8 ). 
From a research perspective, the availability of spe-
cifi c radioligands for neuroinfl ammation combined 
with MR tractography could provide the possibility 
to examine in vivo the spread of neuroinfl amma-
tory changes along nigrostriatal or striatonigral 
pathways in PD and MSA.

8.5        Methodological 
Considerations and Future 
Directions 

 At present a major challenge is to develop specifi c 
radioligands for imaging alpha-synuclein deposi-
tion in vivo. If this challenge will be successful 

  Fig. 8.8    Representative tract maps in a control subject and a PD patient (Courtesy of Drs. Yu Zhang and Norbert Shuff, 
University of California, San Francisco, USA)       
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and radioligands for visualizing alpha- synuclein 
deposits will be available, the combination of 
PET and MR will contribute to map precisely the 
distribution of alpha-synuclein in the brain of PD 
and MSA patients (in vivo staging) and also con-
tribute to the understanding of the role of alpha-
synuclein in the pathology of PD, considering the 
possibility to obtain functional, molecular, and 
metabolic information at the same time. To our 
knowledge there is only one study with the alpha-
synuclein radioligand [ 11 C]BF-227 that has shown 
increased binding in several brain regions in MSA 
patients [ 159 ]. However, [ 11 C]BF-227 is not selec-
tive for alpha-synuclein as it binds also to 
amyloid-β and has also high-nonspecifi c binding, 
so it is not a suitable radioligand for imaging 
alpha-synuclein in vivo. Another aspect that is 
emerging more recently is the need to better char-
acterize the binding of tau radioligands to four tan-
dem repeats, characteristic of the tauopathies. At 
present, only [ 11 C]PBB3 has been shown to bind to 
tau aggregates present in CBD [ 8 ], but little infor-
mation is available for other tau radioligands such 
as [ 18 F]807 or [ 18 F]THK5117 or [ 18 F]THK5351. 
The combination of PET and MRI can provide a 
detailed mapping of tau distribution in those 
tauopathies such as PSP and CBD that show inho-
mogeneous distribution of pathology. In addition, 
the intrinsic combination of PET and MRI could 
permit also PVE correction with improved accu-
racy of the quantifi cation and mapping.     
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9.1          Introduction 

 In the fi eld of psychiatry, positron emission tomog-
raphy (PET) imaging has attracted interest of 
researchers in a broad spectrum of diseases, such 
as depression, anxiety disorders, schizophrenia, 
and impulse control disorders. Being able to pro-
vide quantitative measurements of glucose metab-
olism, perfusion, and neurotransmitter 
functionality (e.g., neuroreceptors, transporters), 
PET provides useful information which adds to 
the differential diagnosis of diseases, as well as to 
understanding the neurobiological basis and deter-

mining neurotransmitter impairments. Functional 
imaging may further help to establish novel con-
cepts and theoretic frameworks regarding diseases 
and to provide a rationale for specifi c pharmaco-
logical treatment. In psychiatric drug develop-
ment, PET may play a role in the pharmacokinetic 
evaluation of a drug and in receptor occupancy 
studies, which helps to determine optimal dosing 
for further clinical trials. Finally, PET measure-
ments may function as a biomarker, which could 
improve the selection of subjects entering clinical 
trials and provide an additional means of response 
evaluation. With the arrival of hybrid imaging, 
such as PET/CT and PET/MRI, simultaneous ana-
tomical and functional biomarkers are obtained, 
which may be complementary in selected cases. 
Recent developments in functional MRI allow for 
different imaging combinations, such as the com-
bined studies of cerebral perfusion and neurotrans-
mitter systems. In this chapter, we will address the 
role of PET and anatomical imaging in various 
psychiatric disorders, with a particular focus on 
the separate PET and MRI fi ndings and on poten-
tial applications of hybrid imaging.  

9.2     Basics of PET-MRI 

 In many diseases of the brain in which functional 
or neurotransmission impairments predominate, 
macroscopic changes may not be apparent. In 
order to be sensitive to the cellular dysfunction 
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that is manifested by psychiatric disorders, it is 
necessary for imaging modalities to be able to 
visualize metabolic processes. PET tracers, usu-
ally labeled with short-lived isotopes [ 11 C] and 
[ 18 F], are particularly suited to this end. By selec-
tively binding to different neuroreceptors in the 
brain, these tracers allow for in vivo assessment 
of receptor or transporter density or activity and 
of physiological activities in the brain. 
Alternatively, tracers are available which are able 
to target neuropathological processes, such as the 
activation of microglia (neuroinfl ammation), a 
feature which is commonly observed in neurode-
generative diseases, but may also be implicated 
in psychiatric disorders such as schizophrenia. 

 MRI on the other hand provides excellent soft 
tissue contrast, due to signifi cant differences in 
the presence of free water molecules in the gray 
and white matter and the cerebrospinal fl uid [ 1 ]. 
It offers the advantages that it is fully noninvasive 
(when performed without contrast agent) and that 
it does not expose subjects to ionizing radiation. 
Using MRI, micro- and macroscopical structural 
changes of the brain can be detected (sMRI), 
whereas functional MRI (fMRI) allows tracking 
of neural activity, not merely limited to activa-
tions of the brain but also to the connection of 
different parts of the brain. It is the combination 
of fMRI and PET imaging of neurotransmitter 
activity that has been highlighted in particular as 
a promising application of hybrid PET/MRI, 
helping to understand brain function in mental 
illnesses, and eventually guiding personalized 
therapies [ 2 ]. 

 The simultaneous acquisition of both MRI 
and PET, i.e., the use of fully integrated PET/
MRI systems, has come with several technical 
limitations and pitfalls, as described by Delso 
et al. [ 3 ]. The main challenge is that in order to 
provide quantitative PET measurements, PET/
MRI has to rely on indirect MRI measurements 
to correct for attenuation in PET images. 
However, many technical solutions to address the 
abovementioned issue have been developed and 
will likely become available [ 4 ], which allows 
hybrid PET/MR to be used in the clinic as well as 
for scientifi c research. In the next section, we will 
describe PET and MRI fi ndings in a selection of 

psychiatric disorders, attempting to identify 
potentially complementary applications.  

9.3     Depression and Related 
Disorders 

 In depression, symptoms may consist of anhedo-
nia, sleeping disorders, psychomotor agitation, 
fatigue, feelings of guilt, and cognitive disorders. 
A depressive episode may occur in major depres-
sive disorder (MDD) and bipolar disorder (BD). 
One of the main challenges in the imaging of 
psychiatric disorders has been the highly hetero-
geneous nature of many psychiatric diseases, 
which potentially hampers the solid detection of 
brain regions involved in the process. This may 
particularly be the case in depressive disorders, in 
which a wide variety of clinical phenotypes may 
be present. Recently, most research focusing on 
functional imaging has been performed using 
(functional) MRI, whereas PET imaging has 
mostly been targeted at transporter and receptor 
imaging, providing a potentially complementary 
application for hybrid imaging, albeit still pre-
served for research purposes. We briefl y discuss 
the main anatomical and functional imaging fi nd-
ings in depression using MRI and neurotransmit-
ter fi ndings using PET. 

 Several recent meta-analyses have appeared 
that have focused on MRI fi ndings regarding 
anatomy [ 5 – 7 ], white matter integrity [ 8 ,  9 ], and 
fMRI [ 10 ] in MDD and are summarized in 
Table  9.1 . All analyses suffered from the fact that 
both drug naive and medicated patients were 
included. Although studies initially employed a 
ROI-based analysis, more recently voxel-based 
morphometry techniques have been utilized 
which may reduce the bias of focusing on theo-
retically involved regions. Taken together, struc-
tural imaging fi ndings point toward structural 
abnormalities in regions particularly involved in 
emotion control regulation such as the anterior 
cingulate and orbitofrontal and prefrontal cortex. 
Other regions showing signifi cant reductions 
include the hippocampus and the striatum, 
although less consistently. The neurobiological 
basis of microstructural alterations in MDD has 
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not been fully elucidated, yet there is evidence 
pointing toward a chronic elevation of cytokines 
[ 11 ]. DTI imaging has identifi ed another putative 
mechanism; white matter changes in cortico- 
subcortical circuits, giving rise to disconnectiv-
ity.  Locally  reduced connectivity has further been 
implicated by the meta-analysis by Iwabuchi 
et al. [ 10 ], which according to the authors, is sug-
gestive of increased participation of this region in 
default-mode-network-like functions.

   Functional imaging using nuclear techniques 
(PET and SPECT) has usually been performed 
under resting conditions, yet MRI sequences are 
increasingly being evaluated in this setting. In 
this perspective, the use of arterial spin labeling 
sequences may especially be attractive, offering 
the advantage of using freely fl owing water pro-
tons as an endogenous tracer. Using ASL, 
Duhameau and colleagues found hypoperfusion 
in the bilateral subgenual anterior cingulate cor-
tex (sACC), left prefrontal dorsomedian cortex, 
left ACC, and left subcortical areas in depressed 
subjects [ 12 ]. The fi nding of reduced hypoperfu-
sion of the sACC may be particularly relevant, 
since this region has not been consequently 
reported to be altered in anatomic imaging stud-
ies [ 5 ]. However, functional involvement of this 
region is supported by evidence in patients treated 
with deep brain stimulation in this region ( n  = 6), 
in whom symptoms ameliorated over a sustained 
period in four out of six patients [ 13 ]. The obser-
vation of reduced activity of the sACC is also in 
line with the meta-analysis considering both 
fMRI, SPECT, and PET by Fitzgerald et al., who 
additionally reported hypoactivity in frontal gyri, 
the left superior temporal gyrus, insula, and the 
cerebellum, whereas hyperactivity was found in 
subcortical and limbic areas, as well as in medial 
and inferior frontal regions [ 14 ]. 

 As mentioned previously, most PET studies in 
MDD have aimed to detect alterations in neu-
rotransmitter systems, both in comparison to 
healthy controls and in response to pharmaco-
logical treatment. Impairments of the serotoner-
gic system and dopaminergic system have often 
been implicated in the pathophysiology of 
depression, ever since the monoamine hypothesis 

was introduced. This hypothesis, which suggests 
that depression is caused by defi cits in the seroto-
nergic, dopaminergic, and noradrenergic neu-
rotransmitter system, is nowadays regarded as an 
oversimplifi cation [ 15 ]. Additional impairments 
such as relating to GABA – an inhibitory neu-
rotransmitter – have been described. Klumpers 
et al. reported reduced binding of the GABA a  
benzodiazepine in the bilateral parahippocampal 
gyrus and the right temporal gyrus, using 
[ 11 C]-fl umazenil [ 16 ]. The serotonergic system 
has been most widely studied in PET studies of 
MDD. Different radioligands are available to 
image the serotonin transporter (SERT), sero-
tonin synthesis, and serotonin receptors. 

 Few studies have investigated serotonin syn-
thesis in major depressive disorder using PET. In 
the largest study group (17 patients with MDD 
and 17 HC), reduced synthesis rates were 
observed in the bilateral cingulate and medial 
temporal lobe in females and the left cingulate 
lobe in males [ 17 ]. Concerning the SERT, studies 
have appeared usually comprising of small 
groups and have yielded inconsistent results, 
which were possibly due to confounding factors 
such as the heterogeneity of study groups (with 
many comorbidities), genetic polymorphisms, 
and seasonal changes. An interesting application 
of SERT imaging is targeted at measuring the 
SERT availability before and after treatment with 
serotonin reuptake inhibiting antidepressants, by 
means of which receptor occupancies can be 
determined at different doses. Ruhé et al., for 
example, performed a randomized, placebo- 
controlled dose-escalation study to show that the 
SERT occupancy remained relatively unchanged 
after true dose escalation relative to the placebo 
dose escalation, supporting a previously 
described fl at dose response for SSRIs [ 18 ]. 

 Results of dopamine synthesis studies are 
scarce, and reductions have not consistently 
been reported. For a detailed description of the 
results of studies on serotonergic and dopami-
nergic alterations between subjects with depres-
sive disorders and healthy controls, the reader is 
referred to a recent review [ 15 ]. In general, the 
inconsistencies mentioned above seem to point 
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out that altered serotonergic and dopaminergic 
may be present in major depressive disorder but 
only in subsets. Therefore, more accurate pheno-
typing or genotyping of these subjects may even-
tually lead to more consistent results. In this 
light, hybrid PET/MRI imaging may play a role; 
impairments in neurotransmission may, for 
example, be more apparent in a subgroup who 
additionally show signs of reduced local connec-
tivity of the dorsomedial prefrontal cortex 
(Table  9.1 ).  

9.4     Anxiety Disorders 

 Anxiety disorders are characterized by develop-
mentally inappropriate excessive fear and anxiety 
which lead to disturbances in several domains, 
such as in social, academic, or occupational envi-
ronments. In DSM-V, anxiety disorders are a col-
lection of disorders consisting of separation 
anxiety disorder, selective mutism, specifi c pho-
bia, social anxiety disorder, panic disorder, panic 
disorder, agoraphobia, generalized anxiety disor-
der, substance-induced anxiety disorder, anxiety 
disorder due to another medical condition and 
other specifi ed disorder, and unspecifi ed anxiety 
disorder [ 19 ]. Anxiety disorders, regardless of 
the type, have an estimated lifetime prevalence of 
approximately 26 % [ 20 ]. Unlike in DSM-IV, 
obsessive-compulsive disorders (OCD) are no 
longer part of the list of anxiety disorders in 
DSM-V, but instead are mentioned separately 
under “obsessive-compulsive and related disor-
ders.” Indeed, a meta-analysis by Radua et al. 
gathering data on structural MRI has reported 
relatively increased bilateral gray matter volumes 
in the lenticular and caudate nuclei in subjects 
with OCD, whereas subjects with anxiety disor-
ders tended more to show decreased gray matter 
volumes in the left lenticular nucleus [ 21 ]. The 
groups combined showed decreased bilateral 
gray matter volumes in the dorsomedial frontal/
anterior cingulate gyri. The authors did note that 
some anxiety disorders, such as generalized anxi-
ety disorder or specifi c phobias, were underrepre-
sented in volumetric studies. 

 Specifi c phobias, however, have often been the 
subject of provocation studies using FDG PET or 
 15 O-H 2 O. Specifi c phobias, as well as posttrau-
matic stress disorder, offer the “advantage” that 
anxiety responses can be induced by physiologi-
cal means and thus measured at any given time. A 
meta-analysis by Fredrikson et al. has been per-
formed in order to assess the  within- group differ-
ences (at baseline and during fear induction) in 
subjects with specifi c and social phobias as well 
as posttraumatic stress disorder (PTSD) [ 22 ]. It 
was reported that specifi c regions, commonly 
attributed to the “fear network,” such as the amyg-
dala, midbrain, and insula, were consistently acti-
vated during fear provocation in both groups, 
whereas hypoactivation in the anterior cingulate 
cortex was observed in subjects with specifi c or 
social phobia and of the orbitofrontal cortex in 
subjects with PTSD. Another meta- analysis, 
which combined data derived from PET and 
SPECT studies with data from fMRI in the same 
categories of subjects (specifi c phobia, social anx-
iety phobia, and PTSD), showed consistent hyper-
activation of only two regions – the amygdala and 
the insula.  Hypo activation was only observed in 
specifi c regions in the PTSD group. Based on the 
results, the authors propose that hyperactivity in 
the amygdala and insula may be useful criteria for 
disorder categorization [ 23 ]. 

 In the resting state, PET and SPECT studies 
have aimed to characterize alterations in neu-
rotransmitter systems between patients and 
healthy controls, although relatively small in 
number and inconsistent results have been 
reported. These studies have focused on the post-
synaptic D 2 /D 3  dopamine receptor, 5HT1 a  recep-
tors, as well as the dopamine transporter (DAT), 
the serotonin transporter (SERT), and the benzo-
diazepine receptor (BZD). A recent comprehen-
sive review reported that the most consistent 
fi ndings include reduced benzodiazepine recep-
tor activity in limbic and frontal regions and 
downregulation of 5HT1a receptors, mainly in 
limbic, striatal, and midbrain/thalamus regions 
[ 22 ]. A combination of fMRI and PET imaging 
of neurotransmitter systems may help to establish 
more consistent fi ndings in this respect.  

9 Psychiatric Disorders



132

9.5     Schizophrenia Spectrum 
Disorders 

 In schizophrenia spectrum disorders, one or more 
of the following symptoms are present to variable 
degrees: delusions, hallucinations, disorganized 
thinking, grossly disorganized or abnormal motor 
behavior, and negative symptoms [ 19 ]. Psychosis 
is one of the hallmark features of schizophrenia 
spectrum disorders. Many years of structural 
brain research have led schizophrenia to well- 
established reductions in the brain volume. A 
meta-analysis by Haijma et al. including data of 
over 9000 patients with schizophrenia reported 
reduced intracranial, total brain and total gray 
matter volume, and total white matter volumes. 
Increased volume was only observed in the glo-
bus pallidus. Signifi cant differences between 
medicated and antipsychotic naive patients were 
noted. Although unmedicated patients tended to 
show smaller gray matter volume reductions, vol-
ume reductions in the thalamus and caudate 
nucleus were more pronounced in treatment- 
naive patients. PET and SPECT studies of schizo-
phrenia have mainly been driven by the putative 
involvement of the dopaminergic system, gluta-
mate, and neuroinfl ammatory processes [ 24 ]. 
Regarding the dopaminergic system, investiga-
tions have targeted the postsynaptic D 2 /D 3  recep-
tor, presynaptic dopamine synthesis, and the 
dopamine transporter. An early meta-analysis by 
Laurelle et al. reported an increase of approxi-
mately 12 % increase of D 2 /D 3 -receptor binding 
in medication-free patients with schizophrenia in 
comparison to healthy controls [ 25 ]. However, a 
more recent meta-analysis reported less consis-
tent fi ndings, with both increased, decreases, and 
no differences between subjects with schizophre-
nia and controls [ 26 ]. Possible explanations 
include competition at the receptor of the radio-
tracer with increased levels of endogenous dopa-
mine resulting in lower D 2 /D 3 -receptor binding, 
or a medicated status, in which dopamine block-
ade might cause receptor regulation [ 24 ]. 
Increased dopamine synthesis capacity, assessed 
using [ 18 F]-DOPA, has been an often replicated 
fi nding and may also be correlated to disease 
severity. Amphetamine challenge studies, which 

measure differences between the pre- and postad-
mission of amphetamine, have indicated that 
medication-free subjects with schizophrenia 
show elevated striatal dopamine release. Finally, 
the dopamine transporter (DAT) does not seem to 
be implicated in schizophrenia [ 26 ]. 

 Although PET tracers targeting glutamate 
release, such as [ 11 C]-APB688, are being devel-
oped and integrated into clinical research, most 
data converging on glutamate transmission has 
originated from MR spectroscopy. A recent meta- 
analysis has reported elevated GLX and gluta-
mine levels in many regions of the brain, 
including the medial prefrontal cortex, the basal 
ganglia, and the anterior cingulate cortex. The 
authors conclude that disturbances in glutamate 
and glutamine neurotransmission are likely to be 
one of the factors underlying the pathophysiol-
ogy of schizophrenia [ 26 ]. Another recent PET 
approach has aimed to quantify the activation of 
microglia (neuroinfl ammation) in schizophrenia, 
using the PET tracer [ 11 C]-(R)-PK11195. Indeed, 
increased specifi c binding was reported, particu-
larly in the hippocampus [ 27 ]. Future studies 
using hybrid imaging may benefi t from a strict 
patient selection, minimizing the mixture of 
medication naive and previously treated patients.  

9.6     Substance-Related 
and Addictive Disorders 

 Addiction is a chronic relapsing disorder of the 
brain, characterized by a pattern of repetitive 
actions that are continued despite of adverse con-
sequences, which may be linked to substances or 
behavior. Despite sharing potential clinical simi-
larities to chemical addiction, diffi culty presents 
when defi ning a pathologic addictive state of 
behavior, since eating, gaming, and sexual behav-
ior may be considered normal behavior. In this 
respect, functional imaging modalities may help 
to establish neurobiological linkages between 
behavior addictions and substance use disorders. 
Currently, pathological gambling remains the 
only behavioral addiction included in DSM-V 
section “substance disorders and other addictive 
behaviors” [ 19 ], as it has been shown that there 
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are similarities between pathological gambling dis-
order and substance use disorder (SUD) [ 28 ,  29 ]. 
Although gaming addiction is increasingly preva-
lent, this condition is still under review for being 
considered as an entity in the DSM. Other poten-
tial addictions, such as sexual addiction or porno-
graphic addiction, are not yet considered. A need 
for studies aiming to identify neurobiological cor-
relates of hypersexuality disorders has been 
expressed in order to allow comparison to SUD 
[ 30 ]. Although a number of neuroimaging studies 
have focused on the direct effects on the brain of 
sexual arousal (e.g., visual stimuli, orgasms, sex-
ual stimulation) [ 31 – 33 ], few have been con-
ducted in the absence of sexual stimuli in 
potentially addicted subjects. Using diffusion ten-
sor imaging (DTI), Miner and colleagues reported 
signifi cantly higher superior frontal region mean 
diffusivity (MD) in subjects with compulsive sex-
ual behavior ( n  = 16) in comparison to controls 
( n  = 8). However, the DTI results were regarded 
inconsistent with impulse control disorders [ 34 ]. 

 Altered dopamine transmission has been 
assumed to play a critical role in the pathogenesis 
of addiction [ 35 ]. Dopamine is a neurotransmitter 
that is present in a wide variety of animals, 
including both vertebrates and invertebrates. In 
the brain, this phenethylamine functions as a neu-
rotransmitter, activating fi ve receptor subtypes of 
dopamine receptors (D 1 , D 2 , D 3 , D 4 , and D 5 ), 
which are subdivided in two main classes of 
receptors, termed D 1 -like (D 1 , D 5 ) and D 2 -like 
(D 2 , D 3 , D 4 ). In particular, D 2  receptors are asso-
ciated with addiction-linked processes such as 
reward seeking, prediction, expectation, and 
motivation [ 36 ]. D 2 -receptors are predominant in 
the striatum, in the core of the nucleus accum-
bens (NAc), and in the olfactory tubercle, but are 
also present in the prefrontal, cingulate, tempo-
ral, and entorhinal cortices, amygdala, hippo-
campus, hypothalamus, substantia nigra pars 
compacta, and ventral tegmental area (VTA) 
[ 37 ]. Functional imaging targeted at the meso-
limbic dopaminergic system and its regulation by 
frontal regions has been applied in the fi eld of 
pathological gambling and obesity [ 38 – 41 ], but 
has not been performed in sexual disorders such 
as pornography addiction. 

 Most drugs implicated in substance use disor-
der, e.g., chemical addiction, activate regions 
associated with the reward center, such as the 
mesolimbic and mesocortical dopamine systems, 
which consist of dopaminergic neurons in the 
ventral tegmental area and their projection 
regions, including the nucleus accumbens (ven-
tral striatum) and medial prefrontal cortex [ 42 ]. 
Besides psychoactive drugs, several non- 
pharmacological rewards including gambling 
tasks [ 43 ], sex [ 44 ], playing video games [ 45 ], 
food [ 46 ], and even music [ 47 ] have been shown 
to generate signifi cant dopamine release, which 
in turn might trigger addiction in vulnerable indi-
viduals. Involvement of the dopaminergic system 
in behavioral addictions has further been impli-
cated by observations during agonistic dopami-
nergic treatment in patients with Parkinson’s 
disease, which has been associated with hyper-
sexuality disorder, and compulsive gambling and 
shopping [ 48 ,  49 ]. 

 Positron emission tomography, using 
[ 11 C]-raclopride as a radioligand, enables func-
tional assessment of D 2 -receptor availability. 
Decreased [ 11 C]-raclopride binding has been a 
fairly consistent fi nding in studies assessing the 
D 2 -receptor availability in the striatum in sub-
jects addicted to different substances, including 
cocaine [ 50 ,  51 ], methamphetamine [ 52 ,  53 ], 
alcohol [ 54 ,  55 ], and heroin [ 56 ]. Few studies 
failed to report D 2 -receptor-related differences in 
SUD compared to controls, particularly involv-
ing the direct effects alcohol and nicotine abuse 
[ 57 – 59 ]. Using dual tracer approaches, combin-
ing [ 18 F]-FDG (glucose analog, used to assess 
brain metabolism) and [ 11 C]-raclopride PET, 
decreased striatal binding availability in cocaine 
addicts has been linked with frontal hypometabo-
lism, suggesting a defi cit in prefrontal inhibitory 
signaling toward the striatum [ 60 ]. The opposite 
relationship, e.g., lower D 2 -receptor availability 
correlating with higher prefrontal metabolism, 
has also been reported [ 61 ]. Stimulant adminis-
tration in addicted individuals seems to increase 
metabolism in the orbital and medial prefrontal 
cortex to a larger extent than in controls, suggest-
ing a normalization effect [ 62 ]. The prefrontal 
cortex has also been prone to gray matter volume 
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loss, as reported by a recent voxel-based mor-
phometry meta-analysis [ 63 ]. 

 Analogous to the above chemical addictions, 
several behavioral addictions, such as morbid 
obesity (food addiction) [ 41 ,  64 ] and pathologi-
cal gambling [ 43 ], have been linked to decreased 
striatal D 2 /D 3 -receptor availability. In parallel to 
the previously described observations in cocaine 
addicts, decreased striatal D 2 -receptor availabil-
ity has been correlated with hypometabolism in 
prefrontal areas in subjects with morbid obesity 
[ 57 ]. In subjects with bulimia nervosa, striatal 
dopamine release after stimulant administration 
was associated with the frequency of binge eat-
ing, and there was a trend toward lower D 2 - 
receptor availability [ 65 ]. Recently, reduced 
striatal D 2 -receptor availability was shown in the 
dorsal striatum of subjects with compulsive 
Internet use [ 66 ]. From the latter study, it could 
however not be estimated which online activity is 
specifi cally related to the observed differences in 
D 2 -receptor availability and is responsible for the 
reduced D 2 -receptor availability. 

 There is evidence suggesting that repeated 
drug abuse over a prolonged period of time may 
result in maladaptive neural plasticity of the 
brain in vulnerable individuals, which might per-
sist long time after withdrawal [ 67 ,  68 ]. 
Alternatively, there may be a primary defi cit of 
the reward center, often referred to in the litera-
ture as the “reward defi ciency syndrome,” which 
might predispose an individual for developing 
future addictive behavior [ 69 ]. In this unifying 
concept, impulsive, addictive, and compulsive 
disorders, regardless of behavioral or chemical 
origin (e.g., alcoholism, cocaine dependency, 
food abuse, and sex addiction), are grouped 
based on shared neurochemical and genetic 
components. Polymorphisms at the D 2 -receptor 
gene locus (DRD2), existing of the A1 and A2 
allele, are held partly responsible for an individ-
ual vulnerability to develop substance abuse dis-
orders [ 70 ] and have been linked to a defi ciency 
to learn from errors [ 71 ]. It is suggested that a 
low number of D 2  receptors refl ects a hypodopa-
minergic state, in which an individual seeks sub-
stances or behaviors that stimulate the 
dopaminergic system in order to achieve “nor-

malization” [ 69 ]. Hybrid imaging approaches 
assessing the dynamics of reward processing in 
behavioral addictions may be able to shed more 
light on this issue.  

9.7     Future Developments 

 As illustrated above, MRI and PET studies in the 
fi eld of psychiatry have often yielded comple-
mentary results on different parameters such as 
brain volumetrics, neurochemistry, receptor den-
sity and/or occupancy, and glucose metabolism. 
The integration of simultaneous PET and MRI 
may offer several advantages, some of which 
related to image quality (e.g., using MRI to cor-
rect for partial volume effects or motion correc-
tion), yet the ability to achieve measurements of 
neuronal activity and neurotransmitter release at 
the same time in the setting of task processing or 
pharmacological interventions seems to add most 
value, even more so when temporal relationships 
are being investigated. Indeed, this advantage has 
already been captivated on by Mandeville et al., 
who performed simultaneous PET/fMRI experi-
ments in rhesus monkeys to derive a receptor- 
based model for the analysis of dopamine-induced 
fMRI signals [ 72 ]. Temporal differences between 
both modalities were observed during a metham-
phetamine challenge, in which displacement of 
the PET ligand ([ 11 C]-raclopride) was slower 
than the evoked fMRI signal alterations, possibly 
due to receptor internalization. Another interest-
ing study has correlated hemodynamic responses 
measured using the blood oxygenation-level- 
dependent (BOLD) signal with dynamic PET 
acquisitions of the opioid radioligand 
[ 11 C]-diprenorphine in eight healthy volunteers 
while applying pressure pain. The authors 
reported both modality-specifi c and overlapping 
networks (in the thalamus and striatum) involved 
in pain processing [ 73 ]. Complementary infor-
mation from hybrid imaging has also been gath-
ered by Wehrl et al. who found spatial and 
quantitative differences between activated 
regions as detected by fMRI and FDG PET dur-
ing whisker pad stimulation in rats. These papers 
just illustrate the fi rst applications of simultaneous 
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hybrid PET and MR imaging, providing for the 
fi rst time a direct comparison of the temporal 
aspects of functional and molecular processes, 
which so far was not possible and was enabled by 
the development of hybrid PET/MR.  

9.8     Summary and Conclusion 

 A large body of literature has covered the fi nd-
ings of anatomical and functional imaging with 
MRI, whereas PET studies have focused on 
functional imaging and alterations in neurotrans-
mitter systems. Psychiatric conditions may pres-
ent with considerable heterogeneity, both with 
respect to the clinical presentation and to neuro-
imaging fi ndings, which has limited the consis-
tency of these fi ndings. Future studies may 
benefi t from more accurate phenotyping and 
genotyping in order to be more sensitive to func-
tional and neurotransmission impairments, e.g., 
by correlating a MRI-derived functional impair-
ment to a specifi c neurotransmitter defi cit mea-
sured with PET. PET and MRI, whether in 
combination or performed separately, may pro-
vide useful information in several domains. 
Neuroimaging may aid the selection of more 
homogeneous groups entering clinical trials, 
monitor pharmacological response, support new 
or existing concepts of diseases, and eventually 
guide pharmacological treatment by selecting 
patients that will most likely benefi t. Recent 
developments in functional MRI allow for dif-
ferent imaging combinations, such as the com-
bined studies of fMRI and neurotransmitter 
systems. Depending on the disorder and the goal 
of the examination, different combinations of 
imaging modalities can be selected which may 
be complementary. A PET/MRI hybrid imaging 
approach can be particularly valuable in the 
research fi eld of psychiatry, as many single-
modality studies have lacked (spatial and tempo-
ral) integration of different co- acting systems. 
Correlations between simultaneously acquired 
sets of MRI (e.g., volumetrics, fMRI, DTI, 
MRS) and PET (neurotransmission, neuronal 
activity) data may help to better understand the 
linkages between individual systems.     
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10.1          Introduction 

 For more than a century, X-ray was the only 
available modality allowing observation of inner 
workings of the human body. Today, a new gen-
eration of imaging devices is probing even deeper 
and transforming medicine in the process. Indeed, 
recent advances in imaging technology such as 
CT scans, MRIs, SPECT, and PET scans and 
other techniques have had a major impact on the 
diagnosis and treatment of disease. Nuclear med-
icine techniques for imaging infl ammation and 
infection have enormously expanded gaining 
importance in the diagnostic setting as well as for 
prognostic implication and management of treat-
ment. This important clinical role relies on the 
ability of functional imaging to pinpoint different 
components and phases of infl ammatory and 
infectious diseases beside the pure morphologi-
cal anomaly generally depicted by the majority 
of radiological imaging procedures. Indeed, the 

use of nuclear medicine techniques allows in vivo 
histological characterization of infl amed and 
infected tissues and highlights cells and phenom-
ena principally involved, thus allowing defi nition 
of tailored personalized treatment. 

 Radiopharmaceuticals used in the fi eld of 
infl ammation and infection imaging have been 
developed to target specifi c phase of the patho-
physiology of each process. Therefore, knowledge 
of the specifi c pathophysiology pathways will 
facilitate the understanding of their application as 
well as on their advantages and limitations. 

 A basic knowledge important to understand 
the complexity of infl ammation and infection 
imaging is that, despite specifi c hallmarks, 
infl ammation and infection are two distinct pro-
cesses that often coexist. Infl ammation is defi ned 
as a merely nonspecifi c immune response to a 
variety of stimuli such as trauma, ischemia, neo-
plasm, autoimmune disorders, as well as the inva-
sion by microorganisms [ 1 ,  2 ]. Infl ammation is 
part of the body’s immune response that involves 
immune cells, blood vessels, and molecular 
mediators. The purpose of infl ammation is to 
eliminate the initial cause of cell injury, clear out 
necrotic cells and tissues damaged from the orig-
inal insult and the infl ammatory process, and to 
initiate tissue repair. However, sometimes, 
infl ammation can cause further infl ammation; it 
can become self-perpetuating. 

 Neuroinfl ammation plays a central role in a 
variety of neurological diseases (i.e., cerebrovas-
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cular and demyelinating diseases), and it is a 
highly relevant diagnostic and therapeutic target, 
but several characteristics of the brain make both 
goals more diffi cult than at other sites. First, the 
BBB prevents most molecules from entering the 
brain. Thus, imaging probe and drug design need 
to bypass this challenge. Second, cranial bones 
complicate direct access to the brain for diagnos-
tic (e.g., biopsy) or therapeutic (e.g., surgery) 
interventions and even distorts signal of certain 
(e.g., optical) imaging techniques. Lastly, the 
brain has very limited regeneration capacity, 
which makes secondary and tertiary prevention 
more diffi cult, so early diagnosis is of utmost 
importance. Molecular imaging techniques that 
noninvasively visualize specifi c targets of the 
infl ammation cascade using specifi c and sensi-
tive probes could be powerful tools to evaluate 
neuroinfl ammation in the preclinical and clinical 
settings. This could allow for more sensitive and 
earlier detection as well as for monitoring disease 
progression and response of patients to therapeu-
tic interventions. Over the past decade, a plethora 
of molecular imaging agents have been devel-
oped and tested in animal models of neuroinfl am-
mation, and a few have been translated from 
bench to bedside. The most promising imaging 
techniques to visualize neuroinfl ammation 
include MRI, positron emission tomography 
(PET), single-photon emission computed tomog-
raphy (SPECT), and optical imaging methods 
[ 3 ]. Figure  10.1a  presents a schematic represen-
tation of possible targets in neuroinfl ammation.

   On the other hand, infection is the process of 
invasion of an organism’s body tissues by disease- 
causing agents, their multiplication, and the reac-
tion of host tissues to these organisms and the 
toxins they produce. Infections are caused by dif-
ferent infectious agents including viruses, 
viroids, prions, bacteria, nematodes, arthropods, 
fungi, and other parasites. The host response to a 
microorganism usually begins with an infl amma-
tory reaction and is followed by a humoral or 
cell-mediated immune response. Usually, the 
innate immune response which consists of blood 
vessel dilatation in the infected tissue increased 
circulation of immune cells, and their congrega-
tion allowed to keep the infl ammatory reaction 

localized. When the innate immune response is 
amplifi ed and dysregulated, the imbalance 
between pro-infl ammatory and anti- infl ammatory 
responses might result in sepsis. During sepsis, 
neuroinfl ammation and concomitant decrease of 
cerebral metabolism inducing early impairment 
of neuronal metabolism and activity have been 
described [ 4 ]. 

 Radiopharmaceuticals localize into sites of 
infections by following one or more than one of 
the specifi c pathophysiological pathways. Since 
the advent of  67 Ga citrate for routine infection 
imaging in 1970s, a variety of agents have been 
developed and evaluated to detect areas of infec-
tion within the body. Two main groups of radio-
pharmaceuticals could be identifi ed: agents for 
targeting microorganism (antimicrobial agents) 
and agents for targeting components of the 
immune response toward the infective agents. The 
theoretical advantage of using an antimicrobial 
agent is the selective targeting of the compound 
for microbial rather than human targets [ 5 ]. 
Therefore, such agents should be able to distin-
guish between infl ammation due to infection with 
microbial pathogens and infl ammation due to 
immune activity in circumstances where microbes 
are not involved. The prototype of this class of 
compounds is  99m Tc-ciprofl oxacin ( 99m Tc- 
Infecton), an agent introduced in 1993 that has 
been extensively evaluated by many groups around 
the world in a wide range of scenarios. This radio-
pharmaceutical has been developed starting from 
ciprofl oxacin hydrochloride, a synthetic broad-
spectrum quinolone antibiotic which is taken up 
by Gram-positive and Gram-negative bacteria and 
inhibits DNA synthesis by binding to bacterial 
DNA gyrase. However, ciprofl oxacin also binds 
reversibly to mammalian topoisomerase II but 
with 1000-fold lesser affi nity [ 6 ]. Therefore, 
although the drug penetrates into white cells, it is 
not retained in the absence of bacterial infection. 
Following injection, only 20–30 % of ciprofl oxa-
cin is bound to plasma proteins and the agent 
becomes widely distributed throughout the body. 
It is metabolized in the liver then eliminated by 
renal excretion during the fi rst 24 h and via the bile 
over the next 5 days. More recently, several other 
antimicrobial agents have been radiolabeled and 
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  Fig. 10.1    ( a ) Schematic representation of possible target of infl ammation. ( b ) Schematic representation of possible 
target of infection (Adapted from Wu et al. [ 286 ])         

a

b
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tested in animal models and patients with infec-
tions such as  99m Tc- sparfl oxacin and  99m Tc-enrof-
laxacin, new- generation quinolones with enhanced 
activity against Gram-positive and mycobacteria; 
 99m Tc- ceftizoxim, a third-generation cephalospo-
rin antibiotic active against  S. aureus ,  Streptococci , 
and Enterobacteriaceae; antituberculous agents 
( 99m Tc-isoniazid,  99m Tc-ethambutol); or antifungal 
agents ( 99m Tc-fl uconazole,  99m Tc- voriconazole, 
and  125 I-caspofungin) [ 5 ,  7 ,  8 ]. 

 Another class of agents used to image infec-
tion after their radiolabeling are antimicrobial 
peptides. These molecules, produced by phago-
cytes, epithelial cells, endothelial cells, and many 
other cell types, are an important component of 
innate immunity against infection by a variety of 
pathogens [ 9 ]. These peptides show antibacterial, 
antiviral, and antifungal activities in vitro. 
Bacterial infections with  Staphylococcus aureus  
and  Klebsiella pneumoniae  have been visualized 
in mice by  99m Tc-labeled human neutrophil pep-
tide- 1 [ 10 ]. The basis of the antimicrobial activity 
of these peptides is the interaction of the cationic 
domains with the negatively charged surface of 
the microorganisms. The antimicrobial peptide 
ubiquicidin (TGRAKRRMQYNRR; 1693 Da) 
was originally isolated from mouse macrophage 
cells. This peptide is identical or highly homolo-
gous to S30, a protein that was purifi ed from the 

small ribosomal subunit fraction of rat liver and 
shown to be present in  various human and murine 
tissues [ 11 ]. Later, an identical UBI was isolated 
from human airway epithelial cells. This peptide 
was labeled with  99m Tc, which targeted bacterial 
cells but not sterile infl ammatory processes in 
experimental animals [ 12 ]. In later experiments, it 
also showed accumulation with high accuracy in 
fungal infections. More recently, UBI29-41 has 
been radiolabeled with  68 Ga-NOTA. In this study, 
 68 Ga-NOTA-UBI 29–41 exhibited signifi cant 
uptake ratios between muscular infection and 
infl ammation (Fig.  10.2 ), and further clinical 
evaluation of this novel metabolic tracer is pro-
posed to investigate its potential use as a fi rst-line 
PET/CT infection imaging agent [ 13 ].

   A novel approach to bacterial-specifi c imaging 
targeting bacterial thymidine kinases is the use 
of a nucleoside analog 1-(2′-deoxy-2′-fl uoro- b- 
 d -arabinofuranosyl)-5-iodouracil (FIAU). FIAU 
was found to act as a substrate for  E. coli  thymi-
dine kinase and after successful labeling with  125 I 
was able to image  E. coli  abscesses in mice and 
experimental infections with  E. faecalis ,  S. 
aureus ,  S. epidermidis , and  S. pneumoniae  [ 14 ]. 
More recently, FIAU was radiolabeled with 
iodine-124 and used for PET/CT ([ 124 I]FIAU PET/
CT) to test a small number of patients with sus-
pected musculoskeletal infections (Fig.  10.3 ) [ 15 ]. 

a b
c d

e f

  Fig. 10.2    Coronal PET images acquired at 60 min after 
intravenous injection of  68 Ga-NOTA-UBI29-41 into 
healthy rabbits (NZR-1) ( a ) and into rabbits with muscu-
lar infection (right thigh) and with sterile muscular infl am-

mation muscle (left thigh) (NZR-2) ( b ). Axial PET/CT 
images displaying hind thighs 5 ( c ), 30 ( d ), 60 ( e ), and 90 
( f ) min after injection (Adapted from Ebenhan et al. [ 13 ])       
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Efforts to extend this technique to infections in 
other anatomical sites and other organisms that 
possess a suitable thymidine kinase are under-
way. Despite all the described, development of a 
true infection-specifi c imaging agent has yet to 
be identifi ed and developed. Indeed, the major-
ity of radiopharmaceuticals available for clini-
cal use are targeting the immune response to the 
infective agents. Since granulocytes play an 
important role in the pathophysiology of infec-
tions, they represent one of the main targets for 
infection imaging. During infection, enhanced 
vascular permeability leads to the leakage of 
fl uid and small molecules along with transuda-
tion or diapedesis of leukocytes. Therefore, 
such cells are the ones accumulating at the site 
of the infection [ 16 ]. The migration of granulo-
cytes toward the sites of infection is a key pro-
cess for infection imaging [ 17 ]. Such imaging 
agents localize both areas of infl ammation as 
well as sites of infection, which makes the clini-
cal interpretation somehow diffi cult [ 16 ]. 
Therefore, to achieve a differential diagnosis, 
accurate imaging acquisition protocols, sepcifi c 
interpretation and reading criteria are needed. 
For example, in the case of radiolabeled leuko-
cyte imaging, time- dependent increase in radio-
activity from early planar to delayed images is 

used for differentiation of physiologic accumu-
lation of radiolabeled leukocytes in infectious 
sites as compared to the bone marrow and 
infl ammatory sites which are characterized by a 
stable uptake of the radiolabeled cells over time. 
To this issue, acquisition of images in time 
mode, compensating for isotope decay at each 
time point and their analysis using the same 
scale frame to identify any focal area of activity 
that increases over time or shows a change in 
shape from early to late images, are recom-
mended [ 18 ]. The advent of more sophisticate 
techniques such as PET/CT and PET/MRI scan-
ners, presenting high spatial resolution and 
offering the potential advantage to combine 
functional data and morphological information, 
resulted crucial especially to image infection 
and infl ammation of CNS. Nonetheless, litera-
ture on PET/CT and PET/MRI in CNS infl am-
mation and infection is relatively scarce at this 
point in time, and it’s essentially represented by 
case reports and small cohort of patients. 
Figure  10.4  represents an example of standard 
use of 99mTc- HMPAO- radiolabeled WBC with 
SPECT/CT acquisition in a patient with infection 
of the brain after surgery. Figure  10.1b  presents 
a schematic representation of possible targets in 
neuroinfection.

a b

d e
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  Fig. 10.3    [ 124 I]FIAU signal ( arrow ) in established infec-
tions as imaged by PET/CT obtained 2 h after radiotracer 
administration. In patients with ( a ) septic arthritis of the 
right knee, ( b ) septic arthritis of the right knee, ( c ) osteo-

myelitis of the left distal tibia, ( d ) cellulitis of the left 
lower extremity, ( e ) necrotizing septic arthritis of the left 
knee (Adapted from Diaz et al. [ 15 ])       
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    The literature on CNS infl ammation and infec-
tion imaging is relatively scarce at this point in 
time. There have been very few clinical studies 
performed, and most articles are case reports or 
involve only a small cohort of patients. The non- 
PET radiopharmaceuticals most used in CNS 
infection and infl ammation are  99m Tc-ethyl cyste-
inate dimer ( 99m Tc-ECD) and radiolabeled leuko-
cytes. The cerebral blood fl ow, assessed by 
 99m Tc-ECD, is a surrogate marker of neuronal 
activity.  99m Tc-ECD has shown useful results in 
CNS infection and infl ammation (e.g., viral 
encephalitis) providing an accurate detection of 
subtle focal changes in uptake due to a superior 
contrast to background ratio of activity in white 
matter [ 16 ,  19 ]. Radiolabeled white blood cell 
(WBC) scan presents high specifi city for infection 
[ 18 ,  20 – 23 ] and in CNS can be useful in solving 
diagnostic doubt between tumor and abscess 

[ 24 – 27 ]. An increasing amount of research has 
been performed on PET imaging in CNS infec-
tion and infl ammation mainly using [ 18 F]FDG. 
Nonetheless, a major number of stand- alone PET 
papers have been published compared to hybrid 
PET/CT or PET/MRI in the evaluation of CNS.  

10.2     Vasculitis 

 Cerebral vasculitis is infl ammation of blood ves-
sel walls that can occur with or without necrosis, 
leading to obstruction of the lumen, increased 
coagulation as consequence of the effects of 
proinfl ammatory cytokines, alteration of vascu-
lar tone, loss of neurologic function, and a wide 
variety of neurologic manifestations. CNS vas-
culitis occurs as part of a systemic vasculitis 
(infl ammatory damage to the walls of large-, 

  Fig. 10.4     99m Tc-HMPAO WBC SPECT/CT of a patient with brain infection after neurosurgery       
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medium-, small-, and variable-sized vessels). 
However, single-organ CNS vasculitis may also 
occur as an idiopathic disorder restricted to the 
CNS. In addition, vasculitis may be associated 
with systemic connective tissue disorders or may 
be secondary to infection, malignancy, drugs, or 
radiation therapy [ 28 – 30 ]. 

 The pathophysiological hallmark of vasculitis 
is leukocyte infi ltration of the vessel wall and 
reactive damage to mural structures and sur-
rounding tissues, generally associated with isch-
emia. Arterial injuries at level of the smooth 
muscle cells located in the media with fragmen-
tation of the internal elastic lamina, lymphocyte- 
macrophage transmural infi ltration are the 
pathognomonic lesions [ 31 ]. 

 Diagnosing vasculitis is challenging for physi-
cians, especially in patients who present with non-
specifi c symptoms or signs of systemic 
infl ammation. Symptoms of cerebral vasculitis 
may be neurologic, psychiatric, or both, and cog-
nitive deterioration may be a leading feature. 
When the cerebral symptoms are part of a  systemic 
disorder, the diagnosis may be easier, unless the 
cerebral symptoms are the fi rst or only manifesta-
tion. Important clinical factors that merit consider-
ation when suspected vasculitis as part of the 
differential diagnosis include patient age, gender, 
and ethnic origin. The presence of skin lesions, 
size of the involved vessel, involvement of other 
organs, use of medications, drug abuse, and the 
presence of neurologic signs (cognitive deteriora-
tion, focal defi cits, transient ischemic attacks, 
stroke, and “thunderclap” headaches) should be 
also always considered. Imaging signs of cerebral 
vasculitis may be direct (e.g., vessel wall thicken-
ing and contrast material enhancement) or indirect 
(e.g., cerebral perfusion defi cits, ischemic brain 
lesions, intracerebral or subarachnoid hemorrhage, 
and vascular stenosis) [ 32 ]. 

 Doppler ultrasonography is highly sensitive in 
the detection of proximal arm and axillary ves-
sels and carotid, fi nger, and temporal arteritis 
with sensitivity of about 85 % and specifi city 
above 90 % when either edema, stenosis, or 
occlusion is present [ 33 ]. Whereas imaging 
methods restricted to luminal analysis like con-
ventional angiography do not yield suffi cient 

information about infl ammatory vessel wall 
alterations [ 34 ], CT and MRI have been shown to 
detect vessel wall changes and luminal changes 
in LVV at the same time. CT is less sensitive than 
MRI in the assessment of cerebral vasculitis, 
with the exception of hemorrhage [ 35 ]. CT angi-
ography can be used to evaluate both the vessel 
walls and the lumen and thus may show vessel 
wall alterations when the lumen is still unaffected 
at conventional catheter angiography. However, 
CT angiography cannot depict relatively small 
vessels. Arterial wall thickening and increased 
gadolinium contrast enhancement are the two 
typical MRI criteria for diagnosis of giant cell 
vasculitis (sensitivity and specifi city of 81 % and 
97 %). In case of cerebral vasculitis, MRI is the 
most commonly used imaging modality in the 
workup of patients. Standard MRI of the brain 
should include spin-echo T1- and T2-weighted 
imaging, fl uid-attenuated inversion recovery 
(FLAIR) imaging, diffusion-weighted (DW) 
imaging, susceptibility-weighted (SW) imaging, 
routine time-of-fl ight MR angiography, and 
contrast- enhanced T1-weighted imaging. 
Contrast-enhanced high-resolution MR angiog-
raphy and perfusion MR imaging may be applied 
in selected cases. T2-weighted images are used 
for the detection of ischemic or gliotic changes 
and frank infarction. FLAIR images improve the 
detection of lesions within the subarachnoid 
space and of ischemic white matter lesions, par-
ticularly lesions near the brain-CSF interface. 
Contrast-enhanced T1-weighted images may 
show leptomeningeal enhancement or associated 
intraparenchymal lesions. During the acute stage 
of infarction, DW MR imaging helps distinguish 
acute from chronic ischemic abnormalities. 
Within a few days, acute infarctions progress to a 
subacute stage with resultant angiogenesis and 
may enhance. In addition, wall thickening and 
intramural contrast material uptake are frequently 
seen in patients with active cerebral vasculitis 
affecting large brain arteries [ 35 ]. SW MR imag-
ing aids in the detection of microhemorrhages 
associated with vasculitis [ 36 ]. 

 [ 18 F]FDG-PET and PET/CT have emerged as 
a novel powerful imaging modality for the diag-
nosis and therapy monitoring of vasculitis [ 37 ] 
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with higher sensitivity in case of medium and 
large vessel vasculitis. Increased [ 18 F]FDG in the 
large cervical and thoracic vessels in giant cell 
arteritis (and Takayasu arteritis, TA) has been 
reported by many authors [ 38 ]. An overall sensi-
tivity of 77–92 % and specifi city of 89–100 % 
have been reported in several series of patients 
[ 39 ,  40 ]. [ 18 F]FDG uptake at the carotid artery 
has been reported in the presence of normal 
 67 Ga-citrate images [ 41 ] due to the better resolu-
tion of PET/CT systems. [ 18 F]FDG-PET and 
MRI perform similarly for the initial diagnosis, 
while for follow-up of immunosuppressive ther-
apy, PET is preferable [ 42 ] demonstrating nor-
malization of the site of [ 18 F]FDG uptake 
concordantly with the normalization of labora-
tory tests and symptoms [ 43 ,  44 ]. [ 18 F]FDG-PET/
CT in TA is extremely useful for the defi nition of 
the extent of the disease (Fig.  10.5 ) since they 
may identify more vascular regions interested by 
active disease as compared to MRI, particularly 
in the early stage of the disease when the 
 symptoms are nonspecifi c [ 45 ]. On the contrary, 
MR arteriography has the advantage of providing 
information about arterial stenosis and aneurysm 
formation. Subclinical involvement of large ves-
sels in polymyalgia rheumatica has also been 
documented as increased uptake of [ 18 F]FDG in 
thoracic vessels and in the upper legs [ 46 ] and in 
the aorta and its major branches [ 47 ]. Different 
patterns of [ 18 F]FDG uptake may be evident: lin-
ear and continue in early disease, patchier in a 

linear fashion in later stage, typically in more 
sites as compared to clinical manifestation and 
also during immunosuppressive treatment and 
with negative CRP/ESR. Those patterns of uptake 
are associated with 92 % sensitivity, 100 % speci-
fi city, and 100 % positive predictive value, 85 % 
negative predictive value, and 94 % of accuracy 
for disease diagnosis [ 48 ]. Thus, [ 18 F]FDG- 
PET- CT could be invaluable to clinicians before 
treatment and in follow-up [ 49 ]. In conclusion, 
[ 18 F]FDG-PET is a sensitive and specifi c imaging 
modality for vasculitis diagnosis, particularly in 
early stages of the disease for the evaluation of 
disease extent and activity and for monitoring 
therapy effi cacy. [ 18 F]FDG-PET performs excel-
lently for large and medium vessel disease, while 
its performances may be decreased for small ves-
sel disease where MR and MRI arteriography are 
preferred. The combination of [ 18 F]FDG-PET 
and MRI in terms of hybrid PET/MRI would 
offer not only sensitive evaluation of infl amma-
tory processes in vessels as well as detailed mor-
phological analysis in a single examination, but 
also reduce patient radiation dose in comparison 
to PET/CT, which might play an important role 
especially in young patients [ 50 ]. Up to now, few 
preliminary reports have dealt with the combined 
use of [ 18 F]FDG-PET and MRI in the evaluation 
of LVV as separate [ 42 ,  51 ] or “all-in-one” [ 50 ] 
procedures. Despite the very promising results 
reported in these publications, no many data are 
available about CNS vasculitis studied using 

  Fig. 10.5    Example of the pattern of [ 18 F]FDG uptake in a patient with large vessel vasculitis. Intense linear uptake 
along the wall of the aorta and epiaortic vessel is present and allowed to defi ne the extent of the disease (Courtesy of 
Annibale Versari)       
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[ 18 F]FDG-PET/CT or PET/MRI. Rehak et al. 
[ 52 ] identifi ed [ 18 F]FDG uptake directly in tem-
poral and occipital arteries and even in smaller 
branches using a common hybrid PET/CT with a 
brain acquisition protocol. Figure  10.6  shows an 
example of [ 18 F]FDG-PET/CT in a patient with 
vasculitis with temporal artery involvement.

    Activated macrophages and T lymphocytes 
are fundamental elements in the pathogenesis of 
GCA and TA [ 53 ]. Therefore, PK11195, a target 
agent that binds to the peripheral benzodiazepine 
receptor (PBR), a protein highly expressed in 
activated cells of the mononuclear phagocyte lin-
eage, has been used for their clinical evaluation 
[ 54 – 59 ]. Indeed, since the early 1980s, [ 11 C]-
PK11195 has been used for PET imaging of 
infl ammatory diseases in the human brain on the 
basis of the low expression of PBRs in normal 
brain tissue and high expression in activated 
microglia, the resident phagocytes in brain tissue, 
during neuroinfl ammation [ 54 ,  57 ,  60 – 72 ].  

10.3     Primary Angiitis of the CNS 
(PACNS) 

 PACNS is an idiopathic infl ammatory disease of 
medium- to small-sized arteries affecting the 
CNS or peripheral nervous system, with no evi-
dence of generalized infl ammation [ 73 ]. It is 
most often observed in the fi fth and sixth decades 

of life, and patients present with nonspecifi c 
symptoms such as acute or subacute confusion, 
headache, paresis, cranial neuropathy, hallucina-
tions, or loss of consciousness [ 28 ,  74 ]. Imaging 
fi ndings of PACNS are highly variable and non-
specifi c. CT may reveal areas of low attenuation 
suggestive of ischemic events. MRI is sensitive 
but not specifi c, showing discrete or diffuse 
supra- and infratentorial lesions involving the 
deep and superfi cial white matter. In addition, 
areas of infarct and hemorrhage may be seen. The 
lesions enhance in 90 % of cases [ 35 ,  73 ]. MR 
angiography is not informative, but occasionally 
may show vessel irregularities. DSA may show 
focal or multifocal segmental narrowing or occlu-
sion or irregularities of both small- and medium- 
sized parenchymal and leptomeningeal blood 
vessels, collateral vessel formation, and pro-
longed circulation time. Case reports on the 
potential role of [ 18 F]MET PET coregistered with 
MRI have been reported (Fig.  10.7 ).

10.4        NeuroLES (NPSLE) 

 The most common neurological manifestation of 
lupus is headache, the cause of which can range 
from simple migraine to the so-called lupus- 
specifi c headache. Of much greater concern are 
grand mal seizures and psychosis however. 
Similarly, hemiplegia can be due to primary neu-

  Fig. 10.6    Example of the pattern of [ 18 F]FDG uptake in a patient with vasculitis showing involvement of the left tem-
poral artery       
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rological involvement, secondary to hypertension 
or associated with the presence of antiphospho-
lipid antibodies. Cerebellar disease and aseptic 
meningitis are much less common, but a variety 
of organic brain syndromes and impaired tempo-
rospatial orientation and pulmonary and intellec-
tual defi cit are well recognized and diffi cult to 
treat. The diagnosis of NPSLE is complex not 
only because of the variety of syndromes already 
mentioned but also because of the diffi culty in 
differentiating active NPSLE from drug side 
effects and other unrelated pathology (e.g., cere-
brovascular disease, depression, simple head-
ache). Despite the countless attempts, no 
satisfactory diagnostic tool has yet been found. 
CT has largely been superseded by the more sen-
sitive MRI, although CT is still in use for the 
emergency exclusion of cerebral hemorrhage. 

MRI is the current gold standard in the imaging 
assessment of NPSLE both for cerebrovascular 
and spinal pathologies [ 75 ]. T2-weighted images, 
in which edema is best visualized, show 
 high- signal lesions that can be extensive or more 
focal, in keeping with the clinical pattern of dis-
ease. T1-weighted images are usually normal 
[ 75 ]. MRI is more likely to show abnormalities in 
focal neurological presentations than diffuse [ 75 –
 78 ]. Periventricular lesions have been particularly 
associated with the antiphospholipid syndrome 
and can be impossible to differentiate on MRI 
from multiple sclerosis [ 79 ]. White matter hyper-
intensities increase with age in the general popu-
lation and are also associated with hypertension; 
thus, it is not possible to differentiate NPSLE 
from other vasculopathies using conventional 
MRI [ 75 ]. The differentiation of acute active dis-

a b

c

  Fig. 10.7    Sequential brain [ 18 F]MET PET coregistered 
with MRI with fl uid attenuation inversion recovery 
sequences and T1-weighted sequences coregistered. At 
presentation ( a ): increased uptake in left occipital pseudo- 
tumor that was reduced at 8 weeks ( b ) with the appearance 
of new left thalamic, mesiotemporal, and mesencephalic 
lesions. At 18 weeks, increase in size and MET uptake of 

the lesions ( c ). Stereotactic temporal brain biopsy under 
MRI and MET-PET guidance revealed SV granuloma-
tous, nonnecrotic infi ltration by T- and B-lymphocytes 
and multinucleated giant cells but no intranuclear viral 
inclusion or extravascular granulomas. Granulomatous 
SV PACNS was diagnosed (Adapted from Xavier De 
Tiège et al. [ 287 ])       

 

M. Sollini et al.



149

ease from old chronic lesions may be diffi cult 
[ 75 ]; however, the use of gadolinium may be 
helpful in delineating active infl ammatory lesions 
[ 80 ]. Unfortunately, the fi nding of a normal MRI 
scan is common in NPSLE, and this has prompted 
the research of other MR-based techniques (e.g., 
spectroscopy) to increase sensitivity in the assess-
ment of NPSLE; however, any of them are cur-
rently used in the clinical practice [ 75 ]. Positive 
results have been published about the metabolic 
characterization of NPSLE patients using PET/
CT. The most prevalent and dramatic [ 18 F]FDG- 
PET/CT fi nding in NPSLE patients is parieto- 
occipital hypometabolism, probably due to the 
fact that this area represents a critical boundary 
among the three major intracerebral arteries [ 81 ]. 
Less frequently isolated parietal, cerebellar, or 
frontal hypometabolism could be visualized [ 81 ]. 
Other regions are rarely involved. In symptomatic 
patients, at least two brain regions show hypome-
tabolism and cerebellar regions are usually 
affected [ 81 ]. Abnormalities in the parieto- 
occipital region are not pathognomonic for SLE 
with neuropsychiatric  manifestation: they can 
also be found in the late whiplash syndrome or in 
dementia of the Alzheimer type [ 82 ]. The patho-
logical mechanisms that underlie the fi ndings in 
[ 18 F]FDG imaging may be heterogeneous. 
Depressed glucose use is currently thought to be 
the result of cerebral atrophy, infarctions, reduced 
density of cells, diaschisis (loss of function and 
electrical activity due to cerebral lesions in areas 
remote from the lesion but neuronally connected 
to it), or reduced [ 18 F]FDG uptake by cells. 
Metabolism and perfusion abnormalities uncov-
ered by [ 18 F]FDG-PET and PET/CT imaging 
should therefore be interpreted with caution. 
Generalized neuronal loss, decreased neuronal 
density, and focal lesions due to chronic brain 
injury will result in hypometabolism and 
decreased perfusion [ 81 ]. Literature data sug-
gested that the combination of PET and MRI can 
constitute a useful tool for assessing CNS involve-
ment in SLE; in fact, while MRI scans are highly 
sensitive in detecting infarction (and especially 
white matter lesions), [ 18 F]FDG-PET is primarily 
indicated in patients with cerebral symptoms and 
insignifi cant MRI fi ndings. Despite a lack of 

specifi city, [ 18 F]FDG-PET proves to be even more 
sensitive than MRI in locating and diagnosing the 
extent of brain involvement in neuropsychiatric 
lupus, can identify fl uctuations in regional cere-
bral metabolism even when no structural lesions 
are evident with MRI, and may also be helpful in 
the diagnosis of unclear cases (e.g., presence of 
only minor neuropsychiatric symptoms) [ 81 ]. 
Based on these premises, hybrid PET/MRI might 
offer a clear advantage to study NPSLE patients 
proving in a single examination all information 
necessary to assess CNS involvement.  

10.5     Neurosarcoidosis 

 Sarcoidosis is a multisystem granulomatous dis-
ease of unknown etiology which may vary from 
acute forms to slow chronic and sometimes even 
asymptomatic illness. Clinical involvement of the 
CNS usually occurs early in the disease and is 
reported in approximately 5–15 % of cases [ 83 ]. 
As involvement of any part of the nervous system 
is possible, neurosarcoidosis may be diffi cult to 
diagnose due to its wide spectrum of clinical and 
radiological manifestations. Neurological fea-
tures may be cranial neuropathy, papilledema, 
aseptic meningitis, hydrocephalus, seizures, psy-
chiatric symptoms, cerebral and spinal sarcoid 
lesions, as well as peripheral neuropathy and skel-
etal muscle involvement [ 84 ]. MRI is sensitive for 
the detection of CNS lesions. Abnormalities usu-
ally found on MRI are multiple white matter 
lesions and meningeal enhancement [ 85 ]. Further 
proposed diagnostic criteria include laboratory 
support for CNS infl ammation, ACE levels, and 
chest imaging, but defi nite diagnosis of sarcoid-
osis still has to be inferred from biopsy [ 86 ,  87 ]. 
Identifying a suitable site for biopsy can turn out 
to be diffi cult especially for patients with primary 
CNS involvement [ 88 ]. Therefore, diagnosis of 
neurosarcoidosis is often indirectly confi rmed by 
other organ manifestations. Since systemic 
involvement is sometimes occult, [ 18 F]FDG-PET/
CT may be useful to demonstrate systemic granu-
loma available for biopsy as well as to detect CNS 
involvement [ 88 – 90 ]. In fact, neurosarcoidosis 
modifi es the stage of disease impacting in patient’s 
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management, especially in cases of unknown and 
so far asymptomatic CNS manifestation, since a 
neurological involvement can result in a change 
of treatment. Additionally, [ 18 F]FDG-PET/CT can 
be used to monitor therapy responses since early 
metabolic changes in imaging uptake after initia-
tion of corticosteroid therapy has been shown 
before than morphological changes on conven-
tional imaging techniques [ 91 ].  

10.6     Erdheim-Chester Disease 

 Erdheim-Chester disease (ECD) is a rare form of 
non-Langerhans’ cell histiocytosis [ 92 ]. The clin-
ical course of ECD is largely dependent on the 
extent and distribution of the disease. Some 
patients may be asymptomatic or have only mild 
and limited symptoms, while other patients may 
have a more aggressive form of the disease, with 
a poor prognosis, particularly when CNS and car-
diovascular systems are involved [ 93 ,  94 ]. A 
 reliable diagnosis of ECD can only be made if 
clinical, radiologic, and pathologic fi ndings show-
ing infi ltration of involved tissues by CD68+ and 
CD1a− foamy histiocytes are considered together. 
None of the common investigations employed in 
ECD (e.g., CT, MRI,  99m Tc bone scan) is able to 

provide a global assessment of the lesions during 
a single session. [ 18 F]FDG-PET/CT appears to be 
very advantageous in this regard [ 95 ]. 

 [ 18 F]FDG-PET/CT scans presented good diag-
nostic performances both in the initial assess-
ment of CNS ECD [ 95 – 97 ] and to evaluate 
treatment response (sensitivity = 66.7 % and 
78.3 %; specifi city = 92.3 % and 100 %) [ 95 ]. 
During the follow-up, [ 18 F]FDG-PET/CT can be 
used to monitor not only the number of lesions 
(Fig.  10.8 ) but also the SUV max  of the lesions, 
which refl ects the underlying metabolic activity 
[ 95 ,  97 ]. Additionally, [ 18 F]FDG-PET/CT seems 
to be able to detect an early therapeutic response 
in CNS lesions compared to MRI [ 95 ].

10.7        Brain Abscess 

 Early diagnosis of brain abscess is important to 
choose the appropriate treatment approach. 
Differential diagnosis is complicated by both aspe-
cifi c symptoms (intracranial pressure, focal neuro-
logical defi cits, signs of infection) and CT/MRI 
lesion appearance of an intracerebral ring- 
enhancing lesion (common in infections and 
tumors). In particular, MRI has contributed greatly 
to the diagnosis of brain abscess. While brain 

  Fig. 10.8    Example of [ 18 F]FDG PET/CT images in a 
patient with Erdheim-Chester disease with neurologic 
involvement. Images show multiple cerebral uptake foci 

( left panel ,  arrows ) as well as uptake in the right maxil-
lary sinus ( right panel ,  arrows ) (Adapted from Arnaud 
et al. [ 95 ])       
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abscess displays a ring-enhancing lesion on con-
trast-enhanced T1-weighted images, it shows 
strong high signal on DWI. Treatment response in 
brain abscess has been monitored by showing the 
resolution of ring enhancement and the disappear-
ance of the high signal on DWI. However, discor-
dance between the signal intensity on the DWI and 
contrast enhancement is often found despite appro-
priate long-term intravenous antibiotics treatment. 
It has been reported that contrast enhancement did 
not disappear completely, although DWI demon-
strated low signal on the follow-up examination 
[ 98 ]. A method that is capable of reliably evaluat-
ing treatment response would be of great benefi t 
both for assessing the therapeutic outcome and for 
minimizing high- cost, long-term antibiotics with 
all of its known side effects. Technetium-99m 
HMPAO WBC has been demonstrated to be very 
useful for differentiating brain abscess from other 
types of intracerebral lesions, especially tumors, 
with high sensitivity, specifi city, and accuracy for 
both  111 In-WBCs and  99m Tc-HMPAO WBCs [ 24 , 
 25 ,  27 ,  99 ]. Nevertheless, false-negative results 
have been reported in patients on high-dose steroid 
therapy [ 100 ] as well as weak or moderate activity 
in tumors (mostly at early images time) [ 100 – 102 ]. 
Literature data have demonstrated that PET/CT 
using different tracers, such as [ 18 F]FDG, 
 11 C-methionine or [ 18 F]fl uoroethyl- l - tyrosine, 
[ 18 F]FET, and radiolabeled choline, can be used to 
image brain abscesses as well as device infections 
since they generally present high uptake [ 103 – 113 ] 
and suggested the use of [ 18 F]FDG to monitor 
treatment since it seems to directly refl ect the 
degree of the infl ammatory response [ 109 ,  114 ]. 
However, on record are individual patients show-
ing [ 18 F]FDG and [ 18 F]FET uptake within a brain 
abscess and not in the contrast- enhancing walls 
[ 105 ] or around a brain abscess [ 106 ]. Nonetheless, 
high [ 18 F]FDG uptake may occur in cases of brain 
abscess, acute infl ammatory demyelination, and 
neoplasm (Fig.  10.9 ) [ 115 – 117 ]. Nonetheless, 
since gray matter presents high [ 18 F]FDG uptake 
which increases over a 90-min time point after 
administration decreasing at later times [ 118 ], dual 
point images might be useful to evaluate the meta-
bolic status and the extent of infectious disease 
[ 119 ].

10.8        Tuberculosis 

 Tuberculosis (TB) of the CNS is a highly devas-
tating form of the disease which may involve 
parenchyma, meninges, skull, spinal, or any 
combination thereof [ 120 ]. MRI is generally con-
sidered superior to CT in detecting and assessing 
CNS TB [ 121 ]. Parenchymal involvement is most 
frequently seen in the form of a tuberculoma, 
which may be single or multiple. In the pediatric 
age group, it is seen more frequently in the cere-
bellum, whereas in adults, it has a predilection 
for the cerebral hemispheres and basal ganglion. 
The appearance of a tuberculoma varies on MRI 
depending on its stage of maturation [ 121 ]. A 
non-caseating granuloma is hyperintense on T2 
and hypointense on T1 and shows solid enhance-
ment, while a solid-caseating granuloma is usu-
ally hypointense on both T1 and T2 images. On 
CT, tuberculomas appear as round or lobulated 
soft tissue masses with varying attenuation and 
homogeneous or ring enhancement [ 122 ]. Miliary 
TB is often associated with TB meningitis and 
presents as small (<2 mm) foci of hyperintensity 
on T2 acquisitions, while after gadolinium 
administration, T1 images show numerous, 
round, small, homogeneous, enhancing lesions 
[ 121 ]. Contrast-enhanced MRI is also superior to 
CT for the evaluation of meningitis and its com-
plications, including hydrocephalus [ 122 ]. Due 
to its high sensitivity to detect active lesions, [ 18 F]
FDG-PET/CT plays an increasing role in TB 
populations. In fact, although in pulmonary TB 
differentiation between [ 18 F]FDG-avid malignan-
cies and active TB lesions based on SUV max  is not 
possible (both demonstrate intense hypermetabo-
lism with an overlap in SUV values when quanti-
fi ed) [ 123 ] not even dual-time-point imaging 
have been used [ 124 ], it may correct and evaluate 
extrapulmonary disease extent, impacting on the 
treatment plan, and it may be used to monitor 
treatment response [ 109 ,  125 – 128 ]. In CNS TB, 
dual point images might be useful to evaluate the 
extent of benign infectious disease [ 119 ]. [ 18 F]
FDG-PET/CT has also been compared to 
 11 C-methionine PET/CT in the assessment of 
intracranial tuberculomas. Unexpectedly, despite 
the very different mechanism of uptake/action, 
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[ 18 F]FDG and  11 C-methionine PET/CT per-
formed similar, although  11 C-methionine picked 
up much more lesions than [ 18 F]FDG. Moreover, 
as for malignant lesions, lesion delineation was 
superior on  11 C-methionine scans compared to 
[ 18 F]FDG ones [ 126 ]. Hence, in newly diagnosed, 
untreated patients, PET/CT specifi city in distin-
guishing intracranial tuberculomas from neoplas-
tic lesion seems to be limited using either 
 11 C-methionine or [ 18 F]FDG, but both these 
radiotracers can be used to assess the response to 
antitubercular treatment [ 126 ]. Despite those 
limitations, there are clinical situation where 
[ 18 F]FDG-PET may be very important for patient 
management. In cerebral disease resulting from 
 Mycobacterium tuberculosis  and appearing as a 

tuberculoma or tuberculous brain abscess 
(Fig.  10.10 , the PET appearance is similar to bac-
terial brain abscess with hypometabolism or sig-
nifi cant [ 18 F]FDG accumulation corresponding to 
the areas of enhanced at CT/MRI) [ 106 ,  109 , 
 115 ,  129 ], whole-body images obtain at PET or 
PET/CT may be allowed to detect other tubercu-
lous lesions and guided diagnosis.

10.9        HIV-Related Central Nervous 
System Disease 

 Despite the use of highly active antiretroviral 
therapy (HAART) that has led to reductions in 
the incidence of AIDS-related primary central 

a
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  Fig. 10.9    Example of [ 18 F]FDG-PET CT scan in a 
patient with brain infection from  Nocardia . [ 18 F]FDG- 
PET CT scan ( b ) of the brain shows increased uptake with 
a maximum SUV of the lesion of 11.0 (for comparison, 
maximum SUV of the contralateral normal gray matter 

was 9.5). Axial MRI, T1, postgadolinium ( a ) demon-
strates a 2-cm ring-enhancing lesion in the right superior 
frontal lobe. CT ( b ,  left ) shows the frontal lobe lesion. The 
fused PET-CT image is shown at the  right  (Adapted from 
Mascarenhas et al. [ 112 ])       
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nervous system pathologies, the presence of 
neurological symptoms or signs in HIV-
infected individual remains a diagnostic chal-
lenge if they do not have typical features on 
anatomical imaging or do not respond to subse-
quent empirical treatment. In this setting, a 
diagnostic test is needed, not only to establish 
the underlying diagnosis, but also to guide 
biopsy identifying the “optimal” site (i.e., the 
most easily accessible brain lesion) in order to 
increase accuracy and reduce the risk of com-
plications [ 130 ]. Due to their immunosup-
pressed state, HIV-infected individual is prone 
to atypical infections and malignancies. The 
most common infections are toxoplasmosis 
[ 131 ], JC virus which can cause progressive 
multifocal leukoencephalopathy in the immu-
nosuppressed, and mycobacterial infections 
[ 130 ]. HIV is also associated with a wide spec-
trum of vasculitides with various clinical pre-
sentations, including granulomatous angiitis, 
eosinophilic vasculitis, and nonspecifi c small- 
vessel vasculitis [ 132 ,  133 ]. Nonetheless, 
 memory, behavioral problems, and all forms of 

dementia are a diagnostic challenge in this 
population since it is important to differentiate 
underlying dementia from potentially treatable 
causes such as infection, HIV encephalitis, and 
vasculitis [ 130 ]. 

 Determining the nature of cerebral lesions is 
crucial for successful planning of further man-
agement and therapy. In evaluating the possible 
etiology of central neurological pathology, an 
important determining factor is the degree of 
immunosuppression [ 134 ]. First-line imaging 
includes CT and MRI with intravenous contrast 
agent. However, lesions are often indeterminate 
with regard to infection or malignancy, with no 
defi nite differentiating features [ 135 ,  136 ]. 
Advanced MRI techniques, including perfusion 
imaging, diffusion-weighted imaging, and MR 
spectroscopy, may be helpful in further differen-
tiating the etiology of cerebral lesions, although 
toxoplasmosis demonstrates signifi cant overlap 
with lymphoma such that apparent diffusion 
coeffi cient ratios cannot distinguish the two 
[ 137 ]. In addition, it is not uncommon for multi-
ple pathologies to coexist [ 138 ,  139 ]. 

  Fig. 10.10    [ 18 F]FDG PET/CT images of a patient with 
TBC presenting with right hemiparesis. PET images ( left 
panel ) show increased uptake within multiple doughnut 

lesions in the right basal ganglia and thalamus. CT images 
( right panel ) show mass effect (Adapted from Harkirat 
et al. [ 288 ])       
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 In patients with AIDS-related CNS compli-
cations (i.e., encephalopathy, encephalitis, PML, 
opportunistic infection, CNS lymphoma), sensi-
tivity of leukocyte scintigraphy is reduced since 
opportunistic infections are characterized by 
low neutrophils recruitment. Thus, gallium-67 
citrate and [ 18 F]FDG represent the most com-
monly used radiopharmaceuticals for HIV/
AIDS population [ 140 ]. Also tallim-201 at brain 
SPECT has been initially used in case of brain 
abscess [ 141 ], but it has been demonstrated 
unreliable for the differential diagnosis of pri-
mary lymphoma from nonmalignant brain 
lesions in patients with AIDS [ 142 ]. Several 
studies indicated that [ 18 F]FDG can reliably dis-
tinguish CNS infections, such as toxoplasmosis, 
from lymphoma. In fact, both qualitative visual 
inspection and semiquantitative analysis (SUV 
within the lesion compared with SUV in a con-
tralateral brain area) have demonstrated signifi -
cant lower [ 18 F]FDG uptake in toxoplasmosis 
(Fig.  10.11 ) compared to lymphoma (no overlap 
of the uptake values) with value of  sensitive and 
specifi c near 100 % when antitoxoplasmosis 
treatment is used [ 143 – 146 ]. The main clinical 
indication for nuclear medicine study in the 
presence of solitary brain mass is the differential 
diagnosis of the intracerebral cystic lesions 
appearing as hypodense ring enhancing at CT 
and MRI. High specifi c radiopharmaceutical as 
radiolabeled leukocyte is generally preferred for 
this purpose as well as for the evaluation of post-
operative course of patients treated for brain 
abscesses. [ 18 F]FDG is the preferred radiophar-
maceutical in case of HIV/AIDS patients with 
high risk of opportunistic infections. [ 18 F]FDG- 
PET/CT could be a helpful tool to differentiate 
between malignancy and infection as the meta-
bolic activities of the pathologies can be differ-
ent, potentially guiding patients’ management 
[ 130 ,  143 ,  144 ,  146 – 148 ]. In vasculitis, the pat-
tern of abnormal [ 18 F]FDG uptake has been con-
sidered more critical in differentiation than its 
level within lesions. Additionally, a whole-body 
scan may help in the interpretation of cerebral 
fi ndings and may also demonstrate area(s) of 
increased glucose metabolism elsewhere in the 
body that are amenable to biopsy. This is par-

ticularly helpful in disseminated infection as 
demonstrated in patients with cavitating lung 
lesions and cerebral pathology, supporting the 
diagnosis of TB as an infectious cause for the 
brain lesions [ 130 ].

   Lewitschnig et al. [ 130 ] evaluated 29 HIV- 
infected patients with brain [ 18 F]FDG-PET/
CT. In the majority of cases (86 %), [ 18 F]FDG- 
PET/CT was required to differentiate infection 
from malignant causes of cerebral pathology. 
Cerebral toxoplasmosis was fi nally diagnosed in 
11 patients. Ten of them presented focal or mul-
tifocal low-grade [ 18 F]FDG uptake (mean 
SUV max  = 3.5, range 1.9–5.8). Five patients with 
a fi nal diagnosis of primary CNS lymphoma 
confi rmed by biopsy showed focal lesions with 
high [ 18 F]FDG uptake (mean SUV max  = 18.8, 
range 12.4–29.9). There was no overlap in 
SUV max  measurements between patients with 
lymphoma and those with infective lesions. In 
fi ve patients, [ 18 F]FDG-PET/CT fi ndings were 
consistent with vasculitis which was confi rmed 
in four cases (in the remaining case, fi nal diag-
nosis concluded for degenerative corticobasal 
dementia), while in two cases, brain [ 18 F]FDG 
uptake was related to metastases from NSCLC 
and TB involvement. In 4/29 cases (toxoplas-
mosis, cerebrovascular accident, cerebral neuri-
tis secondary to treponemal infection, and HIV 
encephalitis), PET/CT resulted false negative. 
Authors concluded remarking the usefulness of 
[ 18 F]FDG-PET/CT for differentiating between 
infection and primary CNS lymphoma and as 
helpful tool in the diagnostic work-up of patients 
with other HIV-related cerebral pathology. 
Additionally, PET/CT showing area(s) of 
increased glucose metabolism offered the 
advantage of identifying potential sites for 
biopsy. 

 Positive results using PET images to diagnose 
progressive multifocal leukoencephalopathy (PML) 
caused by JC virus have been reported by Shirai 
et al. [ 149 ] who suggested that the mismatch 
between [ 18 F]FDG and  11 C-methionine results may 
be useful for the early diagnosis and treatment of 
PML (Fig.  10.12 ). However, no data have been 
reported about the additional role of hybrid PET/CT 
or PET/MRI yet.

M. Sollini et al.



155

  Fig. 10.11    A typical example of [ 18 F]FDG-PET/CT scan 
in a patient with toxoplasmosis. Multiple central photope-
nic lesions are shown at the emission images ( upper 
panel ). The corresponding T2-weighted MRI scan at the 

same level shows multifocal mass lesions ( lower panel ). 
 Middle panel  superimposed PET/CT images (Adapted 
from Lewitschnig et al. [ 130 ])       
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10.10         CNS Device Infection 

 Among the neurosurgical devices, the most used 
are ventricular shunts, Ommaya reservoirs, intra-
cranial pressure devices, and implantable neuro-
logical stimulators. Ventriculostomy catheters or 
external ventricular drains (EVDs) are temporary 

devices, which permit therapeutic CSF drainage 
monitoring intracranial pressure, broadly used 
after closed head injuries, intracranial hemor-
rhage, or for hydrocephalus [ 150 ]. As for any 
other device, EVDs carry a risk of infection 
(0–27 %, dropped to 12 % adopting adequate pro-
tocol of EVD insertion/manipulation) [ 151 – 153 ] 

a b

c d

  Fig. 10.12    Example of interictal cerebral [ 18 F]FDG 
PET/CT study in a patient with herpes simplex encepha-
litis causing acute viral leptomeningeal infl ammation 
with a predilection for the temporal lobe. PET coronal 
slice at the level of the temporal lobes demonstrate exten-
sive reduction in cerebral glucose metabolism ( a ,  b ,  d ), 
including the anterior hippocampus and amygdala. 
Associated hippocampal volume loss is present on the 

low-dose CT ( c ). As the metabolic sequelae of prior her-
pes simplex infection may become persistent despite 
antiviral therapy, with chronic cognitive, neuropsychiat-
ric, and neurologic symptomatology, this diagnosis 
should be considered in cases with severe unilateral tem-
poral lobe hypometabolism on FDG-PET imaging 
(Adapted from Wong et al. [ 235 ])       
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represented in this case by ventriculomeningitis 
resulting from contamination of the drain during 
insertion, contamination of the drain system dur-
ing routine care and manipulation, colonization 
of the drain at the insertion site by skin fl ora, or 
infection of the drain and CSF as a result of a 
surgical-site infection [ 150 ]. In the majority of 
cases, the diagnosis of ventriculomeningitis 
effectively is based on microbiologic results and 
be supported by CSF parameters, basic labora-
tory parameters, and clinical evaluation [ 150 ]. 
Radiological examinations, both CT and MRI, 
may have a role in EVD infection diagnosis only 
in selected cases [ 154 ]. In literature, there are not 
available data on the role of nuclear medicine 
techniques in this clinical setting. 

 Primary CSF shunts (shunt placement with no 
prior history of neurosurgical procedures) are 
most commonly placed in adults to treat idio-
pathic normal-pressure hydrocephalus; tumors, 
subarachnoid hemorrhage, head injury, and intra-
ventricular hemorrhage are the most common 
causes requiring secondary shunt surgery. CSF 
shunt infection rate is similar to those of EVDs. 
The diagnostic principles of shunt infections are 
similar to those of ventriculomeningitis (CSF 
culture, Gram stain, chemistries, and cell count); 
blood cultures should always be performed [ 150 ]. 
Cerebral abscess and granuloma formation are 
very rare [ 155 ]. In case of distal catheter infec-
tion, CSF fi ndings may be bland and abdominal 
echography or CT scan can be used to identify 
CSF-containing cysts suggestive for infection 
[ 150 ,  156 ,  157 ]. In case of shunt-related infection 
localized at CNS (i.e., abscess), CT scan and 
MRI may be helpful to identify abnormal fi nd-
ings suggestive for infection [ 158 ,  159 ]. The role 
of indium-111 leukocyte scan in primary, post-
traumatic, and postsurgical infections (including 
patients with suspected ventriculoperitoneal 
shunt infections) has been evaluated resulting in 
high diagnostic accuracy [ 160 ]. Similar results 
have been published about the contribution of 
 99m Tc-HMPAO leukocytes scintigraphy in the 
infections in skull neurosurgery including 
patients with intracerebral lesions, with sus-
pected postsurgical infections, with suspected 
deep infection of the surgical wound, and with 

suspected ventriculoperitoneal shunt infections 
[ 22 ]. Particularly, in patients with suspected ven-
triculoperitoneal shunt infection,  99m Tc-HMPAO 
leukocyte imaging correctly diagnosed infections 
without any false-positive fi ndings [ 22 ]. In litera-
ture, only case reports reported the use of [ 18 F]
FDG-PET/CT [ 161 ,  162 ] to detect ventriculo-
peritoneal shunt infection demonstrating valu-
able tool in case of high clinical suspicion when 
standard diagnostic modalities fail hardware 
infection diagnosis (Fig.  10.13 ). 

 Deep brain stimulators (DBS) are an effective 
option in the management of movement disorders 
and chronic pain. Incidence rate of DBS infection 
reported in literature ranges from 0.62 to 15 % 
refl ecting the diversity of patient populations, the 
variety of surgical techniques adopted to implant 
DBS, varying use of antimicrobial prophylaxis 
treatment as well as the defi nition of infection 
used (involvement of the hardware and/or superfi -
cial skin infections at the incision sites) [ 150 , 
 163 ]. Potential risk factors for developing DBS 
infection include age, scalp thickness, comorbid-
ity, and surgical techniques. Battery exchanges 
can also lead to DBS infections. Infection can be 
localized at different part(s) of the DBS which are 
the internal pulse generator, the connector site, or 
the scalp where the lead exits the brain. Diagnosis 
of DBS infection is essentially based on clinical 
manifestations, but the identifi cation of the micro-
organism responsible of infection is crucial to tai-
lor treatments [ 150 ]. Favorable results were 
obtained by immunoscintigraphy using SPECT/
CT acquisition ( 99m Tc-sulesomab) [ 164 ], while no 
data on PET/CT or PET/MRI are available. 

 Ommaya reservoir is a closed system for 
continued access to the ventricular spaces indi-
cated in case of tumor cysts or syrinx drainage, 
monitoring of CNS pressures and drug levels in 
CSF, direct instillation of agents into the CNS 
tumor bed, and treatment of leptomeningeal 
malignancies, cancer pain, and chronic/recur-
rent CNS infections [ 165 ]. The most common 
complication (2–23 %) of Ommaya reservoir is 
infection; nevertheless, late onset device infec-
tion has never been documented [ 166 – 168 ]. An 
Ommaya reservoir colonization can occur with 
any clinical signs of infection but a positive 

10 PET/CT and PET/MRI in Neurology: Infection/Infl ammation



158

ventricular culture. Blood cultures are generally 
negative in Ommaya reservoir infections [ 169 ]. 
In literature, there are not available data on the 
role of nuclear medicine techniques in this clin-
ical setting.  

10.11     Cochlear Implant Infections 

 Cochlear implantation (CI), nowadays, repre-
sents a treatment option in several condition 
including not only deafness but also patients with 
hearing still functioning in the low frequencies 
[ 170 ]. Due to the benefi ts of binaural hearing, 
bilateral CI has become the standard treatment 
over the last decade, and recently, it also demon-

strated benefi ts in cases of unilateral deafness 
and severe tinnitus [ 170 ]. The most frequent CI 
complications are infections (1.7–16.6 %) [ 171 –
 173 ] related to the biofi lm covering of the devices 
[ 174 ] (even though they are made from well- 
tolerated materials [ 175 ]), to the spread of micro-
organism into the inner ear during surgery, or to 
bacteremia [ 176 ]. CI infections include cutane-
ous necrosis and surgical wound dehiscence 
(immediately after or later surgery), otitis, cereb-
ritis, and meningitis [ 172 ,  173 ]. Even it has been 
demonstrated that abnormal cochlear or auditory 
canal anatomy is a risk factor for meningitis in 
CI, the increased incidence of CI-related menin-
gitis entails the drafting of some recommenda-
tions where the prophylactic vaccination against 

  Fig. 10.13    Axial [ 18 F]FDG PET/CT images of the pelvis 
and head of a 75-year-old woman with lung cancer show-
ing linear [ 18 F]FDG uptake along the pelvic end of the 
ventriculoperitoneal (VP)-shunt catheter and focal uptake 
in the VP-shunt reservoir in the scalp. The ventricular end 
of the VP-shunt catheter was seen in the right ventricle 

( short white arrow ). No abnormal [18F]FDG uptake 
could be identifi ed in the ventricular CSF, due to interrup-
tion from intense physiologic cerebral cortical [18F]FDG 
activity. Culture of the removed VP-shunt catheter dem-
onstrated Gram-positive  Staphylococcus  (Adapted from 
Wan et al. [ 161 ])       
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 Streptococcus pneumoniae  has been scheduled 
before the implant [ 173 ,  177 ]. CI-related infec-
tion diagnosis is essentially clinical [ 176 ]. When 
an acute otitis media is suspected, the middle-ear 
fl uid should be obtained for culture, and in case 
of clinical suspicion of meningitis, both middle- ear 
fl uid and CFS cultures should be obtained [ 178 ]. 
Middle-ear mucosa biopsy specimens may also 
be obtained to diagnose biofi lm-related otitis 
media [ 179 ]. Temporal bone radiographs are 
unsatisfactory in the detection of CI-related 
infection. In fact, although separation of the 
receiver/stimulator from the calvarium, a sign of 
the presence of underlying fl uid, may be demon-
strated on plain radiographs, this requires a tan-
gential view necessitating careful patient 
positioning. In patients with suspected CI post-
operative infection, CT is the technique of choice 
for detecting collections beneath the receiver/
stimulator even though the images are masked by 
metallic artifacts [ 180 ]. Nuclear medicine imag-
ing techniques have a limited role in CI infection 
diagnosis, especially in the acute forms. However, 
 99m Tc-diphosphonate scintigraphy and [ 18 F]FDG- 
PET can be valuable tools in case of a late low- 
grade CI-related infection. In fact, in case of 
chronic osteomyelitis of the petrosal bone since 
the presence of minimal signs of infection is 
undetectable by radiology, nuclear medicine 
techniques may reveal the presence of radiophar-
maceutical uptake [ 181 ].  

10.12     Rhino-Orbital-Cerebral 
Mucormycosis 

 Mucormycosis is a life-threatening infection 
associated with severe morbidity and high mor-
tality which may present clinically as rhino- 
orbital- cerebral mucormycosis (RCM), in a 
pulmonary, disseminated, gastrointestinal, and/or 
cutaneous form, with different patterns in pediat-
ric and adults [ 182 ,  183 ]. The intracranial and 
orbital involvement could be associated with the 
onset of ophthalmoplegia, proptosis, orbital cel-
lulitis, vision failures, and changes in mental 
behavior [ 184 ]. The initial radiologic diagnostic 
procedure in RCM should be MRI because of the 

low specifi city and underestimation of the dis-
ease on the CT scan [ 185 ]. Early MRI fi ndings of 
RCM included unilateral mucosal thickening and 
infl ammatory soft tissue lesions in the sinonasal 
tract, while after disease progression, bone 
destruction and extra sinonasal extension can be 
seen in less than half cases. Absence of these 
fi ndings may lead to a delay in diagnosis [ 186 ]. 
The helpful contribution of [ 18 F]FDG-PET/CT 
has been reported in the diagnostic workout of 
RCM [ 183 ,  187 ]. Particularly, the potential 
advantage of the use of [ 18 F]FDG-PET/CT seems 
to be its ability to detect active functional/meta-
bolic changes refl ecting infl ammatory cell activ-
ity, before the onset of anatomical abnormalities 
assessed with the conventional radiological 
modalities, leading to an early diagnosis in the 
clinical suspicion of RCM [ 183 ]. However, the 
defi nite role of [ 18 F]FDG-PET/CT in this clinical 
setting remains to be determined, especially for 
discriminating infl ammatory granulomatous dis-
ease from malignancy.  

10.13     Malignant Otitis 

 Necrotizing external otitis (NEO) is a serious 
infection commonly found in diabetic and immu-
nocompromised patients. It is not a neoplastic 
process and the term “malignant” is used in refer-
ence to the associated high mortality. Originating 
from the external auditory meatus (EAM), the 
infection may spread along the petrous bone and 
the skull base and become a skull base osteomy-
elitis (SBO) [ 176 ,  188 ,  189 ]. For some authors, 
the term NEO is equivalent to osteomyelitis of 
the skull base [ 190 ], whereas others consider 
NEO to be a generic term, including soft tissue 
and bone lesions [ 191 ,  192 ]. The role of imaging 
in NOE is to aid diagnosis, identify disease extent 
and any complications, as well as attempt to dif-
ferentiate NOE from other conditions. CT evi-
dence of osteolysis is a common fi nding, but it 
can be associated with various tumors and con-
genital lesions of the skull base hence CT cannot 
always provide a distinction between infl amma-
tory and neoplastic processes. Bone sclerosis at 
the skull base can also be identifi ed in NOE, 
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which may result from chronic osteomyelitis or 
following treatment initiation. Additionally, 
reports have suggested that follow-up CT exami-
nations can evaluate treatment response; how-
ever, re-mineralization of the bone may not 
occur and, hence, CT is not always reliable for 
evaluating treatment response [ 193 ]. MRI can 
assess soft-tissue involvement in NOE and is the 
imaging technique of choice due to its superior 
contrast resolution [ 194 ]. On T1-weighted 
images, the EAM and soft tissues within the sub-
temporal region are thickened and demonstrate 
reduced T1 signal [ 194 ,  195 ]. The T2-weighted 
sequences return isointense or slightly hyperin-
tense signal intensity. This is unlike the high sig-
nal that is noted in most infl ammatory conditions 
with associated hyperemia and edema. The lower 
signal intensity on T2-weighted images is likely 
related to the nature of the underlying fi brotic and 
necrotizing pathological process [ 196 ,  197 ]. 
Following gadolinium contrast medium adminis-
tration, there is typically diffuse enhancement, 
and focal areas of rim-enhancing infl ammatory 
fl uid collections may be identifi ed. Middle ear, 
mastoid, and petrous apex involvement can be 
identifi ed by changes in signal intensity on 
T2-weighted images [ 193 ]. Assessment of poten-
tial skull base and intracranial complications 
(meningitis, cerebritis, intracranial empyema, 
venous sinus thrombosis) is best served by MRI 
due to its ability to assess involvement of the 
medullary space of bone and identify subtle dural 
enhancement. Diffuse T1 hypointensity, T2 
hyperintensity, and post-contrast enhancement 
within the central skull base relative to normal 
“fatty” bone marrow signal are indicative of cen-
tral skull base osteomyelitis [ 198 ]. Identifi cation 
of dural and leptomeningeal enhancement may 
signify spread to the meninges, and assessment 
of the dural venous sinuses (with CT or MR 
venography if necessary) should be undertaken to 
exclude venous thrombosis. Changes on MRI 
frequently lag behind clinical response, and simi-
lar to CT, MRI is not reliable for evaluating treat-
ment response [ 193 ]. Scintigraphy may be used 
to localize the focus of NOE and osteomyelitis 
within the central skull base [ 193 ,  199 – 202 ]. No 
data are available on the use of PET/CT or PET/

MRI in this specifi c fi eld. However, promising 
results showed that [ 18 F]FDG positron emission 
tomography seems to be superior for detecting 
chronic osteomyelitis in the axial skeleton in 
comparison with immunoscintigraphy [ 203 ]. In 
particular, hybrid PET/MRI will provide relevant 
information on NEO in the future, guaranteeing 
better localization of the PET signal within soft 
tissues [ 204 ].  

10.14     Bacteremia, Mycotic 
Aneurism, and Septic 
Emboli Foci 

 Patients with fever and/or elevated infl ammatory 
parameters (e.g., ESR) pose a common diagnos-
tic dilemma for many clinicians. Timely identifi -
cation of metastatic complications of bloodstream 
infections due to spreading of the microorgan-
isms to distant sites, although critical, is often 
diffi cult [ 41 ]. PET/CT may have diagnostic value 
in patients with nonspecifi c complaints and ele-
vated infl ammatory parameters by showing 
abnormal [ 18 F]FDG uptake suggestive of infec-
tion, malignancy, or auto-infl ammatory disease. 
In FUO, PET/CT contributes to establishing a 
diagnosis in a high proportion of patients (36–
69 % of cases) [ 205 – 207 ]. Causes of fever of 
unknown origin and elevated infl ammatory 
parameters only partly overlap [ 208 ]. Besides 
physiologic uptake of brain [ 18 F]FDG severely 
hampers the delineation of disease in this organs, 
many authors suggest its usefulness in blood-
stream infections also to assess the brain [ 41 , 
 209 – 212 ]. 

 A serious problem is the possibility of septic 
embolism in patients with cardiovascular infec-
tions, particularly in infectious endocarditis 
(IE). MSCT angiography is the fi rst choice pro-
cedure in case of suspicions of cerebral septic 
embolism [ 213 ]. However, in case of subarach-
noid and/or intraparenchymal hemorrhage, other 
vascular imaging, such as angiography, is 
required to diagnose/exclude a mycotic aneu-
rysm if not detected on MSCT. MRI has a clear 
advantage in terms of sensitivity for the detection 
of cerebral lesions as compared to MSCT, also in 
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the setting of IE [ 214 ]. Cerebral MRI is in the 
majority of cases abnormal in IE patients with 
neurological symptoms [ 215 ]. It has higher sensi-
tivity than MSCT in the diagnosis of the culprit 
lesion, in particular with regard to stroke, tran-
sient ischemic attack, and encephalopathy. MRI 
may also detect additional cerebral lesions that 
are not related to clinical symptoms [ 215 ]. 
Although detection of cerebral complications in 
IE may infl uence the clinical decisions, routine 
MRI screening is not recommended [ 216 ]. 
Nuclear medicine imaging has been reported 
very useful to detect septic embolism foci in 
patients with IE [ 18 ,  217 ,  218 ]. Growing interest 
has been reported in [ 18 F]FDG-PET/CT studies 
to rule out the extracardiac involvement in 
patients with IE. Interestingly, despite the limita-
tions of this technique (e.g., relative low spatial 
resolution, gray matter uptake), it resulted useful 
and accurate also to diagnose septic embolism, 
including to the brain [ 217 – 221 ].  

10.15     Creutzfeldt-Jakob Disease 
(CJD) 

 CJD is a rare and fatal prion disease of the CNS, 
caused by accumulation of the infectious prion 
PrPSc in the human brain, characterized by pro-
gressive rapid-onset dementia, myoclonus, and 
pyramidal and extrapyramidal tract motor signs 
[ 222 ]. Diagnosis of CJD can be challenging since 
the huge variability of the symptoms which can be 
observed, especially in its early stages, may simu-
late other common forms of dementia [ 223 ]. A 
noninvasive diagnostic test with high sensitivity 
and specifi city could improve the accuracy in 
diagnosing prion diseases. In latest years, nonin-
vasive techniques able to help clinicians to provide 
a defi nite diagnosis have been extensively evalu-
ated [ 223 ]. According to international medical 
consensus, a defi nitive diagnosis is possible only 
through brain tissue pathological examination. 
The histological features include characteristic 
spongiform changes, neuronal cell loss, and glio-
sis in various regions of the brain. This neuronal 
damage is known to lead to glucose hypometabo-
lism [ 222 ]. [ 18 F]FDG-PET/CT may be a useful 

tool for early diagnosis of CJD, as it may reveal a 
reduction in cellular glucose transport and metab-
olism in the cortex, cerebellum, and basal ganglia 
[ 224 ]. As one of the most sensitive modalities for 
investigating brain metabolism, [ 18 F]FDG-
imaging has the potential to provide the earliest 
possible diagnosis of CJD; however, few data are 
available about the role of the hybrid [ 18 F]FDG-
PET/CT in CJD [ 222 ,  223 ]. In the next future, we 
could predict even more advantages provided by 
PET imaging by creating an in vivo probe to label 
prion plaques, similar to that successfully devel-
oped for amyloid plaques in Alzheimer’s disease 
[ 225 ] and eventually match information provided 
by PET imaging with MRI fi ndings.  

10.16     Encephalitis 

 In viral encephalitis and cerebellitis, the study of 
cerebral blood fl ow may have a prognostic sig-
nifi cance. In fact, increased regional blood fl ow 
in various areas of the cerebral hemispheres, the 
typical fi nding of the acute phase generally 
returns to normal in the majority of the cases. A 
reduced regional blood fl ow at follow-up SPECT 
investigations is associated with poor clinical 
outcome probably as a consequence of neuronal 
death [ 226 – 231 ]. Some cases of encephalitis 
secondary to autoimmune or infectious disease 
imaged by PET/CT have been reported in litera-
ture. Autoimmune limbic encephalitis (ALE) is a 
rare disorder affecting the medial temporal lobe 
of the brain [ 232 ]. Voltage-gated potassium 
channel antibody-related limbic encephalitis 
(VGKC-LE) is a form of ALE manifesting as 
mood disorder (like depression) or bizzare 
thoughts and behaviors, frequently associated to 
seizures. Patients with VGKC-LE have been 
reported to have a normal brain MRI but bitem-
poral hypometabolism on brain [ 18 F]FDG-PET 
[ 233 ]; however, cases of correlations between 
[ 18 F]FDG-PET and MRI have also been 
described [ 234 ]. The only case of VGKC-LE 
imaged by hybrid [ 18 F]FDG-PET/MRI, confi rm-
ing data previously reported [ 233 ], suggests the 
synergistic potential for identifying focal abnor-
malities that separately acquired single modality 
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testing might miss. Nonetheless, in literature dif-
ferent patterns of [ 18 F]FDG also in different 
forms of ALE as well as in Herpes simplex 
encephalitis (HSE) infection, varying from 
hyper- to hypometabolic to hypermetabolism, 
have been reported (Fig.  10.14 ) [ 235 – 237 ].

   The mismatch between  11 C-acetate (no uptake) 
and [ 18 F]FDG (intense uptake) using PET/CT has 
been used to diagnose a case of encephalitis 
(Fig.  10.15 ) [ 238 ].

10.17        Atherosclerotic Plaque 
of Carotid 

 Atherosclerosis is a progressive disease. The ori-
gin of most acute vascular events is atherothrom-
bosis, the formation of life-threatening clots, and 
it is currently accepted that plaque rupture and 
erosion are the major causes for atherothrombo-
sis [ 239 ]. Atherosclerosis has been one of the 
most actively investigated fi elds in medical 
 imaging. Atherosclerosis can be evaluated by 
using various imaging methods. Tissue perfu-
sion, which can be evaluated on single-photon 
emission computed tomography (SPECT), com-
puted tomography (CT), and magnetic resonance 
imaging (MRI), has been deemed as a functional 
imaging tool for atherosclerosis. More direct 
imaging of atherosclerosis is available by using 
angiography, CT, and MRI. Additionally, ultraso-
nography also may be used to evaluate athero-
sclerosis in some specifi c arteries, including the 
carotid artery. However, these imaging methods 
are based on the anatomical aspects of athero-
sclerosis and can hardly identify the activity and 
vulnerability of an atherosclerotic lesion, 
although information on plaque composition can 
be partially identifi ed on CT or MRI. 

a

b

c

  Fig. 10.14    Examples of  11 C-methionine ( 11 C-MET) and 
[ 18 F]FDG fi ndings in the diagnosis of progressive multifo-
cal leukoencephalopathy. Brain MRI image on admission 
(T2-weighted image) showing leukoencephalopathy of 
the left parietal lobe ( a ). [ 18 F]FDG uptake is decreased 
inside the lesion ( b ).  11 C-MET uptake is increased around 
the lesion ( c ) (Adapted from Shirai et al. [ 149 ])       
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 Histological studies have demonstrated that 
vulnerable plaques have certain pathological 
characteristics that offer potential targets for 
identifi cation. Structural features, such as posi-
tive remodeling, neovascularization, and intra-
plaque hemorrhage, can already be detected with 
noninvasive imaging [ 240 ]. Active, pathophysio-
logical processes such as infl ammation and 
microcalcifi cation however represent additional 
drivers of vulnerability that have proven more 
challenging to identify noninvasively. Data from 
pathology of vulnerable plaques has lead to the 
recognition that plaque composition, more than 
degree of vessel occlusion, is the primary deter-

minant of stability [ 241 ]. Therefore, the concept 
of the vulnerable plaque is a hallmark in athero-
sclerosis, and most of the pathogenesis mecha-
nism and molecular targets in vulnerable plaque 
might be considered as targets for molecular 
imaging. The vulnerability of a plaque is charac-
terized by a number of factors like a thin, 
collagen- poor fi brous cap, a large necrotic core, 
and abundant macrophages in the cap, whereas 
the luminal protrusion is not a marker of vulner-
ability [ 242 ]. Macrophages present in the devel-
oping plaque release cytokines and other factors 
that can weaken the fi brous cap, eventually lead-
ing to plaque instability and rupture [ 243 ,  244 ]. 

a

d

b

e f

c

  Fig. 10.15    Example of a patient with encephalitis diag-
nosed after dual tracer brain PET/CT study with 
[ 11 C]-acetate and [ 18 F]FDG. [ 11 C]-acetate images did not 
reveal any increased activity ( a ) in the hypodense lesion in 
the region of the left hippocampus revealed on the CT ( b , 
 arrow ) and fused PET/CT ( c ,  arrow ) images. [ 18 F]FDG 

PET/CT scan of the brain was performed just after the 
completion of [ 11 C]-acetate imaging demonstrated intense 
activity ( d ), corresponding well to the hypodense lesion in 
the region of the left hippocampus both on the CT ( e , 
 arrow ) and fused PET/CT ( f ,  arrow ) images (Adapted 
from Wang et al. [ 238 ])       

 

10 PET/CT and PET/MRI in Neurology: Infection/Infl ammation



164

In fact, it has been observed that the pattern of 
distribution of macrophages correlates with 
degree of plaque instability [ 241 ]. Therefore, the 
ability to image plaques at high resolution to 
determine macrophage content and distribution 
could provide a means to noninvasively assess 
plaque vulnerability and degree of risk to rupture 
in infl amed arteries [ 241 ]. MRI shows the most 
promise for assessing both structure and lipid 
composition to evaluate plaque stability 
[ 245 – 247 ] offering the ability to perform both 
anatomical and functional examinations. The 
atherosclerotic plaque components can be dif-
ferentiated using dedicated imaging sequences. 
T1-, T2-, and proton density-weighted imaging 
of carotid plaques allows for identifi cation of the 
lipid-rich necrotic core, calcifi cation, and intra-
plaque hemorrhage. The high spatial resolution 
of MRI even allows for identifi cation and assess-
ment of the fi brous cap. Additionally, adding 
specifi c contrast agents (e.g., paramagnetic gado-
linium or iron oxide) which allow for visualiza-
tion of processes in the atherosclerotic plaque at 
the molecular level, molecular imaging with MRI 
is also possible [ 248 ]. However, MRI lacks the 
sensitivity to screen large regions and atheroscle-
rotic disease can occur anywhere in the vascular 
system. Multimodality imaging approach can be 
used to noninvasively map the distribution of 
macrophages in vivo allowing to combine the 
complementary strengths of each modality to 
better visualize features of interest [ 241 ]. 

 PET imaging of atherosclerosis has so far 
focused primarily on [ 18 F]FDG. The fi rst report on 
[ 18 F]FDG accumulation in the large arteries 
emerged in 2001 [ 249 ], and since then, a large 
body of evidence has materialized linking [ 18 F]
FDG uptake to the macrophage contents of high- 
risk plaques (Fig.  10.16 ) [ 250 – 253 ]. A hunt for 
new and more specifi c tracers has started to target 
cell-mediated key molecular processes associated 
with the vulnerable atherosclerotic plaque. The 
most prominent of these targets include macro-
phage infi ltration, apoptosis, hypoxia, and neoan-
giogenesis of the intima/media, but the clinical use 
of these tracers is very limited thus far [ 248 ]. 
Surface receptors expressed on macrophages were 
selected as imaging targets in early studies. Imaging 

probes for the IL-2 receptor [ 254 ] and scavenger 
receptors [ 255 ,  256 ] were labeled with  99m Tc and 
tested in plaque imaging more than a decade ago. 
 99m Tc-HYNIC-IL-2 is another IL-2 receptor target-
ing probe and recently has been utilized in a human 
study for carotid plaque imaging [ 257 ]. In more 
recent studies, chemokine receptors have been 
investigated. A peptide moiety of  d -Ala1-peptide 
T-amide (DAPTA), which has an affi nity for che-
mokine receptors, was also labeled with  64 Cu after 
conjugation with a comblike nanoparticle. 
 64 Cu-DAPTA-comb was reported to be an effec-
tive imaging probe for atherosclerosis [ 258 ]. 
Radiolabeled scavenger receptor ( 64 Cu-CD68-Fc) 
may help to target foam cell-rich plaques with high 
content of oxidized LDL, having the potential to 
identify unstable plaques and for risk stratifi cation 
(Fig.  10.17 ) [ 259 ]. Small antibody fragment for 
vascular cell adhesion molecule (VCAM-1) [ 260 ] 
and peptide compounds for VCAM-1 [ 261 ] have 
relatively shorter half-lives in circulation and have 
been labeled with  99m Tc and  18 F, respectively. There 
are other surface receptors of macrophages that 
have been utilized for plaque imaging. They also 
exhibited promising results in plaque imaging. The 
mannose receptor is also expressed on activated 
macrophages, particularly the M2 subtype, and 
its use has been attempted in plaque imaging with 

  Fig. 10.16    Example of [ 18 F]FDG PET/CT scan in a 
patient with carotid atherosclerotic lesion in a male 
patient.  White arrow  show increased [ 18 F]FDG uptake at 
the level of the plaque in carotid artery (Adapted from 
Orbay et al. [ 289 ])       
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 18 F-fl uoro- d -mannose [ 262 ]. Fucoidan is a syn-
thetic SLX-mimicking compound and increased 
 68 Ga-fucoidan uptake in atherosclerotic plaques in 
a proof-of-concept study [ 263 ]. Monocyte recruit-
ment and migration in atherosclerotic plaques may 
be imaged by the direct radiolabeling of cells [ 264 ].

    Apoptosis in the plaque occurs in macro-
phages or other cells as a result of active infl am-
mation. Apoptosis can be visualized by 
radiolabeled annexin V, which binds to phospha-
tidylserine on the apoptotic cells’ surfaces. In 
early studies,  99m Tc-annexin V exhibited high 
uptake in atherosclerotic plaques [ 265 – 267 ]. 

 Integrin αvβ3, a receptor for fi bronectin and 
vitronectin, is expressed on activated endothe-
lium and turn on angiogenic program by cross- 
talking with various growth factor receptors 
[ 268 ]. Intriguingly, a tri-peptide moiety of Arg- 
Gly- Asp (RGD) has a high affi nity for integrin 
αvβ3 and has been utilized for angiogenesis 
imaging.  99m Tc-NC100692, one of radiolabeled 
RGD compounds, exhibited high uptake in the 
atherosclerotic carotid artery in an animal model 
[ 269 ]. [ 18 F]Galacto-RGD PET/CT showed spe-
cifi c tracer accumulation in human atheroscle-
rotic carotid plaques, which correlates with 
αvß3 expression. Integrin αvβ3 is expressed on 
 macrophages as well as activated endothelium, 
and thus, this imaging visualizes both neoangio-
genesis and macrophage accumulation in vul-
nerable plaques. VEGF receptor that is expressed 
on activated endothelium is another target for 
neoangiogenesis imaging. Recently, an anti-
body against VEGF receptor was labeled with 
 89 Zr and tested in carotid plaque PET imaging 
[ 270 ]. However, larger prospective studies are 

warranted to evaluate the potential of molecular 
imaging of αvß3 expression for clinical assess-
ment of plaque infl ammation [ 271 ]. 

 In plaque, microcalcifi cation represents addi-
tional drivers of vulnerability [ 272 ,  273 ]. 
Macroscopic deposits of calcium are associated 
with burnt-out and clinically stable disease. By 
contrast, the very early stages of microcalcifi ca-
tion are associated with ruptured and high-risk 
lesions, in part because they identify infl amed 
plaques that have not yet healed and in part 
because microcalcifi cation may directly weaken 
the cap surface [ 242 ,  274 ,  275 ].  18 F-fl uoride binds 
to regions of microcalcifi cation prior to the pres-
ence of CT determined macrocalcifi cation. 
 18 F-fl uoride binds in relation to the exposed sur-
face area of hydroxyapatite. This explains why 
uptake is proportionally greatest in the early, 
active stage of microcalcifi cation while the plaque 
remains vulnerable to rupture. This stage precedes 
the potential development of stable, macroscopic 
calcifi cation that is detected by traditional CT 
imaging. Studies have demonstrated a close asso-
ciation between  18 F-fl uoride and both Framingham 
risk and CT calcium scores [ 276 ,  277 ]. Moreover 
in a recent work,  18 F-fl uoride was used as marker 
of newly developing valvular calcium in aortic 
stenosis [ 277 ] with uptake predicting the progres-
sion of CT calcium scores at 1 year and once 
again correlating with histological markers of cal-
cifi cation activity [ 278 ]. The stage is now set for 
larger prospective trials to confi rm whether 
 18 F-fl uoride PET detects plaques with a propen-
sity to rupture and in so doing identifi es patients at 
risk of myocardial infarction. Additional studies 
will also help describe the natural history of this 

  Fig. 10.17    Examples of [ 64 Cu]-DOTATATE PET/MRI of 
the neck region for visualization of the carotid arteries. 
T1-weighted MR image showing atherosclerotic plaque 
of the left internal carotid artery marked with  asterisk  ( left 
panel ). Combined PET/MRI of the same projection show-

ing increased [ 64 Cu]-DOTATATE) uptake in the plaque 
(marked by  asterisk  in the  middle panel  images). Stand- 
alone PET image of the same projection showing [ 64 Cu]-
DOTATATE biodistribution ( right panel ) (Adapted from 
Folke Pedersen et al. [ 285 ])       
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marker of vulnerability and determine if this can 
be modifi ed with targeted therapies. A recent 
study addressed the role of calcifi cation by  18 F-
NaF PET/CT and infl ammation by [ 18 F]FDG PET/
CT in the carotid plaques, symptomatic and 
asymptomatic, of patients with bilateral carotid 
atheromatosis and during the subacute phase of 
CVA. In this study, signifi cant uptake of  18 F-NaF 
was found in carotid symptomatic plaques. From 
the association of  18 F-NaF uptake and symptom-
atology in the subacute phase of the CVA, it could 
be suggested that this tracer would identify the 
unstable plaques in risk of rupture. Of interest, 
lower  18 F-NaF uptake was found in plaques with 
larger calcium size, suggesting the calcium 
reached a “stable” stage after the mineralization 
process has ended in the atheroma plaque (“inac-
tive” calcium) [ 277 ,  279 ]. Therefore, in these 
patients, the cause of the CVA could be hypothe-
sized as being hemodynamic rather than throm-
botic. Very different in plaques classifi ed as grades 
II and III according to the calcifi cation size, high-
est  18 F-NaF uptake was found as for the presence 
of more active calcifi cation process at these stages 
(active calcifi cation or “active” calcium). In grade 
I calcifi cation, both processes, calcifi cation and 
infl ammation, show the same activity as expressed 
by  18 F-NaF TBR/ 18 F-FDG TBR indexes [ 280 ]. 

 Hybrid [ 18 F]FDG-PET/MRI allows high sen-
sitivity PET screening to identify putative lesions 
in a whole-body view and high resolution MRI 
for detailed mapping of biomarker expression in 
the lesions [ 241 ,  281 ,  282 ]. Integrated [ 18 F]FDG- 
PET/MR imaging has been compared to [ 18 F]
FDG-PET/CT to evaluate carotid arteries in HIV 
patients with increased risk of atherosclerosis but 
without any symptoms of cardiovascular disease 
[ 283 ]. MR delineation of both the inner and outer 
walls of the carotid artery was superior to the CT 
however a high congruence between [ 18 F]FDG- 
uptake quantifi cation using the two systems 
despite the inherent methodological differences 
between the two systems (e.g., method of attenu-
ation correction) [ 283 ]. 

 As for PET/CT imaging, other than [ 18 F]FDG 
tracers have been evaluated also in PET/MRI set-
ting. In addition to PET-imaging tracers direct to 
target different molecular processes than glucose 

metabolism (e.g., somatostatin receptor), some 
molecules which combine functional data achiev-
able using MRI to PET ones are under evaluation 
resulting in preclinical promising results, includ-
ing probes designed to contain gadolinium or 
iron oxide and Cu-64 (PET) [ 241 ], as well as 
polymeric nanoparticle (e.g.,  89 Zr-DNP) [ 284 ]. 

 PET/MRI with  64 Cu-DOTATATE resulted 
promising in a small series of patients imaged 
before carotid endarterectomy. These results, 
although preliminary, suggested the potential 
role of  64 Cu-DOTATATE PET/MRI in the identi-
fi cation and characterization of vulnerable 
plaques accumulating in atherosclerotic plaques 
of the carotid artery (i.e., detecting alternatively 
activated macrophages) [ 285 ].     
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11.1          Introduction 

 Primary brain tumors are a heterogeneous group 
of neoplasms, each with its own biology, progno-
sis, and treatment. Among primary brain tumors, 
gliomas constitute the most frequent pathologic 
fi nding. On the basis of histological features, 
gliomas are dived into low-grade (I and II) and 
high-grade (III and IV) tumors. Prognosis wors-
ens as tumor grading increases. Brain tumors 
may remain asymptomatic for long periods. The 
most common symptom is headache. Focal 
symptoms or signs take place when the neoplasm 
compresses the nearby cerebral parenchyma. 

 In this chapter we will review the main fea-
tures of neoplasms of the central nervous sys-
tem (CNS), and we will focus on the use of 
positron emission tomography (PET) and single 
photon emission computed tomography 
(SPECT) and of hybrid techniques, particularly 
PET with computed tomography (PET/CT) and 
PET with magnetic resonance (PET/MR) in 

combination with various radiopharmaceuticals 
for the diagnosis, treatment, and follow-up of 
gliomas (Table  11.1 ).

11.2        Brain Tumor Imaging 

11.2.1     Radiolabeled Amino Acids 

 The rate of protein synthesis is increased in pro-
liferating brain tumors, which makes its measure-
ment an important target for in vivo imaging. 
Uptake in the normal cortex of all labeled amino 
acids is very low and their role in mediating an 
infl ammatory response is much less important 
than for glucose. Thus, high specifi city could be 
predicted. Active transport through the natural 
amino acid carrier and, to some extent, blood–
brain barrier (BBB) disruption represent the 
mechanisms of tracer uptake (Table  11.2 ).

     11 C-Methionine     Methionine, an essential sulfur 
amino acid, is necessary for growth and develop-
ment.  11 C-Methionine ( 11 C-MET) is by far the 
amino acid most frequently used for brain tumor 
imaging.  

  Diagnostic Accuracy     The overall sensitivity of 
 11 C-MET PET for distinguishing gliomas from 
nonmalignant lesions has been estimated to be 
around 75–95 %, with somewhat lower values 
reported in low-grade gliomas, where uptake 
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may occasionally be negligible. More interest-
ingly, specifi city of  11 C-MET PET ranged 
between 87 and 100 % [ 35 ].  

  Grading     On the other hand, the predictive value 
of  11 C-MET PET for grading is limited. Several 
studies showed that  11 C-MET is taken up by glio-
mas irrespective of grade and that there is size-
able overlap in uptake values between low-grade 
and high-grade gliomas. Semiquantitative analy-
sis may help differentiating high-grade and low- 
grade gliomas in group analysis [ 35 ].  

  Prognosis     In grades II and III gliomas, higher 
tumor to contralateral count ratios are associ-
ated with reduced survival. The prognostic 
power of  11 C-MET was stronger than that of 
[ 18 F]-fl uorodeoxyglucose ([ 18 F]-FDG) [ 34 ,  58 ] 
(Fig.  11.1 ).

     Tumor Extent Determination     The critical factor 
in determining the edges of the tumors is the 
method used for distinguishing signifi cant from 
negligible tracer uptake. There is currently no 
consensus on the best method. Visual qualitative 
and several semiquantitative methods have been 
adopted: fi xed percent threshold value of tumor 
uptake, tumor/non-tumor ratios, standardized 
uptake values (SUV), and automatic software- 
based segmentation algorithms are some exam-
ples of such techniques. Integrating [ 11 C]-MET 
PET with MR images is useful for planning sur-
gery, with ensuing clinical impact in about 80 % 
of the procedures. Integration of  11 C-MET PET 
with morphological imaging was also useful for 
defi ning the radiotherapy plan [ 45 ].  

  Tumor Biopsy     Although the poor relation 
between  11 C-MET uptake and grading does not 
allow predicting the highest tumor grade,  11 C- 
MET PET may be used to reduce the number of 
required biopsy attempts and to reduce the risk of 
damaging functional areas in patients with brain 
tumors [ 45 ].  

  Tumor Recurrence Versus Radiation Injury     
Because of limitations of [ 18 F]-FDG for discrimi-
nating recurrent tumor from radiation injury, 

   Table 11.1    Clinical indications to imaging gliomas   

 Pre-therapy 

   1. Diagnosis 

   2. Noninvasive tumor grading 

   3. Guidance for stereotactic biopsy 

   4. Surgical planning 

   5. Identifi cation of metabolically active tumor 
(or biological target volume, BTV) for radiotherapy 
planning 

 Post-therapy 

   1. Identifi cation of residual tumor 

   2. Differential diagnosis between tumor recurrence 
and radiation necrosis 

   3. Evaluation of response to chemotherapy 

   4. Prediction of survival 

   Table 11.2    Most common current radiotracers for brain 
tumor imaging   

 Biological process  Radiotracer 

 Glucose transport 
across BBB and 
metabolism 

 [ 18 F]-Fluodeoxyglucose 
([ 18 F]-FDG) 

 Amino acid transport 
and protein synthesis 

 [ 11 C]-Leucine 
  11 C-Methionine ( 11 C-MET) 
 [ 123 I]-Alpha-methyltyrosine 
([ 123 I]-IMT) 
 [ 18 F]-Fluoroethyltyrosine 
([ 18 F]-FET) 
 [ 11 C]-Alpha-
methyltryptophan 
 [ 18 F]-Proline 

 Amino acid transport 
and dopamine 
metabolism 

 [ 18 F]-Fluoro-L-3,4- 
dihydroxyphenylalanine 
([ 18 F]-DOPA) 

 Cellular proliferation  3-Deoxy-3-[ 18 F]-
fl uorothymidine ([ 18 F]-FLT) 
 [ 18 F]-2-Fluoro-5-
methyl-1-beta-d- 
arabinofuranosyluracil 
([ 18 F]-FMAU) 

 Lipid metabolism   11 C-Choline/
[ 18 F]-fl uorocholine 

 Hypoxia  [ 18 F]-Fluoromisonidazole 
([ 18 F]-FMISO) 
 [ 123 I]-Iodoazomycin 
arabinoside ([ 123 I]-IAZA) 
 [ 18 F]-Azomycin arabinoside 
([ 18 F]-FAZA) 
 [ 64 Cu]-
Methylthiosemicarbazone 
([ 64 Cu]-ATSM) 

 Somatostatin receptor 
type 2 expression in 
meningiomas 

 [ 68 Ga]-DOTATOC 
 [ 68 Ga]-DOTATATE 
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a

b

c

d

  Fig. 11.1    Combined [ 18 F]-FDG ( upper row ) and  11 C- 
MET ( lower row ) PET studies. Patient #1 ( a ,  b ) displays 
tumor recurrence of the primary glioblastoma grade IV, 
which is easily detectable with  11 C-MET ( b ) but not on 

[ 18 F]-FDG ( a ). Patient #2 ( c ,  d ) is affected by a primary 
oligoastrocytoma grade II, which is hot on  11 C-MET PET 
( d ) and cold on [ 18 F]-FDG PET ( c ) (Adapted from Van 
Laere et al. [ 58 ])       
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most authors prefer today using  11 C-MET 
PET. Comparative evaluations show a greater 
accuracy of  11 C-MET PET than [ 18 F]-FDG PET 
for the differential diagnosis [ 54 ].   

11.2.2     O-(2-[ 18 F]-Fluoroethyl)-L- 
Tyrosine ([ 18 F]-FET) 
and 3-[ 123 I]-Alpha- 
Methyltyrosine ([ 123 I]-IMT) 

 [ 18 F]-FET is an artifi cial amino acid that is taken 
up into neoplastic cells, but it is not incorporated 
into proteins, in contrast to natural amino acids, 
such as  11 C-MET, which has a 15 % incorporation 
rate [ 26 ,  61 ]. 

 [ 18 F]-FET PET was shown to be more accurate 
than [ 123 I]-alpha-methyltyrosine, [ 18 F]-FDG, 
[ 18 F]-fl uorothymidine, and [ 18 F]-fl uorocholine to 
detect brain tumors. 

 A recent meta-analysis of published data of 
13 studies on the use of [ 18 F]-FET PET in pri-
mary brain tumor including 462 patients showed 
sensitivity and specifi city of 82 % and 76 %, 
respectively. The mean and maximum tumor-to-
background ratio (TBR mean  and TBR max ) were 
signifi cantly lower in grade I–II gliomas as 
compared with III–IV gliomas [ 15 ]. 

 The analysis of time–activity curves obtained 
through dynamic acquisition allows improving 
the differentiation between low- and high-grade 
gliomas. Early (<15 min) maximal uptake fol-
lowed by a decreasing curve has been related to 
high-grade glioma, and late (>15 min) maximal 
uptake followed by a cumulative curve has been 
related to low-grade tumor [ 31 ]. 

 [ 18 F]-FET imaging was also shown to have 
prognostic implications. In low-grade gliomas, 
baseline low [ 18 F]-FET uptake was predictive 
of longer time to progression and time to 
malignant transformation; on the contrary, 
high uptake predicted rapid conversion into a 
high-grade glioma [ 19 ]. [ 18 F]-FET can be used 
to quantify residual tumor volume after sur-
gery, and postsurgical tumor volume deter-
mined by PET predicts progression- free and 
overall survival [ 44 ]. 

 Some amino acid-derived radiopharmaceuti-
cals (e.g., [ 123 I]-IMT) can also be labeled with 
single photon emitters for SPECT, allowing a less 
expensive, more widely accessible technique for 
imaging protein synthesis in brain tumors. As 
expected, worse tumor delineation was obtained 
in comparison to either  11 C-MET or 
[ 18 F]-FET. However, high [ 123 I]-IMT uptake post- 
tumor resection is associated with shorter sur-
vival [ 60 ] (Table  11.3 ).

   Among other amino acid tracers, a growing 
important role is being played by [ 18 F]-fl uorodopa 
([ 18 F]-FDOPA), which is also sensitive to dopa-
mine metabolism. Other than the high physiolog-
ical uptake in the striatum, this tracer also 
displays low uptake in all the remaining brain 
areas. [ 18 F]-DOPA PET/CT is highly sensitive 
and specifi c for detection of glioma recurrence, it 
is superior to [ 18 F]-FDG, and it is especially 
advantageous in patients with low-grade gliomas 
[ 32 ,  53 ] (Figs.  11.2  and  11.3 ).

     Tumor Proliferation     Increased cell prolifera-
tion rate is a well-known hallmark of cancer. 
3-Deoxy-3-[ 18 F]-fl uorothymidine ([ 18 F]-FLT) 
offers the advantages of [ 18 F]-labeling and a 
favorable radiometabolite profi le. Kinetic analy-
sis showed that patients with brain tumors have 
increased tracer incorporation ( K  i ). In high-grade 
tumors where blood fl ow is also increased, the 

   Table 11.3    Factors affecting uptake of radiopharmaceu-
ticals in gliomas   

  1. Glucose metabolic rate 

  2. Protein synthesis rate 

  3. DNA proliferation rate 

  4. Membrane (lipid) proliferation rate 

  5. Blood–brain barrier integrity 

  6. Histological grade 

  7. Blood perfusion/blood volume 

  8. Expression of membrane transporters 

  9. Oxygen tissue concentration (hypoxia) 

 10. Dimension of the lesion (partial volume effect) 

 11. Radiotherapy treatment 

 12. Treatment with steroids or oncologic drugs 

 13. Necrotic areas 

 14. Expression of catecholamine binding sites 
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a b

c d

  Fig. 11.2    Combined [ 18 F]-DOPA ( upper row ) and 
[ 18 F]-FDG ( lower row ) PET studies. A 27-year-old man 
with right frontal grade II oligoastrocytoma treated pri-
marily with surgery and radiotherapy, presented with 
clinical suspicion of recurrence. Transaxial [ 18 F]-DOPA 
PET ( a ) and PET/CT ( b ) images show tracer accumula-
tion in the right frontal lobe lesion ( arrows ) suggestive of 

recurrence. Transaxial [ 18 F]-FDG PET ( c ) and PET/CT 
( d ) images show no abnormal focus of tracer uptake and 
are negative for recurrence. The patient underwent reop-
eration and was found to have recurrent grade III glioma 
(anaplastic astrocytoma) on histopathology (Adapted 
from Karunanithi et al. [ 32 ])       
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increased tracer incorporation may partially be 
related to blood fl ow rather than metabolism [ 38 ] 
(Table  11.4 ).

    [ 18 F]-FLT had slightly lower (83 %)  sensitivity 
than  11 C-MET (88 %) for detection of gliomas, 
and both tracers have a specifi city of 100 %. 

SUV max  for  11 C-MET was signifi cantly higher in 
high-grade gliomas than in low-grade gliomas, 
although there was a large overlap. For [ 18 F]-FLT, 
the group difference was larger. On the contrary, 
[ 18 F]-FLT was slightly superior to  11 C-MET for 
tumor grading [ 24 ].  

a

c

b

d

  Fig. 11.3    Combined [ 18 F]-DOPA ( upper row ) and 
[ 18 F]-FDG ( lower row ) PET studies. A 44-year-old man with 
left frontal grade IV glioblastomas multiforme treated pri-
marily with surgery, radiotherapy, and temozolomide. He 
presented 18 months later with progressive severe headache. 
Transaxial [ 18 F]-FDOPA PET ( a ) and PET/CT ( b ) images 
show tracer accumulation in the left frontal lesion ( arrow ), 
suggestive of recurrence. Transaxial [ 18 F]-FDG PET ( c ) and 

PET/CT ( d ) images also show tracer accumulation in a left 
frontal lesion ( small arrows ), suggestive of recurrence. The 
patient died within 5 months of PET/CT with progressive 
neurological weakness. Both [ 18 F]-FDOPA PET/CT and 
[ 18 F]-FDG PET/CT were true positive for recurrence in this 
patient. Note the decrease in [ 18 F]-FDG uptake in the ipsilat-
eral striatum ( large arrows ) due to postradiotherapy changes 
(Adapted from Karunanithi et al. [ 32 ])       
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11.2.3     [ 18 F]-Fluorodeoxyglucose 
([ 18 F]-FDG) 

 PET with [ 18 F]-FDG allows measurement of the 
cerebral metabolic rate for glucose (CMRglc). 
[ 18 F]-FDG was the fi rst PET tracer used for imag-
ing brain tumors, and it is still widely used nowa-
days, after about 40 years. The 2-deoxyglucose 
model was defi ned by Sokoloff following autora-
diographic experiments in rats [ 51 ]. Using arte-
rial input function, dynamic scanning, and kinetic 
analysis, it is possible to obtain CMRglc 
(mg/100 g/min) [ 30 ,  51 ]. Using noninvasive 
approaches and a single static acquisition, SUV 
and the tumor/non-tumor ratio are the most com-
monly semiquantitative indices computed 
(Tables  11.5  and  11.6 ).

     Diagnosis and Grading     Early studies in brain 
tumor patients stressed the importance of the 
functional information provided by PET com-
pared to morphologic neuroradiological tech-
niques. Di Chiro et al. fi rst used PET with 
[ 18 F]-FDG in 23 patients with cerebral gliomas. 
All ten high-grade gliomas demonstrated focal 
tracer uptake that was easily visible. The 13 

low- grade gliomas had signifi cantly lower 
CMRglc and no visible hot spot. In those early 
times, these results were considered as a major 
achievement because noninvasive grading of 
brain tumors was much less intuitive as nowa-
days. Sensitivity and specifi city were 94 and 
77 % [ 30 ] (Table  11.7 ).

    Brain tumors may induce suppression of met-
abolic activity in the nearby normal and 
 edematous tissue. Reduced glucose metabolism 
may occur also in the normal brain tissue remote, 
but functionally linked to the site of the tumor 
(crossed cerebellar diaschisis). 

   Tumor Recurrence Versus Radiation Necrosis      
Early studies showed that CMRglc was increased 
in patients with tumor recurrence and low in 
patients with necrosis [ 42 ]. Delayed imaging 
(90 min postinjection) increased the tumor- to- 
cortex contrast. Even though these results were 
confi rmed in other studies, false positives were 
also reported because increased [ 18 F]-FDG accu-
mulation may occur following radiotherapy.  

 The use of [ 18 F]-FDG for treatment planning 
remains controversial in light of the current 

   Table 11.4    Most important favorable and unfavorable characteristics of common current radiopharmaceuticals for 
brain tumor imaging   

 Advantages  Disadvantages 

 [ 18 F]-FDG  Easily available, overall good accuracy, 
good quality images 
 Allows tumor grading 
 Correlates with prognosis 

 High physiological uptake in the 
normal brain 
 False positive by radiotherapy 
necrosis and infection 
 Limited role for defi nition of 
radiotherapy plan 

 Amino acid tracers  Available for PET and some limited 
availability for SPECT 
 Negligible uptake in the normal brain 
 Optimal tumor delineation and contrast 
 Uptake correlates with prognosis 
 Very high negative predictive value for 
distinguishing recurrence from necrosis 
 Useful for defi nition of radiotherapy plan 

 Tracer uptake is poorly affected by 
tumor grade 
 Uptake may be similar in low-grade 
gliomas and nonmalignant tumors 

 [ 18 F]-FLT  Negligible uptake in the normal brain 
 Optimal tumor delineation and contrast 
 Superior to amino acid tracers for grading 
 Allows differential diagnosis between 
tumor recurrence and necrosis 

 Uptake heavily affected by BBB 
integrity 
 Kinetic analysis with metabolite 
correction may be required 

 Other tracers (radiolabeled 
choline, hypoxia tracers, 
serotonin receptor tracers) 

 Capability to investigate other metabolic 
pathways of brain tumor metabolism 

 Presently, still experimental in the 
clinical setting 
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widespread use of amino acid tracers. [ 18 F]-FDG 
might be of special interest in high-grade glio-
mas exhibiting marked intratumoral heterogene-
ity where hot spots could be possible targets for 
dose escalation. 

  Prognostic Value and Response to Therapy     
Several studies indicate that glucose metabo-
lism, at initial presentation, at recurrence, or in 
response to therapy, is predictive of survival. 
The semiquantitative evaluation in pretreatment 
[ 18 F]-FDG PET provides signifi cant additional 
prognostic information in newly diagnosed 
high- grade tumors, it is statistically more robust 

than the visual evaluation, and it is independent 
of  traditional prognostic factors. The mean sur-
vival time of patients exhibiting high CMRglu 
was shorter than in patients with low CMRglu 
[ 43 ]. In the subgroup of high-grade gliomas, it 
was possible to divide patients into a group with 
low and another with high metabolic activity 
with 1-year survival rates of 78 % and 29 %, 
respectively [ 3 ].  

 PET was useful for monitoring the response to 
chemotherapy. A recent publication based on the 
National Oncologic PET Registry examined ret-
rospectively data from 479 patients with primary 
brain tumors (72 %) or brain metastasis (28 %) 

   Table 11.5    Characteristics of quantitative and semiquantitative brain PET studies with [ 18 F]-FDG   

 Quantitative studies  Qualitative studies 

 Arterial input function  Necessary  Not necessary 

 Acquisition  Dynamic (frames ranging from 30 s to 
5 min for a total of 60 min) 

 Static (10–15 min acquisition 45-min 
postinjection) 

 Glycemia  Necessary  Not necessary 

 Parameters  CMRglc (mg/glc/100 g brain tissue)  Visual analysis 
 SUV 
 Tumor-to-non-tumor ratio 

 Data analysis  Time-consuming and technically 
challenging computer programming 

 None to simple (ROI analysis) 

 Diagnostic yield  Greater accuracy than semiquantitative 
analysis 
 Greater clinical impact not proven 

 Suffi cient for the vast majority of clinical 
cases 

 Metabolic specifi city  Not specifi c for tumor  Not specifi c for tumor 

 Advantages/pitfalls  Potentially very accurate/logistically 
demanding 

 Simple derivation/sensitive to many 
parameters 

 Application  Preferred for research studies and group 
analysis 

 Preferred for clinical diagnostic routine 
and single-subject evaluation 

   Table 11.6    Sensitivity and specifi city for diagnosis of brain gliomas/gliomas recurrence for most common PET 
tracers a    

 Tracer  Sensitivity (95 % CI)  Specifi city (95 % CI)  Indication  Reference  Study 

 [ 18 F]-FDG  94 %  77 %  Diagnosis  [ 14 ]  Monocentric 

 [ 18 F]-FDG  75 %  81 %  Necrosis vs. recurrence  [ 11 ]  Monocentric 

 [ 18 F]-FDG  0.77 (0.66–0.85)  0.78 (0.54–0.91)  Necrosis vs. recurrence  [ 40 ]  Meta-analysis 

 [ 11 C]-MET  0.70 (0.50–0.84)  0.93 (0.44–1.0)  Necrosis vs. recurrence  [ 40 ]  Meta-analysis 

 [ 11 C]-MET  75–95 % (range)  87–100 % (range)  Diagnosis  [ 28 ]  Review 

 [ 18 F]-FET  0.82 (0.74–0.88)  0.76 (0.44–0.92)  Diagnosis  [ 15 ]  Meta-analysis 

 [ 18 F]-FLT  79 %  63 %  Diagnosis  [ 12 ]  Monocentric 

   a Note that these values should be taken cautiously because they depend from several variables, including gold standard, 
clinical indication, tumor grade and dimension, sample size, analysis method, and type of study (single center, multi-
center, or meta-analysis). Multitracer single studies are generally more informative for the comparison between two 
tracers. For these reasons, only some explicative studies are cited  
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and found that overall, [ 18 F]-FDG PET imaging 
changed the intended management in 38 % of 
patients [ 29 ]. 

  Radiolabeled Choline     Choline is a phospho-
lipid precursor and participates to membrane pro-
liferation. The radiolabeled tracer (either 
 11 C-choline or [ 18 F]-fl uorocholine) displayed an 
excellent capability to delineate the tumor con-
tours due to the negligible uptake in the normal 
brain. However, increased tracer uptake may 
occur also in brain metastasis and meningiomas.  

 Presently there are discrepant fi ndings on the 
issue whether increased lipid metabolism, as 
measured by PET/CT with radiolabeled, predicts 
[ 23 ,  41 ] or does not predict tumor grade [ 56 ]. 
Higher  11 C-choline uptake has been reported in 
high-grade gliomas compared to low-grade glio-
mas [ 23 ]. This result was confi rmed in a multi-
tracer study; tracer uptake was signifi cantly 
higher in high-grade gliomas than in low-grade 
gliomas for  11 C-choline, but not for [ 18 F]-FDG 
[ 41 ]. However,  11 C-choline PET/CT could not 
reliably differentiate between low-grade gliomas 

and benign lesions because of the low uptake in 
low-grade tumors [ 41 ]. Another multitracer study 
compared  11 C-MET,  11 C-choline, and 
[ 18 F]-FDG. Whereas all three tracers showed a 
similar correlation between the tumor-to-normal 
cortex ratio and tumor grade in astrocytic and oli-
godendroglial tumors,  11 C-MET proved to best 
enable the straightforward visual localization of 
hot lesions [ 33 ]. 

  Imaging Tumor Hypoxia     Several bioreductive 
radiopharmaceuticals have been evaluated as 
hypoxia tracers. The common feature of these 
different tracers is that tissue binding increases as 
tissue oxygen decreases.  

 PET studies of brain tumor hypoxia are lim-
ited and focused mainly to the use of 
[ 18 F]-fl uoromisonidazole ([ 18 F]-FMISO) [ 57 ]. 
Increased [ 18 F]-FMISO tumor uptake is generally 
found in the periphery but not in the necrotic cen-
ter of glioblastomas multiforme. The latter fi nd-
ing is expected, because only peripheral viable 
cells are able to accumulate [ 18 F]-FMISO, and 
delivery to necrotic tissue is low [ 8 ]. 

   Table 11.7    Most common semiquantitative parameters, derivation, and main characteristics   

 Parameter  Derivation  Advantages  Disadvantages 

 Standardized uptake 
value (SUV) 

 ROI placed on any brain 
region. The uptake is 
normalized to the 
injected dose and body 
mass weight 

 Automatically computed  Sensitive to many 
parameters, primarily 
successful tracer injection, 
interval from injection time, 
and scan time, glycemia, and 
variation in the input 
function 

 Tumor-to-background 
ratio (TBR) or tumor-to- 
normal cortex ratio 
(T/N) 

 Ratio between the tumor 
ROI and the contralateral 
(or other reference) 
normal brain region 

 Many global biases that 
affect the SUV are 
canceled out as the ratio is 
computed 

 Infl uenced by perfusion/
blood volume effects 

 Tumor-to-white matter 
ratio 

 Ratio between the tumor 
ROI and a reference 
white matter region 

 See above  See above 
 Can only be applied to 
tumors that are strictly 
confi ned to gray matter 

 Parametric imaging  Kinetic analysis  Potentially very accurate  Very time consuming 
 Sensitive to biases of the 
input function 
 No clear advantage for the 
clinical routine. Used only in 
research protocols 
 Examples: CMRglc for 
[ 18 F]-FDG or  K  i  for 
[ 18 F]-FLT 
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 Hypoxic volume measured with [ 18 F]-FMISO, 
that is, the voxels in the PET image with values 
higher than an arbitrary or predefi ned threshold, 
and the area of contrast enhancement in 
T1-weighted MR predict survival. [ 18 F]-FMISO 
uptake is greater in high-grade gliomas than in 
low-grade gliomas [ 52 ]. 

  Imaging Somatostatin Receptors in 
Meningiomas     Radiotracers able to visualize 
somatostatin receptors can be used for the delin-
eation of meningiomas, based on the high expres-
sion of somatostatin receptor subtype 2 in these 
brain tumors [ 27 ]. The most commonly used 
tracer for this purpose is [ 68 Ga]-DOTATOC. PET 
imaging might detect lesions, with a higher sensi-
tivity as compared with contrast-enhanced MRI, 
and help planning target volumes for radiation 
therapy, accurately distinguishing active menin-
gioma tissue from surrounding postoperative tis-
sue [ 1 ,  36 ]. The tracer has low intracranial 
background signal, given that somatostatin recep-
tors are not expressed in the brain, except for the 
pituitary gland.    

11.3     Additional Value 
of SPECT-CT and PET-CT 
Versus SPECT and PET Stand 
Alone 

 Radionuclide imaging has per se the capability 
of identifying disease in the early phase of dis-
ease, because biochemical dysfunctions typi-
cally occur before loss of structural function. 
Adding CT scan provides two major advantages: 
mainly it improved correction for attenuation of 
photons and secondarily it enables to locate on 
anatomical marks brain areas with abnormal 
functionality. 

 Low-dose CT is generally acquired with a 
tube current of 20–40 mA and tube voltage of 
about 120–140 kV; it is associated with low 
radiation doses of 1–4 mSv and is suffi cient for 
anatomic referencing of SPECT lesions and 
attenuation correction [ 9 ]. The use of low-

dose, nonenhanced spiral CT can be recom-
mended in most SPECT/CT and PET/CT 
studies since virtually all patients referred to 
PET/CT or SPECT/CT will have already per-
formed a diagnostic CT or MR. In the opposite 
case, diagnostic CT with contrast media should 
be performed [ 9 ]. 

 So far, data on the added value of hybrid 
PET/CT and SPECT/CT over the stand-alone 
PET and SPECT remain rather limited. In gen-
eral, individual CT scan-based attenuation cor-
rection may be particularly important for tracers 
with important regional variations in binding 
(such as [ 18 F]-FDOPA), but the same could 
apply to tracers that display more homogenous 
distribution, such as [ 18 F]-FDG or many amino 
acid tracers. It has been shown that attenuation 
correction based on individual CT scans pro-
duces more accurate results than attenuation 
correction based on ellipse-based Chang 
method [ 25 ]. 

 One study showed that SPECT/CT could be 
useful to locate tumors in the presurgical setting 
and that this information could be transferred to 
the defi nition of the radiotherapy plan and for 
monitoring therapy. SPECT/CT technique allows 
to distinguish brain tumors and from other brain 
region with physiological uptake of the radio-
tracer, such as choroid plexus and venous sinuses, 
with a proven clinical impact on management in 
43 % of patients [ 16 ].  

11.4     PET/MRI: The New Modality 
of Choice for Brain Tumor 
Imaging? 

 PET/MRI tomographs represent the latest 
development in hybrid molecular imaging, 
opening new perspectives for clinical and 
research applications and attracting a large 
interest within the medical community [ 48 ,  59 ]. 
This new hybrid modality is expected to play a 
relevant role in a number of clinical applica-
tions in oncology, cardiology, and neuroimag-
ing. Indeed, for brain imaging, MRI is the 
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“morphological” modality of choice for the 
investigation of brain lesions and clearly out-
performs the non-contrast- enhanced CT which 
is usually coupled to PET studies in the current 
hybrid PET/CT examinations [ 18 ]. MRI pro-
vides not only an excellent soft tissue contrast, 
enhanced by the use of gadolinium- based con-
trast agents, but also visualizes white matter 
tracts, by diffusion tensor imaging (DTI), of 
utmost importance in surgical planning. In 
addition, a number of functional parameters 
can also be obtained by MRI, namely, perfu-
sion, diffusion, and metabolic changes using 
MR spectroscopy. 

11.4.1     PET/MRI Integrated Systems 

 Even if the idea of hybrid PET/MRI imaging is 
not new, and the fi rst prototypes for small animal 
imaging date back to the early 1990s, the fi rst 
hybrid acquisition in humans in a dedicated brain 
system has been realized in 2008 [ 49 ]. This is due 
to the major challenges arising when bringing 
these two technologies together, namely, the 
intrinsic incompatibility of photomultiplier tech-
nology with the magnetic fi eld. 

 Different solutions have been adopted and can 
be grouped in two categories:

    1.    Simultaneous systems in which the PET is 
within the magnetic fi eld and replacing the 
PET detection system, classically based on 
photomultipliers, by magnetic fi eld- insensitive 
avalanche photodiodes or silicon-based ele-
ments [ 13 ,  47 ]   

   2.    Sequential systems, in which each component 
(MRI and PET) is almost identical to standard 
standalone systems, provided proper electro-
magnetic shielding [ 62 ]     

 While the fi rst solution has the clear advan-
tage of simultaneous acquisition of both PET and 
MRI, with an overall reduction of total examina-
tion time, the second solution could be adopted 
without changes in the PET technology and 

allowed time-of-fl ight (TOF) imaging since the 
beginning. One of the two simultaneous tomo-
graphs currently available now also provides 
TOF technology [ 47 ].  

11.4.2     PET/MRI Studies in Brain 
Oncology 

 Only a few studies have so far investigated the 
information provided by hybrid PET/MRI for 
brain tumor assessment and they are recapitu-
lated in Table  11.8 .

   They overall show the feasibility of intracra-
nial mass characterization by integrated PET/
MRI also for presurgical and radiation therapy 
planning and also in pediatric patients (two stud-
ies targeted specifi cally this population). The 
majority of studies included patients with glioma 
and a subpopulation of patients with meningio-
mas, using a variety of PET tracers. The stud-
ies comparing PET/MRI output with PET/CT 
overall show that, despite systematic quantita-
tive differences with PET/CT, mainly due to 
the attenuation correction strategy adopted, the 
image contrast and visual interpretation of the 
images obtained with PET/MRI are comparable 
to PET/CT. 

 The added value of integrated PET/MRI 
tomograph compared with the current standard 
(fused PET and MRI images acquired in separate 
sessions) has not been specifi cally investigated 
yet, and no cost-effectiveness studies are avail-
able yet. 

 Finally, most of these studies adopted fully 
diagnostic protocols of each modality, resulting in 
lengthy acquisitions. A key issue, to be addressed 
in future studies and with a wider practice with 
integrated tomographs, will be the identifi cation 
of complementary/redundant information pro-
vided by PET and MRI, in order to develop truly 
integrated protocols that take advantage of the 
strongest assets of each modality, avoiding the 
duplication of data [ 4 ]. 

 Hybrid PET/MRI systems are also the ideal 
setting for answering specifi c research questions, 
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   Table 11.8    PET/MRI studies in brain tumors   

 Study 

 N of patients 
evaluated for 
intracranial 
lesions 

 Clinical 
indications 

 Type of 
PET-MR 
tomograph  Radiotracers  Results 

 Boss et al. [ 7 ]  4 adult 
patients 

 Staging  Simultaneous 
(whole-body 
3 T MR with 
BrainPET 
insert, 
Siemens 
Healthcare) 

 [ 11 C]-MET  Comparison of DTI 
acquired simultaneously 
to PET or after the 
removal of the PET 
insert: the presence of 
the insert induces some 
artifacts but does not 
hinder diagnostic 
interpretation of DTI 
images 

 Boss et al. [ 6 ]  10 adult 
patients 

 Staging  Simultaneous 
(whole-body 
3 T MR with 
BrainPET 
insert, 
Siemens 
Healthcare) 

 [ 11 C]-MET 
 [ 68 Ga]-DOTATOC 

 Comparison with PET/
CT data: PET/MRI data 
were strictly 
comparable, also for 
quantitative aspects and 
calculated tumor 
volumes 

 Schwenzer 
et al. [ 50 ] 

 28 adult 
patients 

 Staging and 
restaging 

 Simultaneous 
(whole-body 
3 T MR with 
BrainPET 
insert, 
Siemens 
Healthcare) 

 [ 18 F]-FDG 
 [ 11 C]-MET 
[ 68 Ga]-DOTATOC 

 Comparison of PET/
MRI and PET/CT data: 
comparable tumor 
delineation with 
[ 11 C]-methionine; 
additional lesions were 
found in [ 68 Ga]-
DOTATOC- PET images 
obtained with PET/MRI 
(presumably related to 
the higher resolution of 
the PET insert) 

 Neuner et al. 
[ 39 ] 

 4 adult 
patients 

 Staging and 
restaging of 
gliomas 

 Simultaneous 
(whole-body 
3 T MR with 
BrainPET 
insert, 
Siemens 
Healthcare) 

 [ 18 F]-FET  Description of 
acquisition protocols, 
obtaining diagnostic 
quality and 
comprehensive 
evaluation of gliomas in 
one examination 

 Thorwarth 
et al. [ 55 ] 

 3 adult 
patients 

 Restaging and 
radiation 
therapy 
planning of 
atypical 
meningiomas 

 Simultaneous 
(whole-body 
3 T MR with 
BrainPET 
insert, 
Siemens 
Healthcare) 

 [ 68 Ga]-DOTATOC  Description of adapted 
acquisition protocols 
and discussion of 
potential logistic and 
diagnostic benefi ts of 
integrated PET/MRI in 
radiation therapy 
planning of 
meningiomas 

 Garibotto 
et al. [ 22 ] 

 5 adult 
patients 

 Staging and 
radiotherapy 
planning 

 Sequential 
(Philips 
Ingenuity TF) 

 [ 18 F]-FET  Description of adapted 
acquisition protocols, 
obtaining diagnostic 
quality and 
comprehensive 
evaluation of gliomas in 
one examination 
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Table 11.8 (continued)

 Study 

 N of patients 
evaluated for 
intracranial 
lesions 

 Clinical 
indications 

 Type of 
PET-MR 
tomograph  Radiotracers  Results 

 Bisdas et al. 
[ 5 ] 

 28 adult 
patients 

 Biopsy 
planning in 
gliomas 

 Simultaneous 
(Siemens 
mMR) 

 [ 11 C]-MET  Comparison of the 
areas of the metabolic 
imaging provided by 
[ 11 C]-MET PET and 
magnetic resonance 
spectroscopy: the maps 
overlap only partially 
with different results 
depending on tumor 
grade 

 Filss et al. [ 17 ]  36 adult 
patients 

 Staging and 
restaging 

 Simultaneous 
(whole-body 
3 T MR with 
BrainPET 
insert, 
Siemens 
Healthcare) 

 [ 18 F]-FET  Comparison of 
[ 18 F]-FET uptake and 
perfusion-weighted 
MRI: signifi cant 
differences in the 
spatial localization and 
size of metabolically 
active and 
hyperperfused tissue in 
gliomas 

 Preuss et al. 
[ 46 ] 

 4 pediatric 
patients 

 Biopsy 
planning 

 Simultaneous 
(Siemens 
mMR) 

 [ 11 C]-MET  Description of adapted 
acquisition protocols, 
obtaining all necessary 
data for surgical 
planning and 
neuronavigation in one 
single session 

 Fraioli et al. 
[ 20 ] 

 12 pediatric 
patients 

 Staging and 
restaging of 
astrocytic 
tumors 

 Simultaneous 
(whole-body 
3 T MR with 
BrainPET 
insert, 
Siemens 
Healthcare) 

 [ 18 F]-Fluorocholine  Description of adapted 
acquisition protocols 
and discussion of 
potential logistic and 
diagnostic benefi ts of 
integrated PET/MRI in 
astrocytic brain tumors 
in children 

 Afshar- 
Oromieh et al. 
[ 2 ] 

 15 adult 
patients 

 Detection and 
radiation 
therapy 
volume 
defi nition of 
meningiomas 

 Simultaneous 
(Siemens 
mMR) 

 [ 68 Ga]-DOTATOC  Comparison of PET/CT 
and PET/MR: ideal 
diagnostic quality and 
lesion defi nition on 
PET/MRI images, 
despite systematic 
differences in 
quantitative parameters, 
possibly due to the later 
acquisition of PET/MRI 
images and to the 
different PET detectors 

11 Brain Tumors



190

namely, about the similarity between functional 
measures obtained by PET and MRI. One study 
has specifi cally investigated areas of regional 
cerebral blood volume, estimated on perfusion- 
weighted MRI, and increased amino acidic uptake 
evaluated by [ 18 F]-FET PET, showing that the 
overlap between the two processes is limited in 
gliomas [ 17 ]. Another study evaluated the overlap 
between changes in MR spectroscopy and 11C-
MET uptake, showing a partial overlap and differ-
ent in low- and high-grade gliomas [ 5 ]. Overall, 
these preliminary studies underline the diversity 
of the information provided by the two modalities 
and the need for further cross- validation studies. 

 Advantages and challenges associated with 
this new hybrid modality, specifi cally concerning 
neuroimaging applications, have been previously 
addressed [ 10 ,  21 ]. 

 We only briefl y summarize here the main 
advantages of PET/MR hybrid imaging, as com-
pared with standard PET/CT, which we could 
observe in our clinical practice:

•    The availability of all relevant information in 
a single session, which reduces total 
 examination time. The patient only has to be 
positioned once: this issue is particularly 
important for patients with limited compli-
ance, such as children or patients with cogni-
tive impairment due to neurodegenerative 
disorders or brain lesions. The single imaging 
session is also an advantage when additional 
procedures, such as anesthesia or sedation, are 
required. In general, patients and caregivers 
appreciate the opportunity of gathering all 
data in a single session. 
 The acquisition at the same time of all image 
series also guarantees that all variables related 
to the disease evolution and to the treatment 
effects are strictly identical for all modalities, 
while PET and MRI acquired separately might 
easily have an interval of some days, with the 
possibility of relevant changes in some rapidly 
evolving biological phenomena  

•   A lower radiation exposure, by avoiding the 
CT acquisition currently used in PET/CT scans 
for attenuation measurement. This gain is of 

special interest in the pediatric population and 
in cases requiring repeated investigations.  

•   The systematic integration of PET and MRI 
for image interpretation. Fusion of images 
acquired on separate systems is standard prac-
tice and has already proven its importance and 
the diagnostic gain associated [ 37 ]. This can 
be ideally achieved by a combined hybrid 
acquisition, which minimizes fusion issues. In 
addition, the acquisition of all images in sin-
gle session encourages truly multidisciplinary 
reading of the PET and MRI dataset, with an 
added value coming from the joined interpre-
tation of the fi ndings of the two modalities.      

    Conclusions 

 PET/CT can be used nowadays with several 
radiopharmaceuticals for imaging gliomas. 
At initial staging PEt allows identifi cation of 
the metabolically active tumor volume, 
which is essential information to direct 
biopsy, for planning surgery and radiother-
apy and can clarify an undetermined fi nding 
on MRI. PET can be used to assess noninva-
sively tumor grading: high metabolic activity 
is predictive of higher tumor grade and pro-
liferative activity and it has negative prog-
nostic value. Hardware-based coregistration 
of PET to CT is standard today, and it helps 
the differential diagnosis between tumor 
recurrence and radiation injury. When feasi-
ble, hardware- or software-based registration 
to MRI should also be performed. Increased 
PET activity combined with increased con-
trast enhancement or T1/T2 abnormalities is 
consistent with tumor recurrence; negligible 
PET activity is consistent with radiation 
necrosis. 

 [ 18 F]-FDG has high physiological brain 
uptake in gray matter und suffers from speci-
fi city, so that radiation necrosis can occasion-
ally be indistinguishable from recurrent 
high-grade tumor. However, tumor [ 18 F]-FDG 
uptake has prognostic value. 

 Several radiopharmaceuticals were sub-
sequently developed to explore biochemi-
cal processes other than glucose metabolism 
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that are associated to tumor growth. Amino 
acid tracers are sensitive to transport across 
the BBB and, to some extent, protein syn-
thesis. Among these tracers,  11 C-MET is 
the one that is more widely used. Other 
promising tracers include [ 18 F]-FET and 
[ 18 F]-DOPA. For [ 18 F]-FET, a SPECT ana-
log ([ 123 I]-IMT) exists that has lower diag-
nostic but similar prognostic values. Other 
than that, the role of SPECT/CT has today 
dramatically decreased. Physiological brain 
uptake of amino acids is low and they are 
less involved in infl ammation in respect to 
[ 18 F]-FDG. Thus, their specifi city for dif-
ferentiating tumor recurrence vs. radia-
tion necrosis is higher. However, amino 
acid tracers may be taken up similarly by 
low-grade tumors and high-grade tumors 
so that grading is not accurately predicted. 
They also have limited accuracy to distin-
guish low-grade gliomas from nonmalignant 
lesions. Virtually all amino acid tracers can 
be used for presurgical evaluation and to 
predict survival. For the clinical routine, the 
role of other tracers, such as hypoxia tracers 
and radiolabeled choline, is more uncertain 
(Fig.  11.4 ).

   An ongoing technological development 
that may substantially increase the diagnos-
tic  accuracy of current PET tomographs and 
reduce logistical diffi culties is the further 
development of PET/MRI tomographs. The 
studies performed so far have consistently 
shown that PET/MRI tomographs provide 
all relevant information for disease staging, 
biopsy, surgery, or radiation therapy plan-
ning in a single session, with adequate diag-
nostic quality despite the technical 
complexity of the hybrid design. As com-
pared with PET/CT and MRI acquired sepa-
rately, the hybrid design has mainly logistic 
and practical advantages: one single imaging 
session and identical conditions for both 
modalities. The diagnostic gain is still to be 
proven, even if the availability of high-reso-
lution morphological imaging and func-
tional/molecular imaging at the same time is 
expected to increase diagnostic confi dence 
and possibly decrease false-positive and 
false- negative fi ndings derived from each 
modality alone. Brain tumor imaging will 
clearly be one of the indications of choice 
for the new PET/MRI hybrid tomographs, 
where available (Fig.  11.5 ).

  Fig. 11.4    An 11-year-old male with a germ cell tumor of 
the basal ganglia. MR shows subtle changes ( arrow ) in the 
right basal ganglia. On [ 18 F]-FDG PET, the right basal gan-
glia lesion shows slightly decreased uptake compared 
with the contralateral basal ganglia but increased uptake 

 compared with normal  white matter . [ 18 F]-FLT PET, how-
ever, reveals intensely increased uptake, suggesting the pres-
ence of a malignant tumor ( arrow ). Based on the [ 18 F]-FLT 
PET results, a stereotactic biopsy could be performed in the 
right basal ganglia (Adapted from Choi et al. [ 12 ])       
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12.1          Introduction 

 Modern neuroimaging techniques represent an 
essential tool in the evaluation of pediatric cen-
tral nervous system disorders. The use of mag-
netic resonance imaging (MRI) has led to an 
enormous increase in our comprehensive knowl-
edge of several pathological entities and cur-
rently represents the gold standard method 
because of its uniquely detailed tissue contrast 
differentiation and lack of invasiveness. 

 Positron emission tomography (PET) is emerg-
ing as a valuable imaging modality not competing 
with but rather complementing MRI. The simulta-
neous acquisition of morphologic and functional 
information with hybrid systems plays an increas-
ingly important role to improve diagnostic accu-

racy, allowing to  combine the advantages of 
different techniques in a single installation. 

 This chapter begins with some background 
information regarding imaging techniques and 
radiotracers. Then, the most relevant applications 
of hybrid imaging in pediatric central nervous 
system disorders are discussed, with emphasis on 
brain tumors and epilepsy, currently the main 
fi elds of applications. Finally, a brief discussion 
regarding other applications in pediatric neurol-
ogy is provided.  

12.2     Imaging Modalities 

12.2.1     MRI 

 MRI scanners use magnetic fi elds and radio 
waves to form images of the body without expo-
sure to ionizing radiation. MRI, unlike computed 
tomography (CT), is a collection of techniques 
that allow noninvasive evaluation of structural, 
biochemical, and functional aspects of the brain. 
The clinician can make many choices when an 
MRI examination is performed; when consider-
ing a specifi c pathological condition, it is impor-
tant that the technique is “tailored” to identify the 
pathological substrate that is the subject of the 
investigation. There are many choices of imaging 
sequences, orientation, slice thickness, and imag-
ing time, all of which can contribute to the opti-
mization of the image. Magnetic resonance 
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techniques are traditionally classifi ed as “conven-
tional” or “advanced” depending of the morpho-
logical or functional attitude of the imaging 
study. 

 Conventional MRI with gadolinium-based 
contrast agents represents the current imaging 
modality of choice for evaluating pediatric brain 
disorders and provides excellent anatomic and 
morphologic imaging. Three-dimensional high- 
resolution data sets can be acquired, which allows 
reformatting of the two-dimensional image in 
any plane with any slice thickness, providing an 
optimal guide for neuronavigation systems. In 
addition to high-resolution structural imaging, 
advanced MRI techniques such as diffusion 
(including diffusion tensor imaging), perfusion, 
and spectroscopy allow to explore functional fea-
tures including microstructure, hemodynamics, 
and metabolism [ 1 ]. 

 Diffusion-weighted imaging (DWI) provides 
information regarding diffusion of water mole-
cules in the section studied, from which quantita-
tive values, the so-called apparent diffusion 
coeffi cient (ADC), can be calculated. DWI is 
quick and easy to obtain and, in less than 1-min 
scan time, provides noninvasive estimation of 
differences in cell density and tissue structure. 

 Diffusion-tensor imaging (DTI) provides 
information about both the rate and the direction 
of water motion through the measure of anisot-
ropy, which is the tendency for water molecules 
to diffuse preferentially in some directions rather 
than equally in all directions. Water diffusion in 
white matter tends to be more facilitated in the 
direction of myelinated axons than in the orthog-
onal directions, and therefore, DTI is a sensitive 
method to normal white matter pathways (trac-
tography) and their alterations in disease states 
that disrupt tract integrity [ 1 ,  2 ]. 

 Perfusion-weighted imaging (PWI) measures 
hemodynamic properties of the brain at the 
microcirculation level. The two main methods of 
MR perfusion imaging in children include T2*-
weighted dynamic susceptibility contrast- 
enhanced (DSC) perfusion and arterial spin 
labeling (ASL). DSC imaging requires the bolus 
intravenous administration of a paramagnetic 
contrast medium and the rapid acquisition of 

images over time during the fi rst pass of contrast 
material through the capillary bed. Several 
parameters can be measured by DSC imaging, 
including cerebral blood volume (CBV), cerebral 
blood fl ow (CBF), and mean transit time (MTT). 
Of these, the relative cerebral blood volume 
(rCBV), which is the calculated CBV relative to 
the contralateral side, is the most widely used 
parameter derived from DSC and is considered a 
marker of angiogenesis [ 3 ]. Arterial spin labeling 
is a perfusion method for quantitatively measur-
ing CBF by taking advantage of arterial water as 
a freely diffusible tracer. ASL is completely non-
invasive and repeatable and is performed without 
gadolinium administration, thus bypassing con-
cerns regarding gadolinium accumulation or 
nephrogenic systemic fi brosis. Despite its versa-
tility, ASL suffers from certain limitations mainly 
related to the very low signal-to-noise ratio and 
post-processing issues, which have so far limited 
its routine clinical use [ 4 ]. 

 MR spectroscopy (MRS) allows for noninva-
sive detection and estimation of normal and 
abnormal metabolites within brain tissue. 
Different patterns of metabolite concentrations 
are associated with increased cellular growth, 
neuronal loss, necrosis, or normal tissue. MRS is 
presently largely available on clinical MRI scan-
ners and can be performed automatically in most 
situations [ 2 ]. 

 Functional MRI (fMRI) is a functional neuro-
imaging procedure using MRI technology that 
allows for the noninvasive identifi cation of sen-
sory, motor, and cognitive functions by detecting 
changes associated with blood fl ow. This tech-
nique relies on the fact that cerebral blood fl ow 
and neuronal activation are coupled. When an 
area of the brain is in use, infl ow of oxygenated 
blood to that region also increases. fMRI is 
increasingly employed to identify eloquent cor-
tex to be spared during neurosurgery, principally 
the primary motor and sensory cortex and brain 
areas implicated in language and memory [ 5 ]. 

 Of note, the abovementioned advanced MR 
techniques are not part of the standard 
 examination of the brain and should be used as 
complementary tools to conventional MRI on a 
case-by-case basis.  
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12.2.2     PET/CT 

 PET/CT is an imaging modality combining in the 
same gantry a PET scanner and a CT scanner, 
allowing to acquire images derived from both 
modalities in a single session. This technology 
offers several advantages that may impact on the 
overall diagnostic performance. 

 The principal strength of PET/CT is the avail-
ability of CT images for attenuation correction, 
eliminating the need for time-consuming trans-
mission scans. The use of the CT scanner to gen-
erate attenuation correction factors (ACFs) 
reduces the scan time by a signifi cant amount and 
results in more accurate ACFs [ 6 ,  7 ]. Furthermore, 
multimodality imaging allows the two images to 
be acquired with the same geometry and body 
position with minimal delay between the two 
studies and without the need for external fi ducial 
markers. After acquisition, images are recon-
structed with the same slice thickness, realigned, 
and fused to generate a new image overlaying 
PET and CT data. 

 In children, preparation and acquisition proce-
dures are very similar to those adopted for adult 
studies, but some considerations should be taken 
into account. Firstly, a full explanation of the 
scan should be given to the patient and parents. 
The need for sedation or anesthesia should be 
identifi ed in advance, and an experienced anes-
thesiologist should be involved. The child should 
fast for at least 4–6 h before the study, especially 
in case of 18F-fl uorodeoxyglucose (FDG) inves-
tigations, but should drink water to maintain 
good hydration. In case of FDG-PET/CT exami-
nations, the blood glucose level should be 
assessed, and the preferred fasting blood glucose 
is below 120 mg/dl [ 8 ]. If a central line is used for 
tracer injection due to diffi cult peripheral access, 
it should be fl ushed with at least 20 ml of 0.9 % 
normal saline solution. The injected activity of 
FDG depends on the patient’s weight and the 
type of acquisition. Acquisition in tridimensional 
(3D) mode is preferable due to its higher sensitiv-
ity. A minimum injected activity of 26 MBq has 
been introduced, and more in general the last ver-
sion of EANM dosage card suggests injected 
activity according to body weight and mode 

scanning acquisition (2D or 3D) [ 9 ]. However, it 
is recognized that other ways of calculating the 
injected activity of FDG in children are possible 
(i.e., 6 MBq/kg body weight FDG in 2D mode 
scanning acquisition and 3 MBq/kg in 3D mode) 
[ 10 ]. Before the acquisition, the child should be 
encouraged to void. 

 Acquisition parameters depend largely on the 
detector and the type of scanner used; however, 
we suggest to acquire PET images in 3D mode, 
which has greater sensitivity and allows to 
achieve better image quality and higher signal-
to- noise ratio. For FDG, a 15–20-min static 
acquisition should be performed about 45-min 
postinjection. The delay time between injection 
and scan is required to complete tracer redistri-
bution between plasma and brain tissue 
compartment. 

 CT component of PET/CT should be used 
only for attenuation correction and anatomical 
localization of PET fi ndings. To minimize dose 
exposure, we suggest to use the dose modula-
tion method, enabling to adjust the mAs to the 
thickness of the body tissue while signifi cantly 
reducing radiation exposure (about 25–35 %) 
without a corresponding reduction in image 
quality [ 11 ,  12 ].  

12.2.3     PET/MR 

 PET/CT has been successfully established in 
clinical routine, but despite its diagnostic advan-
tages, CT still provides limited soft-tissue con-
trast and exposes the patient to radiation doses. 
This is an important limitation in diagnostic pedi-
atric studies. Indeed, the principal alternative 
source of anatomical information is MRI. The 
combined use of PET and MRI in children is 
therefore advisable and increasingly applied [ 13 ]. 
The fi rst attempts to combine MRI and PET were 
performed with images acquired on separate 
scanners and subsequently co-registered by using 
proper softwares. This method works very well in 
pediatric neurological investigations, but it is of 
course time-consuming and may be, in some 
cases of “hostile anatomy” (e.g., after surgery 
and/or biopsy), error prone. 
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 Integration of PET and MRI in one device max-
imizes patient comfort and minimizes examina-
tion time and sedation in very young patients and 
makes image registration more straightforward. 
However, combining MRI and PET in the same 
scanner has been very challenging due to known 
and potential crosstalk effects. On one hand, the 
static magnetic fi eld prevents the normal operation 
of photomultiplier tubes and induces interference 
in the front-end electronics of PET detectors. On 
the other, the presence of the PET detector may 
induce inhomogeneities in the magnetic fi eld, 
which can lead to artifacts on the MR images [ 14 ]. 
In addition, correct attenuation map for PET 
images is diffi cult to obtain by using MR [ 15 ]. 

 At present, most of the abovementioned chal-
lenges have been solved with the introduction of 
the fi rst integrated whole-body PET/MR scanner 
(Biograph mMR; Siemens Medical Solutions, 
Erlangen, Germany). This system is equipped 
with a 3-T magnet and high-resolution avalanche 
photodiode-lutetium oxyorthosilicate (LSO) PET 
detectors, which are integrated between the MR 
body coil and the gradient coils for simultaneous 
PET and MR acquisition, keeping mutual inter-
ference to a minimum [ 16 ]. For attenuation cor-
rection of the PET data, attenuation coeffi cient 
maps (air, lung, soft tissue, fat) are segmented 
from the fat and water images generated by a 
two-point Dixon MR sequence. Indeed, attenua-
tion correction issue seems to be critical in brain 
imaging considering that cranial bone contributes 
to signifi cantly attenuate the radioactivity. Thus, 
the introduction of this ultrashort echo time 
sequence is very important considering that this 
system permits to acquire signal from the bone to 
create attenuation maps [ 17 ,  18 ]. 

 In addition to attenuation correction, this 
sequence can also be used for anatomical correla-
tion of PET-positive lesions [ 19 ]. 

 Following the Dixon sequence, a conventional 
and advanced diagnostic MRI data set can be 
acquired. The PET acquisition time is adapted to 
the measurement time of the MR examination. 
This does not lead to prolongation of data acqui-
sition. Overall, a standard diagnostic PET/MR 
examination takes about 30–40 min depending 
on the applied MR sequences.   

12.3     Radiotracers 

 The most widely used tracers in children with 
brain disorders are briefl y reported here. A more 
detailed description of the clinical applications 
and results related to these or more specifi c trac-
ers is discussed in the pathology-related 
sections. 

12.3.1     Fluorodeoxyglucose 

 18F-FDG is a sensitive marker of brain metabo-
lism mostly refl ecting the metabolic demands of 
neuronal activity. Intravenously injected 18F- 
FDG is rapidly cleared from vascular to intersti-
tial space and is then actively transported through 
cellular membranes into the cells by glucose 
transporter proteins (GLUTs). 18F-FDG is then 
phosphorylated by the enzyme hexokinase to 
18F-FDG-phosphate but does not undergo sig-
nifi cant further metabolism. This results in meta-
bolic trapping in the cells [ 20 ,  21 ]. The 
physiological brain glucose metabolism and con-
sequently the 18F-FDG brain uptake are very 
high, because glucose provides approximately 
95 % of the required ATP and is also tightly con-
nected to neuronal activity. 

 At present, 18F-FDG is the most commonly 
used (and widely available) PET tracer in pediat-
ric epilepsy (see below). 18F-FDG was also the 
fi rst PET tracer employed in children with brain 
tumors (see below). Glucose consumption is 
increased in brain tumors, especially in malig-
nant gliomas; however, differentiating tumors 
from normal tissue or non-tumorous lesions is 
often diffi cult because of the high metabolism in 
normal cortex, resulting in low tumor-to- 
background contrast ratio. This is especially true 
for low-grade tumors in which the FDG uptake 
may be similar to that in normal white matter. 
On the other hand, hypermetabolic benign 
lesions such as pilocytic astrocytomas or choroid 
plexus papillomas can be characterized by high 
FDG uptake and are a potential pitfall when 
using FDG-PET for tumor grading. In addition, 
18F-FDG is known to accumulate in macro-
phages and infl ammatory tissue, often making 
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distinction between brain tumors and acute or 
chronic infl ammatory processes diffi cult.  

12.3.2     Amino-Acid Tracers 

 With the development of PET and PET/CT in 
clinical practice, alternative tracers to FDG have 
been introduced for pediatric brain tumor imag-
ing. In this fi eld, radiolabeled amino acids repre-
sent the fi rst choice metabolic agents because of 
their low uptake in normal brain and relatively 
high uptake in brain tumors. Increased amino- 
acid uptake in brain tumors is not a direct mea-
sure of protein synthesis or dependent on 
blood-brain barrier breakdown but is rather 
related to increased transport mediated by type L 
amino-acid carriers [ 21 ]. Many natural amino 
acids and their synthetic analogs have been 
labeled and explored as tumor-imaging agents. 
11C-methionine (MET) was the fi rst probe 
employed in children with brain malignancies 
(see below), but its short half-life (20 min) lim-
ited its application to centers with an on-site 
cyclotron. More recently, 18F-labeled tracers 
have gained importance based on the possibil-
ity of their widespread application due to 
 longer half-lives (110 min). Among them, 
18F-dihydroxyphenylalanine (DOPA) and 
18F-fl uoroethyl-L-tyrosine (FET) are emerg-
ing as the two most promising tracers in pedi-
atric brain tumor imaging (see below). Both 
probes show several similarities [ 22 ] with the 
exception of the specifi c 18F-DOPA uptake in 
the putamen and caudate nucleus. Unlike with 
18F-FET, this latter aspect might potentially 
affect the ability to distinguish normal brain 
from adjacent tumor. On the other hand, 
18F-DOPA uptake within the striatum gives the 
possibility to further stratify tumor uptake ratios 
through comparison with both the normal back-
ground levels and the striatum. No studies have so 
far compared 18F-DOPA and 18F-FET in children 
with brain tumors; however, this comparison has 
recently been performed in adults with brain glio-
mas at the time of diagnosis [ 23 ] and disease recur-
rence [ 24 ]. These studies confi rmed that both 
tracers show comparable diagnostic results and 

can be successfully employed in low- and high-
grade gliomas. Differently from DOPA, FET is a 
poor substrate to LAT1 and is more selectively 
transported through LAT2. Since it has been 
reported that LAT1 can be overexpressed in 
infl ammation while LAT2 is more tumor selec-
tive, a higher risk for false-positive fi ndings might 
be considered for DOPA than for FET [ 22 ]. 

 In the fi eld of epilepsy, 11C-methyl-L- 
tryptophan (AMT) has been employed in chil-
dren with tuberous sclerosis. This tracer was 
developed to evaluate brain serotonin synthesis 
because in neurons that generate serotonin from 
tryptophan, AMT is converted to α-methyl- 
serotonin and is trapped in serotoninergic termi-
nals [ 25 ]. Indeed it was found to be helpful in 
detecting epileptic foci because an increased 
uptake of AMT was discovered in epileptogenic 
tubers, which was attributed to an increased con-
version and trapping of AMT via the infl amma-
tory kynurenine pathway [ 26 ].  

12.3.3     Choline 

 Choline is a precursor of phosphatidylcholine, 
which is the most important constituent of mem-
brane lipids. When choline enters into tumor 
cells, it undergoes phosphorylation and after fur-
ther biochemical processes, it is integrated into 
phospholipids. Due to the high metabolic rate of 
tumor tissue with consequent rapid biosynthesis 
of cell membranes, choline uptake in tumors is 
higher than in normal tissue [ 27 ]. Increased con-
centration of choline and its metabolites is also 
demonstrated by magnetic resonance spectros-
copy studies in brain tumors. Very recently, 
18F-choline has been employed in pediatric brain 
tumors (see below).   

12.4     Pediatric Brain Tumors 

12.4.1     Epidemiology and Clinical 
Findings 

 Pediatric brain tumors encompass a wide spec-
trum of heterogeneous neoplasms, each with its 
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own biology, prognosis, and treatment. Central 
nervous system tumors are the most common 
solid neoplasms in children and the second most 
common malignancy of childhood after leuke-
mia. They represent the leading cause of death 
from cancer in pediatric oncology and comprise 
20 to 25 % of all malignancies occurring among 
children under 15 years of age and 10 % of tumors 
occurring among 15–19-year-old children. In 
addition, survivors of childhood brain tumors 
often have severe neurological, neurocognitive, 
and psychosocial sequelae due to either the 
effects of the tumor or the treatment required to 
control it [ 28 ,  29 ]. 

 The age-adjusted incidence rates of brain 
tumors tend to be highest in developed, industrial 
countries. However, the lower incidence of brain 
tumors in developing countries can be attributed 
to under-ascertainment [ 30 ]. 

 Ionizing radiation is the only unequivocal risk 
factor that has been identifi ed for glial and men-
ingeal neoplasms. In particular, children treated 
with irradiation for acute lymphoblastic leukemia 
or patients treated with moderate doses of ioniz-
ing radiation for tinea capitis of the scalp have an 
elevated risk of developing gliomas. Although 
exposure to high-voltage power lines, the use of 
hair dyes, head trauma, and dietary exposure to 
nitrosourea compounds or other nutritional fac-
tors have all been described to increase the risk of 
brain tumors, these reports have not been con-
fi rmed by independent studies [ 30 ,  31 ]. 

 There is a known relation between tumor 
location and age. Supratentorial tumors are more 
common in the fi rst 2 years of life, whereas 
infratentorial neoplasms prevail between years 3 
and 11. Supratentorial masses become again 
more common afterward. Another major differ-
ence from the adult population is the known 
prevalence of primitive intra-axial tumors, 
whereas extra-axial and secondary neoplasms 
are distinctly uncommon [ 32 ]. The clinical pre-
sentation depends heavily on the patient’s age. 
Small infants present with macrocrania, diffi cult 
feeding, nausea, vomiting, and lethargy. Older 
children complain with signs of increased intra-
cranial pressure, seizures, and focal neurological 
signs; generally, their clinical picture is not 

 different from that of adults with central nervous 
system (CNS) tumors. Symptoms also are mark-
edly dependent on tumor location. Patients with 
infratentorial tumors are likely to show marked 
nausea and vomiting due to involvement of the 
area postrema (emetic center), as well as cranial 
nerve palsies, truncal or cerebellar ataxia, and 
head tilt. Supratentorial tumors may generate 
seizures if the cortex is involved or may present 
with focal neurological signs due to specifi c 
regional involvement. Tumors located in specifi c 
areas, such as the sellar, suprasellar, and pineal 
regions, will present with specifi c signs, such as 
optic disturbances or endocrine dysfunction. 
High-grade, fast-growing tumors have early 
symptom onset, while slow-growing, small-
sized tumors may remain asymptomatic for 
many years, especially if they are located in 
cerebral non-eloquent areas, such as the frontal 
lobe. In these cases, brain neoplasms can be an 
incidental fi nding at CT or MRI [ 32 ]. 

 About 60–70 % of all pediatric brain tumors, 
including astrocytomas, medulloblastomas, and 
ependymomas, develop in the infratentorial com-
partment. The remaining 30–40 % of tumors are 
supratentorial and consist mainly of gliomas and 
craniopharyngiomas. The reason why pediatric 
brain tumors have a propensity to occur in the 
posterior fossa has not yet been elucidated. 

 When compared to their adult counterparts, 
pediatric low- and high-grade gliomas show sig-
nifi cantly different frequencies of genomic alter-
ations and divergent mechanisms of tumorigenesis 
[ 33 ,  34 ] and may be considered biologically dis-
tinct entities [ 35 ]. Concerning diffuse astrocyto-
mas, mutations of IDH1/2 and TP53 are common 
in adults but rare in children. Adult diffuse astro-
cytomas show a higher degree of copy number 
change and carry a less favorable prognosis than 
their pediatric counterparts. Furthermore, hyper-
methylation of MGMT occurs only in adults. 
PTEN mutations and EGFR amplifi cations, 
which are frequent in adult primary glioblastoma, 
are less common in pediatric high-grade gliomas, 
which also arise de novo. The discovery of novel 
oncogenic driver mutations in histones H3.1 
(position K27) and H3.3 (positions K27 and 
G34) as well as in the activin A receptor, type I 
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(ACVR1) is also a key fi nding in pediatric high- 
grade gliomas [ 33 – 36 ]. Finally, 5–10 % of brain 
tumors in childhood are thought to have a genetic 
predisposition, while such proportion is much 
lower in adults. Hereditary brain tumors occur in 
some familial cancer syndromes, such as the 
Li-Fraumeni syndrome, neurofi bromatosis, 
tuberous sclerosis, rhabdoid tumor predisposition 
syndrome, nevoid basal cell carcinoma syn-
drome, von Hippel-Lindau disease, and Turcot’s 
syndrome [ 37 ]. 

 Treatment of children with CNS tumors is chal-
lenging and requires an integrated multidisci-
plinary approach that brings together different 
disciplines including neurosurgery, neuro- 
oncology, diagnostic imaging, neuropathology, 
and radiation medicine. Surgical resection repre-
sents the fi rst-line treatment option and is a signifi -
cant prognostic factor in the management of 
several pediatric CNS tumors. When complete sur-
gical removal is not possible, biopsy or partial 
“debulking” may be performed, and adjuvant ther-
apy with radiotherapy, chemotherapy, or a combi-
nation of both may be used. For malignant brain 
tumors (e.g., medulloblastoma, malignant glioma) 
and some lower-grade tumors, adjuvant therapy is 
performed even if a complete resection is achieved 
because of concerns about residual microscopic 
disease. Thus, surgery in combination with chemo- 
and/or radiotherapy is the mainstay of treatment 
for many pediatric brain tumors [ 38 ]. 

 Advances in neurosurgical techniques, radio-
therapy planning, and novel chemotherapeutics 
go hand in hand with an increasing demand for 
noninvasive diagnostic techniques. Conventional 
MRI can determine the location, presence of 
edema, mass effect, calcifi cation, cyst formation, 
hemorrhage, vascularization, and contrast 
enhancement. Extra- and intra-axial brain tumors 
can also be discriminated quite accurately by 
anatomic imaging. However, conventional MRI 
suffers from certain limitations in distinguishing 
tumor from tumor mimics and in defi ning tumor 
type and grade and does not always allow pre-
cise delineation of tumor margins; differentia-
tion between true tumor and treatment-induced 
changes, such as “pseudoprogression” or “pseu-
doresponse,” is also extremely challenging, 

especially in the early phase of treatment moni-
toring. Furthermore, conventional MRI is unable 
to give information about the biological activity 
of the disease, thus limiting the clinical useful-
ness on therapeutic decision-making [ 39 ]. 
Advanced MRI techniques can partially over-
come some of these limitations providing addi-
tional microstructural, hemodynamic, and 
metabolic information of brain tumors. However, 
several limitations regarding standardization, 
comparability, and reproducibility of data have 
limited their role so far, despite extensive appli-
cation into various aspects of brain tumor imag-
ing including tumor diagnosis, treatment 
planning, assessing response to treatment, and 
posttreatment surveillance. Additional imaging 
biomarkers capable of providing a more reliable, 
and possibly quantitative, evaluation of tumor 
biological activity are therefore needed in order 
to further improve the clinical management of 
affected patients.  

12.4.2     Hybrid Imaging 

12.4.2.1     PET/CT 
 The very fi rst study in a relatively large sample of 
pediatric patients with brain tumors was per-
formed by Hoffman et al. in 1992 [ 40 ]. They 
studied 17 pediatric patients with posterior fossa 
brain tumors with 18F-FDG PET. 18F-FDG 
uptake was visually ranked by two observers, and 
the results were correlated to tumor histology. 
Increased uptake was associated with more 
malignant and aggressive tumor types, while het-
erogeneous uptake was associated with previous 
therapy, including radiation therapy and chemo-
therapy. The authors concluded that 18F-FDG- 
PET would likely be an important adjunct in the 
management of pediatric posterior fossa tumors 
and predicted a rapid dissemination of PET tech-
nology for pediatric applications. 

 Nevertheless, PET has not become routinely 
used for the clinical management of pediatric brain 
tumors; the literature remains relatively scarce on 
this matter and the difference between adult and 
pediatric studies cannot be merely attributed to dif-
ferences in prevalence of the disease [ 41 ]. 
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 Borgwardt et al. [ 42 ] studied 38 untreated 
pediatric patients with primary CNS tumors 
using PET with 18F-FDG and, when possible 
( n  = 16), with 15O-water at rest. Image process-
ing included co-registration to MR in all patients. 
The 18F-FDG uptake in tumors was semiquanti-
tatively calculated with a region-of-interest 
approach. They found a positive correlation 
between 18F-FDG uptake and malignancy grad-
ing. On the contrary, there was no correlation 
between 15O-water uptake and histological 
grade, a fi nding that was attributed to uncoupling 
between glucose metabolism and blood fl ow. 
Digital PET/MR co-registration combined to 
image fusion improved the information on the 
tumor location in 90 % of cases. PEt altered man-
agement in 77 % of patients with brain tumor. 

 Pirotte et al. reported their experience at the 
Erasme Hospital pediatric center where they 
examined about 400 pediatric patients with 
brain tumor with 18F-FDG and 11C-MET-PET 
between 1995 and 2005. In their retrospective 
analysis, they included 126 patients in whom 
pre- and postoperative MR imaging showed 
limitations for assessing the evolving nature of 
an incidental lesion, selecting targets for biopsy 
and delineating tumor tissue for surgical resec-
tion. In this group of patients (about one third 
of the whole case series), PET was expected to 
be most useful. They found that PET was help-
ful on several grounds, i.e., to (1) take a more 
appropriate decision in incidental lesions by 
detecting tumor/evolving tissue; (2) better dif-
ferentiate indolent and active components of 
the lesion; (3) improve target selection and 
diagnostic yield of stereotactic biopsies, espe-
cially when performed in critical areas such as 
the brainstem or the pineal region; (4) provide 
prognostic information; (5) better delineate ill-
defi ned tumor borders; (6) increase the number 
of tumor resections and the amount of tumor 
tissue surgically removed; (7) improve detec-
tion of tumor residues in the operative cavity at 
the early postoperative stage; (8) facilitate the 
decision of early second-look surgery for opti-
mizing the radical resection; and (9) improve 
the accuracy of the radiosurgical dosimetry 
planning [ 41 ]. 

 Utriainen et al. [ 43 ] used 18F-FDG and 
11C-MET-PET to examine whether metabolic 
characteristics could be used as an index of clinical 
aggressiveness. SUV values for both tracers were 
compared with histopathology and selected histo-
chemical features. The accumulation of both 18F-
FDG and 11C-MET was signifi cantly higher in 
high-grade than in low-grade tumors, but a consid-
erable overlap was found. High-grade tumors 
showed higher proliferative activity and vascularity 
than low grades. In univariate analysis, 18F-FDG 
SUV, 11C-MET SUV, and apoptotic index were 
independent predictors of event-free survival. 

 Kruer et al. [ 44 ] examined with FDG-PET a 
cohort of 46 children/adolescents with low-grade 
astrocytomas (LGAs, WHO grade 1 or 2) in order 
to identify LGAs at risk for progressive disease 
(PD); they found that tumors with FDG hyperme-
tabolism were signifi cantly more likely to dem-
onstrate aggressive behavior and PD. 

 A recent study evaluated the association of 
MRI and 18F-FDG-PET in pediatric diffuse 
intrinsic brain stem gliomas, demonstrating that if 
18F-FDG uptake involves at least half the tumor, 
survival is poor [ 45 ]. More recently, a method of 
registering 18F-FDG-PET with MR permeability 
images was developed in children with brain 
tumors, mainly infi ltrative gliomas [ 46 ]. 

 Hipp et al. [ 47 ] compared the metabolic activ-
ity of pediatric brain tumors using FDG-PET and 
magnetic resonance spectroscopic imaging 
(MRSI) in 37 children diagnosed with a primary 
brain tumor using a voxel-wise comparison. 
Pediatric brain tumors were metabolically hetero-
geneous on FDG-PET and MRSI. Active tumor 
metabolism was observed more frequently using 
MRSI compared to FDG-PET, and agreement in 
tumor classifi cation was weak ( κ  = 0.16,  p  = 0.12), 
with 42 % agreement (95 % CI = 25–61 %). Voxel-
wise comparison for identifying the area of great-
est metabolic activity showed overlap in the 
majority (62 %) of studies, though exact agree-
ment between techniques was low (29.4 %, 95 % 
CI = 15.1–47.5 %). The authors concluded that 
FDG-PET and MRSI detect similar but not always 
identical regions of tumor activity, and there is 
little agreement in the degree of tumor metabolic 
activity between the two techniques. 
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 Galldiks et al. [ 48 ] investigated the diagnostic 
accuracy of MET-PET for the differentiation 
between tumorous and non-tumorous lesions in 39 
children and adolescents. MET-PET was able to 
distinguish brain tumors and non-tumorous brain 
lesions with a high sensitivity (83 %) and specifi c-
ity (92 %). The authors suggested that MET-PET 
may be helpful when results of structural routine 
diagnostic procedures are not suffi cient enough to 
obtain a treatment decision and planning. 

 In pediatric patients with central nervous sys-
tem (CNS) germinomas, the diagnostic utility of 
11C-MET was also recently demonstrated by 
Okochi et al. [ 49 ]. 

 Despite these promising results, both 18F- 
FDG and MET-PET are still not routinely used 
for clinical evaluation of pediatric brain tumors. 
The physiologic high l8F-FDG uptake of the nor-
mal brain limits tumor detection, especially in 
low-grade gliomas [ 50 ], whereas short half-life 
(20 min) of 11C-MET limits its application to 
centers with an on-site cyclotron. 

 In the last few years, new fl uorinated tracers 
have emerged as alternative radiolabeled com-
pounds for characterizing pediatric brain tumors. 
Among them, 18F-DOPA was found to be a 
multi-targeted molecule in children, since it can 
be used for primary/recurrent brain tumors [ 51 , 
 52 ]; for neuroblastoma diagnosis, prognosis, and 
surveillance [ 53 ,  54 ], including detection of CNS 
metastasis [ 55 ]; and in non-tumoral conditions 
such as congenital hyperinsulinism [ 56 ], with a 
potential impact on healthcare cost optimization. 

 Recent data suggest that multimodal 
18F-DOPA PET/MR fusion imaging in children 
with infi ltrative astrocytomas correlates reliably 
with WHO tumor grade and outcome, is useful 
for biopsy planning and posttreatment monitor-
ing, and contributes to stratifi cation of patients 
with diffuse astrocytomas and gliomatosis cere-
bri, thereby infl uencing their management [ 51 ]. 

 Similar results have been reported for 18F- 
FET [ 57 ,  58 ]. In particular,  18 F-FET PET-guided 
surgical biopsy and resection [ 57 ], characterized 
undetermined brain lesions, detected tumor recur-
rence, and evaluated treatment response [ 58 ]. 

 A very recent study compared metabolic 
information obtained by  18 F-DOPA PET/CT and 

 1 H-MRS in a population of children with supra-
tentorial infi ltrative gliomas or nonneoplastic 
brain lesions initially suspected to be gliomas on 
conventional MRI. Both MRS and 18F-DOPA 
PET provided useful complementary information 
for evaluating the metabolism of tumor and 
tumorlike brain lesions in children. In view of its 
better availability, lower costs, and lack of radia-
tion exposure, MRS should be considered as the 
method of fi rst choice in differentiating brain 
gliomas from nonneoplastic lesions. 18F-DOPA 
uptake better discriminated between low- and 
high-grade gliomas and was an independent pre-
dictor of progression-free survival and overall 
survival [ 59 ]. 

 In the setting of posttreatment monitoring 
and particularly in patients treated with antian-
giogenic agents, the signifi cant contribution of 
multimodal co-registered MRI and 18F-DOPA 
PET/CT in early diagnosis of tumor “pseudo-
response” and nonenhancing tumor progression 
was demonstrated in a child with malignant 
transformation of ganglioglioma treated with 
bevacizumab [ 52 ]. 

 Representative images of pediatric brain tumors 
studied with MRI and 18F-DOPA PET/CT are 
reported in Figs.  12.1 ,  12.2 ,  12.3 , and  12.4 .

12.4.2.2           PET/MR 
 Very few hybrid PET/MR imaging studies have 
been so far performed to evaluate pediatric brain 
tumors. Of note, one of the main advantages of 
the brain is that it is a static structure; thus, if 
brain MRI and PET/CT are performed within few 
days of each other, the chance that a brain tumor 
will change is extremely low. Therefore, PET/
MR image fusion and co-registration allow opti-
mal imaging of the brain when compared to body 
imaging. Nevertheless, total dose reduction and 
the possibility to perform both functional and 
morphological studies in the same clinical condi-
tions while reducing total scan time represent the 
main advantage of hybrid PET/MR systems. In 
2014, Preuss et al. [ 60 ] reported their experience 
in four patients aged 9–16 years who underwent 
hybrid PET/MRI scans employing 11C-MET and 
contrast-enhanced 3D-MR sequences for plan-
ning navigated biopsies. On the basis of their 
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results, integrated PET/MRI scanner offered co- 
registered multimodal, high-resolution data for 
neuronavigation with reduced radiation exposure 
compared to PET/CT scans. One examination 
session provided all necessary data for neuronav-
igation and preoperative planning, avoiding addi-
tional anesthesia in the small patients. 

 Tsouana et al. [ 61 ] evaluated the effi cacy of 
hybrid 18F-fl uoroethyl-choline (FEC) PET/MRI 
as an imaging modality for diagnosis and assess-
ment of treatment response and remission status 
in four patients with proven or suspected intra-
cranial non-germinomatous germ cell tumors 
(NGGCT). In two patients, faint or absent cho-
line avidity correlated with negative histology, 
whereas in other two patients, persistent choline 
avidity in the residual mass was suggestive of the 
presence of viable tumor, subsequently con-
fi rmed histologically. They concluded that 18F- 

FEC PET/MRI may be an effective imaging tool 
in detecting viable residual tumor in patients with 
intracranial NGGCT posttreatment. 

 Fraioli et al. [ 62 ] examined the feasibility of 
simultaneous acquisition of 18F-FEC PET and 
functional MRI (standardized uptake value 
[SUV]max/mean and apparent diffusion coeffi -
cient [ADC]mean), using a hybrid PET/MRI 
scanner, for diagnosis and response assessment 
in a cohort of 12 children with astrocytic brain 
tumors. They found complete concordance 
between standard cross-sectional MRI and func-
tional 18F-FEC PET at diagnostic imaging. 
Choline (Cho) uptake was independently related 
to the histological grade of the tumor, and visual 
assessment based on Cho uptake and lesion 
enhancement pattern on MRI was similar. There 
was also a trend toward a negative correlation 
between SUV max/mean and ADC mean.    

a b c d

f ge

  Fig. 12.1    Multimodal multiparametric diagnostic 
workup in a 6-year-old-boy with newly diagnosed dif-
fusely infi ltrating lesion. ( a ) Axial FLAIR image; ( b ) 
Gd-enhanced axial T1-weighted image; ( c ) Axial 
Apparent Diffusion Coeffi cient (ADC) map; ( d ) Axial 
relative cerebral blood volume (rCBV) map (dynamic sus-
ceptibility contrast-enhanced perfusion imaging); ( e ) sin-
gle voxel MR spectroscopy (echo time 144 ms); ( f ) Axial 
18F-DOPA PET/CT image; ( g ) fused PET/MRI image. 
Nonenhancing bithalamic diffusely infi ltrating lesion, 
more prominent on the right ( a ,  b ). There is concomitant 

biventricular decompensated hydrocephalus due to bilat-
eral stenosis of the foramina of Monro. The lesion shows 
increased diffusivity ( c ) and low perfusion ( arrows ,  d ). 
MR spectroscopy ( e ) demonstrates increased Cho/NAA 
and Cho/Cr ratios and a small lactate peak. No 18F-DOPA 
uptake is demonstrated ( f ,  g ). Biopsy revealed a grade II 
diffuse astrocytoma. In our experience, a great proportion 
of pediatric low-grade diffuse astrocytomas show absent 
or mild 18F-DOPA uptake in keeping with the indolent or 
slowly progressive behavior of these lesions       
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  Fig. 12.2    Diffuse astrocytoma (WHO grade II) in a 
17-year-old-boy. ( a ) Axial FLAIR image; ( b ) Gd-enhanced 
axial T1-weighted image; ( c ) axial 18 F-DOPA PET/CT 
image; ( d ) fused PET/MRI image. Left temporal-frontal 

nonenhancing diffusely infi ltrating lesion ( a ,  b ) demon-
strating focal areas of mildly increased 18F-DOPA uptake, 
in keeping with a low-grade diffuse astrocytoma       
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12.5     Pediatric Epilepsy 

12.5.1     Epidemiology and Clinical 
Findings 

 Epilepsy is one of the most frequent chronic neuro-
logical disorders, with an incidence of 50–100,000/
year and a prevalence of 0.5–1 % [ 63 ]. 

 Epileptic seizures result from abnormal pat-
terns of excitability and synchrony among neu-
rons in select brain areas, more often involving 
the cortex. There are many types of epileptic sei-
zures [ 64 ]. Seizures with electrographic onset in 
a specifi c part of the brain and clinically limited 
to focal symptoms are named partial seizures. By 
contrast, generalized seizures and complex par-
tial seizures are by defi nition associated with 
loss of consciousness and awareness, which is 

preserved in patients with simple partial seizures 
[ 64 ]. For a detailed description of epilepsy clas-
sifi cation and syndromes, see Engel (2006) [ 64 ]. 

 More than a half of epileptic patients respond 
to the fi rst tried antiepileptic drug. However, 
around 20–25 % of patients do not respond to 
medications and are thus considered to have 
refractory epilepsy [ 65 ]. Refractory epilepsy can 
be treated with surgery in around 20 % of indi-
viduals [ 66 ]. Epilepsy surgery is thus performed 
in selected children with drug-resistant focal epi-
lepsy. In this frame, multidisciplinary expertise is 
needed in evaluating the complex issues related 
to the wide range of epilepsy syndromes typical 
of pediatric patients. Presurgical evaluation aims 
to delineate the epileptogenic zone, which would 
correspond to the cortical area responsible for the 
generation of epileptic seizure [ 67 ]. Further aims 

a b c d
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  Fig. 12.3    Glioblastoma multiforme (WHO grade IV) in 
an 8-year-old boy. ( a ) Axial FLAIR image; ( b ) axial 
T2-weighted image; ( c ) Gd-enhanced axial T1-weighted 
image; ( d ) Axial relative cerebral blood volume (rCBV) 
map (dynamic susceptibility contrast-enhanced perfusion 
imaging); ( e ) Axial apparent diffusion coeffi cient (ADC) 
map; ( f ) Multi-voxel MR spectroscopy (echo time 144 ms); 
each of the eight spectra corresponds spatially to the  yel-
low boxes  on the anatomical image; ( g ) axial 18F-DOPA 
PET/CT image co-registered to MRI. Heterogeneous 
lesion located in the left frontal and parietal lobes charac-
terized by a necrotic area ( arrow ,  a – c ) and a more promi-
nent nonenhancing diffusely infi ltrating component 
( asterisk ,  a – c ). The lesion shows increased perfusion and 

restricted diffusion ( arrowhead ,  d ,  e ) along the margins of 
the necrotic component in keeping with increased vascu-
larity and cellularity. Increased perfusion is also evident in 
the nonenhancing portion of the lesion ( asterisk ,  d ). Multi-
voxel MR spectroscopy ( f ) shows a more prominent 
increase of Cho/Cr and Cho/NAA ratios in the left lateral 
wall of the necrotic component. On 18F-DOPA PET ( g ) 
there is markedly increased uptake along the margins of 
the necrotic component as well as in the nonenhancing 
lesional component. Notice the spatial concordance of the 
metabolic information obtained by PET and MRS ( long 
white arrows ): increased DOPA uptake along the left lat-
eral wall of the necrotic component corresponding to more 
prominent Cho/Cr and Cho/NAA ratios       
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of the presurgical discussion are the identifi ca-
tion of the risks of surgery and the estimate of the 
functional neurological outcome following 
surgery. 

 The comprehensive presurgical assessment of 
the patients includes clinical history and exami-
nation, MRI, electroencephalogram (EEG), and, 
in selected cases, functional imaging with SPECT 
and PET. In particular, brain MRI is the investi-
gation of choice in children with epilepsy to 
screen for structural abnormalities, thus requiring 
a high-resolution MRI acquisition protocol [ 67 ]. 
In this framework, volumetry and relaxometry 
have shown greater accuracy for mesial temporal 

sclerosis [ 68 ]. This is particularly relevant for 
children as the majority of patients undergoing 
surgery have refractory partial seizures, mainly 
of temporal lobe origin (temporal lobe epilepsy 
(TLE)). Accordingly, the MRI protocol in pediat-
ric patients is planned with a specifi c attention to 
the hippocampus. In addition to mesial temporal 
sclerosis detection, MRI is also useful to high-
light tumors and malformations such as in tuber-
ous sclerosis, a rare multisystem genetic disease 
that causes benign tumors to grow in the brain 
and in other organs. 

 Structural imaging remains negative or incon-
clusive in up to a quarter of patients studied for 

a1 a2 a3 a4

b1 b2 b3 b4

  Fig. 12.4    Gliomatosis cerebri in two different adoles-
cents. ( a 1,  b 1) axial FLAIR images; ( a 2,  b 2) Gd-enhanced 
axial T1-weighted images; ( a 3,  b 3) 18F-DOPA PET/CT 
images; ( a 4,  b 4) axial FLAIR images.  Left  ( a 1,  a 2) and 
 right  ( b 1,  b 2) hemispheric gliomatosis cerebri with similar 
extension and identical conventional MRI characteristics 
(diffuse hyperintensity on FLAIR and absence of contrast 
enhancement). The two lesions presented also identical 
histology (diffuse astrocytoma, WHO grade II). In both 
patients, biopsies had been performed before PET studies. 
Despite the identical histology and similar MRI fi ndings, 
18F-DOPA PET imaging revealed a different metabolic 
behavior of the two lesions, with heterogeneous and mark-
edly increased uptake in one patient ( a 3) and absent to 

mild increased uptake in the other ( b 3). The fi rst patient 
( upper row ) was treated with a more aggressive treatment 
combining chemotherapy (CT) and radiotherapy (RT), 
whereas only CT was administered to the other patient 
( lower row ). Despite the more aggressive treatment, on 
follow-up MRI studies, the fi rst lesion progressed with the 
involvement of the contralateral hemisphere ( a 4) and after 
3 years the patient died. The second lesion instead pre-
sented only minimal changes ( b 4) and the patient is still 
alive. In the fi rst patient, biopsy underestimated the real 
nature of the lesion, probably due to sampling error. 
18F-DOPA PET imaging, affording a more global view, 
was able to better stratify the biological nature of the two 
lesions, complementing MRI and histology       
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presurgical evaluation [ 69 ]. More frequent rea-
sons for an inconclusive MRI in the presurgical 
evaluation of children with epilepsy are (i) corti-
cal malformations in children younger than 2 
years (detection of the lesion hampered by imma-
ture myelination and poor white/gray matter dif-
ferentiation); (ii) patients with multiple bilateral 
structural lesions, which are generally not all epi-
leptogenic; and (iii) discordant results between 
MRI and EEG. These scenarios might be particu-
larly relevant for extratemporal epilepsy and thus 
for pediatric patients, since extratemporal epi-
lepsy is more frequent in children than in adults 
[ 70 ]. In these clinical settings, functional imag-
ing with PET and SPECT can help in lateralizing 
or localizing the epileptogenic focus.  

12.5.2     Hybrid Imaging 

12.5.2.1     PET/CT 
 Historically, SPECT imaging using 99mTc- 
labeled compounds such as HMPAO and ECD 
that provide information about cerebral blood 
fl ow has been used to evaluate patients with epi-
lepsy. In fact, it has been directly demonstrated 
that cortical blood fl ow signifi cantly increases 
during a seizure [ 71 ]. These tracers distribute in 
few minutes to the brain, and then their distribu-
tion is stable for some hours. So, their kinetics is 
favorable for performing ictal imaging with the 
tracer injected immediately after seizure onset. 
Accordingly, ictal perfusion SPECT shows an 
area of hyperperfusion in the epileptogenic 
region, surrounded by an area of hypoperfusion 
that tends to enlarge at the end of the ictal phase. 
However, several different expertise and techni-
cal requirements are needed to perform and inter-
pret an ictal SPECT. The procedure requires 
expert and vigilant video-EEG monitoring to 
immediately recognize the presence of a seizure, 
with the patients admitted in hospital for several 
days of continuous video. The staff needs to read 
the EEG and/or to identify the seizures with the 
habitual features of that patient; fi nally, the tracer 
needs to be injected within a few seconds, and the 
exact time of injection and the time of onset of 
the seizure need to be noted [ 72 ]. It is mandatory 

to perform interictal SPECT to compare baseline 
with ictal SPECT results by means of a dedicated 
software. SPECT ictal imaging of epilepsy 
requires a highly specialized setup with a multi-
disciplinary team, and thus it is not advisable to 
perform such type of studies at centers that do not 
have the necessary setup for proper acquisition 
and interpretation of the images [ 73 ]. 

 For all these practical reasons, as well as for 
its better resolution, 18F-FDG-PET/CT has been 
increasingly used. 18F-FDG is indeed the most 
commonly used PET tracer in epilepsy as it 
allows to measure glucose metabolism, which is 
coupled with synaptic and neuronal activity [ 74 ]. 
However, the rapid changes occurring in neuro-
nal activity and thus in glucose metabolism dur-
ing the ictal state cannot be studied with the 
18F-FDG-PET scan as it takes around 30 min for 
the tracer to be taken up by the brain and reach a 
steady state. Thus, 18F-FDG-PET is only per-
formed as interictal examination. An interictal 
18F-FDG-PET may be particularly useful and 
more practical when the aim is to defi ne epilepto-
genic region lateralization (Fig.  12.5 ).

   EEG monitoring at the time of the 18F-FDG- 
PET scan needs to be performed to exclude the 
presence of clinical or subclinical seizures that 
may occur during the 18F-FDG uptake time and 
that needs to be taken into account when inter-
preting the PET fi ndings [ 73 ]. The epileptogenic 
region typically appears as an area of reduced 
tracer uptake in interictal 18F-FDG-PET/CT 
[ 75 ]. The area of interictal hypometabolism of 
FDG-PET is more often larger than the epilepto-
genic focus, probably expressing the abnormal 
function of closer areas involved by the fi rst ictal 
spread. However, the mechanisms underlying the 
hypometabolism in epileptogenic cortex have not 
been clearly elucidated. Diaschisis, neuronal 
loss, and reduction in synaptic density have been 
alternatively advocated as possible underlying 
mechanisms [ 75 ]. In particular, it has been 
hypothesized that repeated seizures or dysfunc-
tional epileptogenic cortex related to structural 
alterations such as dysplasia or tubers induce 
an inhibitory effect on the surrounding cortex 
[ 76 ]. In agreement with this hypothesis, it has 
been demonstrated that cortical hypometabolism 
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 correlates with the duration of the seizure. In fact, 
hypometabolism is usually present in 25 % of 
children with new-onset epilepsy and in up to 
85 % of adults with intractable seizures [ 75 ,  77 ]. 
Furthermore, a relevant part of the more extended 

hypometabolism beyond the epileptogenic area 
certainly refl ects the presence of diaschisis (i.e., 
ipsilateral thalamus and contralateral cerebellar 
cortex especially in case of frontal seizures). 
A further specifi c reason for hypometabolism in 

a

b

  Fig. 12.5    ( a ) Interictal 18F-FDG PET in a 20-month-
old patient with refractory epilepsy candidate to surgery. 
MRI shows a focal abnormality with blurring of the  gray-
white  matter junction in the right medial frontal-parietal 
region in keeping with a focal cortical dysplasia (thin 
 white arrows ,  up and middle row ). PET scan shows an 
area of hypometabolism corresponding to the MRI lesion 
( thin black arrows ,  upper and middle row ). Ipsilateral 
mild hypometabolism is also evident in both the right 
parietal and lateral temporal cortex ( open arrows ,  upper 
row ). No further areas of hypometabolism were detected, 

thus confi rming side and localization of the focus epilep-
ticus. ( b ) Ictal 18F-FDG PET in a 7-year-old patient with 
temporal lobe epilepsy. The scan was intended to be an 
interictal PET; however, the EEG monitoring showed 
repeated abnormalities soon after the injection of the 
tracer, thus revealing a subclinical seizure. In agreement 
with the occurrence of the seizure, an area of relative 
hypermetabolism ( thin white arrow ) was detected in the 
left medial temporal lobe, thus localizing the presence of 
the focus epilepticus ( open red arrows )       
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patients with tuberous sclerosis is related to the 
fact that cortical tubers comprise simplifi ed den-
dritic arborizations [ 78 ], thus showing reduced 
metabolism. However, to recognize the epilepto-
genic tuber is important to evaluate the extension 
of the surrounding area of hypometabolism. In 
fact, in patients with more than one lesion, the 
tuber showing the higher ratio between the exten-
sion of hypometabolic area and its dimensions is 
more likely to be the epileptogenic tuber [ 78 ] 
(Fig.  12.6 ).

   Finally, antiepileptic drugs may also decrease 
the absolute rates of glucose metabolism of the 
cerebral cortex [ 79 ]. 

 Regardless of underlying cause of hypome-
tabolism around the epileptogenic region, this 
evidence suggests that PET cannot be reliably 
used to precisely determine the surgical margin. 
Accordingly, especially in extratemporal lobe 
epilepsies, PET is more useful to guide the place-
ment of intracranial electrodes (or in some cases 
to further guide the evaluation of MRI for the 
detection of subtle areas of cortical dysplasia). 
18F-FDG-PET has a reported sensitivity of 
85–90 % in the detection of the epileptic brain 
region in cases of TLE [ 80 ,  81 ]. In extratemporal 
lobe epilepsy, the role of 18-FDG-PET is less 

established. In fact, the percentage of inconclu-
sive 18F-FDG-PET scans is higher than in 
patients with mesial or lateral temporal lobe 
involvement [ 82 ]. Finally, for both TLE and 
extratemporal epilepsy, visual inspection is the 
fi rst step for the interpretation of the images with 
the aim to detect the presence of any hemispheric 
asymmetry of 18F-FDG distribution. Asymmetry 
index can also be calculated by means of regions 
of interest to identify the presence of homologue 
areas whose asymmetry index exceeds 10 % [ 83 ]. 

 In recent years, it has been suggested that 
voxel-based whole-brain statistical analysis (i.e., 
with SPM) can improve the value of FDG-PET 
especially in patients with extratemporal lobe 
epilepsy, thus signifi cantly increasing the sensi-
tivity to the epileptogenic focus [ 84 ]. As a fi nal 
remark, it should be underlined that, unlike with 
other clinical scenarios, hybrid PET/CT imaging 
has a less established added value over stand- 
alone PET in the presurgical management of chil-
dren with epilepsy. In fact, the added value of CT 
in this context is lower, and PET images need to 
be viewed side-by-side with the subject’s MRI 
and possibly co-registered with MRI. 

 Finally, new developments of PET technique in 
epilepsy are also related to the availability of other 

a
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  Fig. 12.6    A 2-year-old boy with refractory epilepsy due 
to tuberous sclerosis, candidate to surgical treatment. ( a ) 
MRI (T2-weighted images) shows several cortical tubers 
( thin arrows ). ( b ) The child was submitted to an interictal 
18 F-FDG PET to recognize the epileptogenic tuber. All 
the tubers correspond to sites of hypometabolism on PET 

( red and white open arrows ); however, only the lesion 
located in the left temporal lateral cortex was surrounded 
by a signifi cantly larger area of hypometabolism (diaschi-
sis:  open red arrows ) and was thus suggested as the epi-
leptogenic tuber       
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PET tracers beyond 18F-FDG. 11C-Flumazenil 
(FMZ), an antagonist of the central benzodiaze-
pine receptors/GABA, demonstrates the distribu-
tion of benzodiazepine receptors in the brain and 
might play a role in patients with TLE and normal 
MRI. In fact, a more accurate detection of asym-
metrical uptake in the medial temporal lobe (com-
pared with 18F-FDG-PET) has been demonstrated 
[ 81 ]. 11C-a-methyl-L-tryptophan, which mea-
sures tryptophan metabolism, is a promising tracer 
in patients with tuberous sclerosis [ 85 ]. In fact, it 
shows increased uptake in the epileptogenic cortex 
interictally, thus allowing a better detection of the 
epileptogenic lesion. Other tracers evaluated for 
PET imaging of epilepsy are able to bind the so-
called translocator protein expressed on  activated 

microglia, thus allowing the visualization of epi-
lepsy related to neuroinfl ammation [ 73 ].  

12.5.2.2     PET/MR 
 18F-FDG-PET/MRI off-line co-registration 
(Fig.  12.7 ) has demonstrated to provide more sen-
sitivity than PEt alone in the detection of cortical 
epileptogenic lesions, thus improving the out-
come of epilepsy surgery [ 86 ]. Chassoux and col-
leagues demonstrated that 87 % of patients with 
refractory epilepsy achieved seizure freedom after 
limited cortical resection guided by co- registered 
18F-FDG-PET and MRI [ 87 ]. Salamon and col-
leagues demonstrated that including co- registered 
18F-FDG-PET/MRI into the presurgical evalua-
tion enhances the noninvasive identifi cation and 

a b

  Fig. 12.7    Multimodal diagnostic workup in a 17-year- 
old boy with refractory epilepsy candidate to surgery. ( a ) 
Morphological FLAIR and T1-weighted MRI images 
show a focal cortical dysplasia in the right mesial periro-
landic cortex ( white arrows, upper and middle rows ). 
Diffusion-tensor imaging (tractography) demonstrates the 
location of the motor component of the right corticospinal 

tract ( blue strip, yellow arrows, upper and middle rows ). 
Motor functional MRI study shows the cortical activation 
of the left foot and hand areas, which are located cranially 
to the lesion. ( b ) Off-line-fused interictal 18F-FDG PET/
MRI performed with a dedicated software allows the 
detection of a small area of hypometabolism correspond-
ing to the focal cortical dysplasia       
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successful surgical treatment of patients with cor-
tical dysplasia, especially in case of discordant 
fi ndings and/or in patients with normal MRI scans 
[ 86 ]. Similarly, Chandra and colleagues reported 
an added value of co- registered 18F-FDG-PET/
MRI with diffusion imaging in patients with 
tuberous sclerosis [ 88 ]. In fact, they demonstrated 
that larger volumes of FDG-PET hypometabo-
lism relative to MRI tuber size as well as higher 
ADC values identifi ed epileptogenic tubers with 
improved accuracy compared with largest tuber 
by structural MRI.

   In recent years, hybrid PET/MRI systems 
have become available offering a complementary 
combination of two modalities that have proven 
to be superior to the single modality approach in 
the diagnostic workup of several neurological 
disorders. However, there are no larger-scale 
studies to show the clinical role of PET/MRI in 
epilepsy surgery evaluation. To date, feasibility 
of hybrid PET/MRI for the detection of epilepto-
genic foci has been evaluated in small case series 
[ 89 ,  90 ]. Although the added value of hybrid 
PET/MRI still needs to be established in the clin-
ical setting, some technical/practical improve-
ment related to this method can be already 
defi ned for pediatric patients with epilepsy. In 
fact, lower radiation exposure and lower number 
of anesthesia are achieved with respect to a clini-
cal workup including both MRI and PET/CT (in 
case of inconclusive MRI fi ndings). Accordingly, 
the availability of PET/MRI may contribute to a 
more frequent use of 18F-FDG-PET in the 
 presurgical workup of epilepsy [ 91 ].    

12.6     Other Applications 
in Pediatric Neurology 

 Initial studies by Chugani et al. evaluated matura-
tional changes in brain glucose metabolism in 
infants providing crucial information regarding 
the functional maturation of the human brain [ 92 ]. 
18F-FDG-PET studies of infants with hypoxic-
ischemic encephalopathy (HIE) were also per-
formed, especially in the pre-DWI MRI era [ 93 , 
 94 ]. A more recent study measuring cerebral glu-
cose metabolism in 20 term infants with HIE after 

perinatal asphyxia demonstrated a high correla-
tion between 18F-FDG hypometabolism and the 
severity of HIE and short-term outcome [ 95 ]. 
Very recently, the effects of mild hypothermia 
therapy for neonatal HIE on brain energy metabo-
lism were evaluated with 18F-FDG-PET [ 96 ]. 

 Sporadic PET studies, mainly in the form of 
case reports, have been performed in children 
with neurometabolic and degenerative disorders 
[ 97 ]. In Krabbe disease, marked 18F-FDG 
decrease in the left cerebral cortex and no uptake 
in the caudate heads were described in one child 
[ 98 ]. In X-linked adrenoleukodystrophy, 
11C-[R]-PK11195 PET demonstrated increased 
tracer binding in the occipital, parietal, and pos-
terior temporal white matter, in the genu of the 
corpus callosum, the bilateral posterior thalami, 
most of the posterior limb of the internal cap-
sule, the bilateral cerebral peduncles, and the 
brainstem, indicating underlying neuroinfl am-
mation [ 99 ]. Serial 18F-FDG-PET studies have 
been performed in identical twins with Niemann-
Pick disease type C, revealing a unique pattern 
consisting of severe hypometabolism of the fron-
tal cortex bilaterally and in the bilateral parietal 
and temporal cortex [ 100 ]. In one child with type 
1 glutaric aciduria, 18F-FDG-PET studies 
revealed a dramatic pattern of absent metabolic 
activity bilaterally in the striatum and diffuse 
cortical hypometabolism, most pronounced in 
the frontal- temporal region [ 101 ]. PET studies 
of glucose and oxygen utilization in children 
with mitochondrial diseases revealed that 
patients with cerebral and muscle disease had a 
lower ratio of oxygen-to-glucose consumption in 
the brain, suggesting the presence of aerobic gly-
colysis to lactate and other intermediate metabo-
lites [ 102 ]. Marked bilateral 18F-FDG 
hypometabolism, particularly in calcarine, lat-
eral, occipital, and temporal cortices and in the 
thalamus, has been reported in juvenile neuronal 
ceroid lipofuscinoses [ 103 ]. In type IV, 3-meth-
ylglutaconic aciduria progressive glucose hypo-
metabolism from the basal ganglia and 
cerebellum to more diffuse hypometabolism 
with disease progression has been described 
[ 104 ]. In fi ve patients with propionic academia, 
18F-FDG-PET studies demonstrated increased 
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uptake in the basal ganglia and thalami, followed 
by decreased uptake in the basal ganglia at a 
later stage of the disease [ 105 ]. In infantile GM1 
gangliosidosis, FDG-PET scan revealed a mild 
decrease in basal ganglia uptake and moderate to 
severe decrease in thalamic and visual cortex 
uptake [ 106 ]. In a child with 4-hydroxybutyric 
aciduria, FDG-PET scan showed a marked 
decrease in the cerebellar metabolism [ 107 ]. 

 PET has also been used to evaluate neuropsy-
chiatric disorders in childhood, such as attention 
defi cit hyperactivity disorder, schizophrenia- 
related disorders, obsessive-compulsive disorder, 
autistic spectrum and related disorders, and 
anorexia nervosa [ 108 ,  109 ]. Villemagne et al. 
[ 110 ] studied glucose metabolism with PET in 
six girls with Rett syndrome aged 3–15 years of 
age. They found a consistent decrease in the 
occipital visual association areas and relative 
increase in tracer uptake in the frontal and tempo-
ral regions when related to the whole brain in the 
group of patients between 3 and 8 years of age. In 
addition, glucose metabolism was relatively 
increased in the cerebellum. 

 Infl ammatory neurological diseases have also been 
 investigated  using  FDG and 11C-[R]-PK11195 
PET. In Rasmussen’s encephalitis, FDG-PET 
imaging typically reveals marked hypometabolism 
restricted to the predominantly affected cerebral 
hemisphere associated with a hypometabolic 
contralateral cerebellar hemisphere [ 111 ]. 
However, unilateral marked hypermetabolism in 
the affected cerebral hemisphere and basal gan-
glia with subnormal contralateral cerebral activ-
ity and crossed cerebellar diaschisis have also 
been described [ 112 ]. 

 Aron [ 113 ] evaluated two patients with 
Sydenham’s chorea with PET scans in the active 
phase of the disease, showing hypermetabolic 
changes of the caudate nuclei and putamen. The 
scan reverted to normal in the recovery phase. 

 Very recently, 11C-[R]-PK11195 PET has 
been employed to evaluate neuroinfl ammatory 
changes in basal ganglia and thalamus in children 
with clinically diagnosed pediatric autoimmune 
neuropsychiatric disorders associated with strep-
tococcal infection (PANDAS) and Tourette syn-
drome. Binding potential values, suggesting 

underlying activated microglia-mediated neuroin-
fl ammation, were found to be increased in bilat-
eral caudate and lentiform nucleus in children 
with PANDAS and in bilateral caudate nuclei 
only in children with Tourette syndrome [ 114 ].  

    Conclusions 

 PET imaging combined with MRI, either by 
off- line co-registration or via hybrid PET/MR 
systems, plays an increasingly important role 
in the evaluation of pediatric patients with 
brain tumors and epilepsy. 

 In the fi eld of brain tumor imaging, PET 
with amino-acid tracers can be helpful to 
overcome some limitations of conventional 
MRI, complementing advanced MRI tech-
niques. This is especially true for selected 
pediatric brain tumors, such as diffusely infi l-
trating lesions where complete surgical 
removal may be impossible or ethically unac-
ceptable and where tissue biopsy can lead to 
inaccurate results when biopsy samples are 
not taken from the most malignant region. In 
the fi eld of epilepsy, 18F-FDG-PET has an 
established role in complementing MRI espe-
cially for those patients with inconclusive 
MRI studies. However, no convincing evi-
dence of the role of PET imaging in other 
fi elds has emerged so far. 

 The integration of information obtained by 
MRI and PET should be performed by diag-
nostic imaging specialists (neuroradiologist 
and nuclear medicine physicians) working in 
close collaboration with each other, so as to 
properly appreciate and integrate the whole 
amount of diagnostic information, to extrapo-
late subtle diagnostic data, and to offer clini-
cians a more comprehensive and useful array 
of data. Since fully  integrated PET/MRI 
hybrid systems are progressively becoming 
more available on the market, preliminary 
knowledge gathered through off-line co- 
registration of PET and MRI data will be 
important in order to optimize the yield of 
hybrid systems when they eventually become 
part of a standard clinical diagnostic pathway. 

 Simultaneous PET/MRI is expected to play 
an increasing role in pediatric diagnostic 
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imaging and to improve children’s care by 
reducing radiation dose while also reducing 
the number of procedures performed under 
sedation and their duration. It also has the 
potential to provide new and more specifi c/
sensitive metabolic and topographic disease 
assessment [ 115 ].     
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      Multimodality Imaging 
of Huntington’s Disease                     

     Andrea     Ciarmiello      and     Giampiero     Giovacchini   

13.1          Genetics of Huntington’s 
Disease 

13.1.1     Genetics 

 Huntington’s disease (HD) is a hereditary autoso-
mal dominant neurodegenerative disorder associ-
ated with progressive functional and brain 
structural changes, which inexorably lead to 
death. HD is caused by a mutation of the IT15 
gene (HTT) on chromosome 4 that codes for a 
protein called the huntingtin protein [ 1 ]. HTT 
gene is composed by trinucleotide repeats (CAG). 
Normal subjects have a gene length that varies 
between 10 and 35 repeats [ 2 ], whereas HD indi-
viduals may show a CAG expansion ranging 
from 36- to over 120-folds. 

 Such degree of expansion determines the 
onset of Huntington’s and other poly(CAG) dis-
eases and the age at which these might occurs. It 
has been demonstrated that gene expansions 
ranging between 36 and 39 repeats do not 

 necessarily predict the development of 
Huntington’s disease, while development of the 
typical symptoms is always expected with 
extensions over 40 repeats [ 3 ] (Table  13.1 ). A 
higher expansion of the CAG tract is associated 
with earlier onset of disease; moreover, family-
based studies have shown that the disease fea-
tures the tendency to become progressively 
more aggressive and appear earlier as it passes 
down through successive generations [ 4 ]. The 
mutant form of the huntingtin protein is overex-
pressed by HTT gene-positive subjects. The 
progressive increase of intranuclear inclusions 
of huntingtin and ubiquitin fragments, which 
may precede by many years the clinical evi-
dence of disease, determines HD phenotype [ 5 ].

13.2         Main Clinical Features 
of Huntington’s Disease 

 Worldwide prevalence and mean incidence of 
Huntington’s disease are, respectively, 2.7 per 
100,000 and 0.38 per 100,000 per year [ 6 ]. 

 Studies conducted in different countries show 
signifi cant differences in prevalence between 
populations, with a lower prevalence in Asia 
compared to Europe, Canada, and North America 
and which are likely explained by the presence of 
huntingtin gene haplotypes [ 6 ]. 

 HD is diagnosed on the basis of motor symp-
toms, psychiatric disorder, and dementia, yet 
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behavioral and neuropsychological changes may 
begin insidiously many years before the onset of 
the disease [ 7 ,  8 ]. 

 The fi rst motor manifestations of HD gener-
ally begin with chorea, a rapid and involuntary 
movement involving the face, trunk, and limbs. 
Initially movements are mild and not easily rec-
ognizable as the possible sign of a neurological 
disease. At this stage subjects are often unaware 
of the movements that seem to be part of pur-
poseful actions. A recent study reported that 
almost 50 % of patients are unaware of motor 
symptoms despite the Unifi ed Huntington’s 
Disease Rating Scale (UHDRS) motor score 
being consistent with onset of motor HD [ 9 ]. 
Upon diagnosis, motor symptoms are generally 
associated with abnormal eye movements, espe-
cially in younger diseased subjects, while cogni-
tive impairment is a characteristic component of 
the late stage of disease [ 10 ]. However, psychiat-
ric disorders that commonly occur in Huntington’s 
disease are often clinically evident even before 
the onset of motor signs [ 11 ].  

13.3     PET Imaging in Huntington’s 
Disease 

13.3.1     Metabolic Imaging 

 PET metabolic imaging has greatly contributed to 
the understanding of biomolecular brain changes 
in HD, providing tools to improve the estimation 
of the age of disease onset and evaluate its pro-
gression over time. First HD molecular imaging 

studies date back to the early 1980s when using 
18-fl uorine labeled glucose radiotracer (18F-
FDG) and PET (18F-FDG-PET) and demon-
strated cell dysfunction mainly involving the 
caudate nucleus of gene-positive subjects [ 12 ]. 
Such pioneering studies showed the presence of a 
signifi cant hypometabolism in the caudate nucleus 
of Huntington’s gene mutation carriers, as com-
pared to subjects unaffected by the mutation [ 12 ]. 
Further studies showed that the metabolic dys-
function of the caudate nucleus was present in 
asymptomatic subjects at risk for Huntington’s 
disease [ 13 ]. Moreover dysfunction of the caudate 
nucleus was reported in a population of gene-pos-
itive subjects who showed no signs of cortical or 
caudate atrophy thus demonstrating that glucose 
hypometabolism preceded tissue loss [ 14 ]. 
Figure  13.1  shows the metabolic differences 
between 30 gene-negative subjects and a cohort of 
71 gene mutation carriers at different stages of the 
disease. Analysis was performed under statistical 
parametric mapping (SPM). HD patients had 
lower 18F-FDG uptake in the striatum bilaterally 
as compared to healthy controls [ 15 ]. With the 
identifi cation of the gene mutation responsible for 
HD, several studies were conducted on asymp-
tomatic gene mutation carriers of different ages. 
These studies helped to understand that asymp-
tomatic subjects far from disease onset feature a 
normal striatal metabolism which however begins 
to increase as the so- called zone of onset is 
approached [ 16 ]. Correlation of metabolic change 
occurring in the striatum with the expected time to 
onset is shown in Fig.  13.2 . This fi gure illustrates 
the statistical map showing signifi cantly hypo-
metabolic brain regions obtained by introducing 
in the analysis the time to onset in years and ren-
dered on SPM template normalized in a standard 
anatomical space.

    Most affected regions were detected in cau-
date and putamen bilaterally. The linear correla-
tion between glucose metabolism and time 
(Fig.  13.3 ) suggested the use of striatum metabo-
lism in combination with CAG repeat number 
and subject age to improve accuracy of predict-
ing model for age at onset [ 17 ].

   Striatum metabolic impairment can be consid-
ered a strong indicator of disease at progression. 

   Table 13.1    CAG repeat expansion and probability to 
develop Huntington’s disease. The table shows that a gene 
expansion ranging between 36 and 39 repeats is not neces-
sarily associated to clinical onset, whereas development 
of the typical symptoms is always expected with exten-
sions over 40 repeats   

 CAG repeats 
number  Classifi cation  Disease status 

 <26  Normal  Unaffected 

 27–35  Intermediate  Unaffected 

 36–40  Reduced penetrance  +/− Affected 

 >40  Full penetrance  Affected 
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This fi nding was published by Young et al. in one 
of the fi rst PET studies conducted in HD sub-
jects. Authors found a positive correlation 
between caudate metabolism and subjects’ over-
all functional capacity ( r  = 0.906;  p  < 0.001) in a 
group of fi fteen symptomatic drug-free gene 
mutation carrier [ 18 ]. In Huntington’s disease, 
cognitive impairment is almost always associated 
with motor disorders. Among the cognitive 
impairments, memory disorders are always 

 clinically noticeable in HD. Berent et al. reported 
a signifi cant correlation between neuropsycho-
logical memory score and caudate metabolism in 
HD population not evident in gene-negative sub-
jects [ 19 ]. This evidence was also confi rmed by 
more recent studies on animal model [ 20 ]. The 
striatum is undoubtedly the brain structure 
involved earliest and most heavily by the disease, 
but is certainly not the only one. Longitudinal 
studies have shown a progressive metabolic 
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  Fig. 13.1    18F-FDG-PET symptomatic gene-positive 
carriers vs. gene-negative subjects. Group comparisons 
were made using statistical parametric mapping. Brain 
areas showing signifi cant reduced metabolism in symp-

tomatic gene mutation carriers were rendered on single T1 
SPM template. Statistical map was threshold at  P  
corr = 0.05 with cluster extent >100       
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decline involving frontal, parietal, and temporal 
lobes in a cohort of 10 asymptomatic and 21 
symptomatic gene mutation carriers [ 15 ]. The 
thalamus may be activated in presymptomatic 
gene carriers approaching the zone of onset as 
results of metabolic deactivation involving cau-
date nucleus or other cortical network nodes [ 21 ]. 
In accordance with the model of brain default 
mode (BDM) network [ 22 ], Feigin in 2007 
described a relation between medial temporal 
and striatal hypometabolism and occipital 

 metabolic activation [ 21 ]. Although striatal and 
cortical hypometabolism have been reported by 
many authors in Huntington’s disease, it is not 
completely clear whether it is connected to the 
neuronal dysfunction or neuron loss. In the fi rst 
hypothesis, the metabolic defect would lead to 
the death of neurons, whereas in the second cell 
loss and consequent atrophy would result in a 
false signal loss. Another point to consider is the 
relatively low spatial resolution of PET scanners. 
In fact even the most modern ones have a spatial 
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  Fig. 13.2    Correlation of metabolic change with expected 
time to onset in preclinical gene mutation carrier. Analysis 
was made using statistical parametric mapping. Brain 

areas showing signifi cant hypometabolism were rendered 
on single T1 SPM template. Statistical map was threshold 
at  P  corr = 0.05 with cluster extent >100       
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resolution that is unlikely less than 4–5 mm at 
full width at half maximum (FWHM). Therefore, 
for those brain structures the size of which 
approach that of the scanner’s resolution, the 
tracer concentration is infl uenced by the radioac-
tivity of the surrounding regions [ 23 ]. This effect, 
known as partial volume effect (PVE), is particu-
larly critical when imaging subjects with struc-
tural abnormalities (e.g., atrophy). In these cases 
it would be necessary to separate the “true esti-
mate” due to the metabolic defect by the “false 
estimate” given by atrophy [ 24 ]. To overcome 
these problems, the partial volume effects are 
generally corrected using an MR-based coregis-
tration approach [ 25 ].  

13.3.2     Receptorial Imaging 

 In addition to metabolism, HD studies have 
widely addressed the dopaminergic system as 
well. D1 and D2 dopamine receptors represent 
the major receptors subtypes expressed in the 
striatum of the adult brain. Dopamine receptors 
provide a pathway between the striatum and the 
output nuclei of the basal ganglia in a direct and 
indirect fashion [ 26 ]. Unbalanced activities of 
these pathways are reported to be associated to a 
heterogeneous group of movement abnormalities 
including Parkinson’s disease and other forms of 
dystonias [ 27 ]. Raclopride has a high affi nity for 
D2 receptor and has been therefore one of the 

most widely used tracers for receptor imaging. 
 11 C-Raclopride PET-based studies reported sig-
nifi cant decrease of D2 receptor binding potential 
in symptomatic gene mutation carriers [ 28 ]. 
Interestingly, authors reported a signifi cant cor-
relation between D2 receptor density decrease 
and disease progression, thus pointing to the spe-
cifi c binding estimate as a possible biomarker of 
disease progression [ 28 ]. In asymptomatic gene- 
positive subjects, D2 receptor density decrease is 
signifi cantly associated with CAG repeat number 
[ 16 ]. Moreover, serial  11 C-raclopride PET scan in 
asymptomatic HD showed an annual loss of 
receptor density of approximately 2 % [ 29 ]. 
Andrews et al. reported that asymptomatic HD 
showing clinical evidence of disease progression 
had twice as higher receptor density decrease 
compared to non converted gene-positive sub-
jects [ 29 ]. Similar studies confi rmed the receptor 
density changes in asymptomatic HD but did not 
fi nd any signifi cant increased rate of receptor 
density around the zone of onset [ 30 ]. Striatal 
dopamine receptor decrease is also associated to 
cognitive performance in HD. Receptor binding 
as assessed by  11 C-raclopride PET signifi cantly 
correlates with cognitive performance. Lawrence 
et al. reported a strong correlation between bind-
ing potential and memory performance 
(Spearman’s rank correlation = 0.71;  P  > 0.01) 
[ 31 ]. Signifi cant changes of dopamine receptor 
density have also been described in cortical areas 
as results of possible cortical neuronal damage. 
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  Fig. 13.3    Correlation of 
metabolic change with 
time in preclinical gene 
mutation carrier. Caudate 
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found to correlate 
signifi cantly with the 
expected time to disease 
onset       

 

13 Multimodality Imaging of Huntington’s Disease



226

Cortical dopaminergic dysfunction is a common 
fi nding in premanifest – as well as symptomatic – 
HD gene mutation carriers. Cortical areas most 
frequently involved in binding decreases were 
found in temporal and frontal lobes and have 
been associated with cognitive impairment [ 32 ]. 
A signifi cant association was reported between 
D2 receptor cortical binding and scores on tests 
assessing attention and executive functions. 
Authors found that subjects with decreased bind-
ing had worse cognitive performance than sub-
jects with normal dopamine receptor binding, 
independently from striatal D2 dysfunction [ 33 ]. 

 In addition to changes in the postsynaptic, a 
decrease in presynaptic dopamine transporters 
was also reported. A  11 C-beta-CIT-PET-based 
study reported decreased striatal binding in gene- 
positive subject as compared with normal con-
trols. Statistical comparison revealed a signifi cant 
decrease in both caudate (53 %;  p  = 0.02) and 
putamen (55 %;  P  < 0.02) in gene positive as 
compared to gene-negative subjects [ 28 ]  

13.3.3     Infl ammation Imaging 

 Another feature associated with a variety of neu-
rodegenerative disorders including Parkinson’s 
disease (PD), Alzheimer’s disease (AD), amyo-
trophic lateral sclerosis (ALS), almost all of the 
tauopathies [ 34 ], and Huntington’s disease is 
neuroinfl ammation. Imaging of neuroinfl amma-
tion is mainly based on the measure of activated 
microglia that may play a relevant role in neuro-
nal damage and death. 

 The molecular target of neuroinfl ammation is 
an 18 kDa protein translocator protein (TSPO) 
located on the outer membrane of mitochondria. 
TSPO is overexpressed by activated microglia 
and is involved in many functions including 
apoptosis [ 35 ]. PK11195 has a high affi nity for 
TSPO and has been used as tracer of infl amma-
tion imaging. Increased binding of  11 C-PK11195 
has been reported in several neurodegenerative 
diseases such as dementia and multiple sclerosis 
[ 36 ]. Increased striatum binding of  11 C-PK11195 
was reported in asymptomatic gene-positive 

 subjects [ 37 ]. Authors also reported a strong 
 correlation between  11 C-PK11195 striatal 
increase and the estimated age at onset in pre-
manifest HD subjects [ 37 ]. Increased striatal 
binding of  11 C- PK11195 was reported also in HD 
patients which signifi cantly correlated with dis-
ease severity as assessed by Unifi ed Huntington’s 
Disease Rating Scale score [ 38 ]. Besides stria-
tum, increased binding of PK11195 in prefrontal 
cortex and anterior cingulate showed the pres-
ence of signifi cant microglia activation in brain 
regions different from striatum [ 38 ].   

13.4     MR Imaging in Huntington’s 
Disease 

13.4.1     Structural MR Imaging 

 The pathological hallmark of HD is the progressive 
atrophy of brain tissues which primarily involves 
the caudate nucleus and putamen [ 39 ,  40 ]. Several 
authors report a signifi cant volume reduction of 
both the caudate nucleus and the putamen in man-
ifest HD compared to normal subjects [ 41 ,  42 ]. In 
gene-positive subjects, striatal volume decrease is 
an early pathological event which begins many 
years before the disease onset. Aylward et al. 
reported a signifi cant correlation between vol-
umes of all basal ganglia structures as measured 
by MRI and estimated the years to onset showing 
that gene-positive subjects who were close to the 
onset had signifi cantly lower caudate and puta-
men volume compared to controls [ 43 ]. Striatal 
volume loss also correlates with CAG repeat 
expansion and disease duration [ 44 ]. The clinical 
manifestations of the disease depend on the stria-
tum structure most affected: motor disorders cor-
relate with atrophy of the putamen, whereas 
caudate atrophy mainly correlates with cognitive 
impairment [ 41 ,  42 ]. 

 Alongside the involvement of deep nuclei, 
there is also a progressive volume reduction of 
the cortical gray matter. Volume decrease of cor-
tical gray matter has been reported in the pre-
manifest, as well as in symptomatic, 
gene-positive subject [ 45 ]. Cortical thinning 
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increases progressively in the course of the dis-
ease and correlates with clinical measures of 
motor and cognitive impairment. Rosas et al. 
reported a signifi cant relationship between TFC 
and cortical thinning in motor, supero-parietal 
cortex and the cuneus [ 46 ]. Investigating on the 
possible association between caudate volume 
and cognitive status, Rosas found a signifi cant 
correlation between caudate volume and cogni-
tive performance as measured by neuropsycho-
logical tests as verbal fl uency, symbol digit, and 
Stroop color-word [ 46 ]. 

 White matter (WM) atrophy has been 
described in gene-positive subjects. In a pre-
manifest population, WM was reported to be 
signifi cantly lower in subjects far from the esti-
mated age at onset, compared to healthy con-
trols [ 15 ]. Ciarmiello et al. also described a 
signifi cant correlation between WM volume 
decrease and estimated years to onset [ 15 ]. WM 
volume reduction in symptomatic patients has 
been associated to decline in motor and cogni-
tive performance [ 47 ]. 

 As years pass HD subjects undergo the com-
bined effect of GM and WM loss, which results in 
a signifi cant relative increase of CSF volume. 
Indeed CSF volume, corrected for head size 
(fCSF), starts to increase in the presymptomatic 
stage progressing through the advanced stages of 
disease (Fig.  13.4 ). The yearly increase of fCSF is 
linearly correlated to CAG repeat number in gene-
positive preclinical and affected subjects 
(R2 = 0.24,  P  = 0.0043) [ 48 ]. fCSF also was found 

associated with a decreasing disability scale score 
and an increasing clinical severity of HD calcu-
lated as loss of TFC score unit/year [ 48 ]. Findings 
reported so far suggests that MR volumetric 
changes may be useful to improve the prediction 
of disease onset in preclinical gene-positive sub-
jects and to assess treatment effi cacy in experi-
mental trials in manifest HD.

13.4.2        Functional MR Imaging 

 Studies on resting state networks have demon-
strated structural and functional connectivity dis-
ruption in several dementia, motor disorders, and 
other major neurodegenerative diseases [ 49 – 52 ]. 
In fact, functional magnetic resonance imaging 
(fMRI) is capable of detecting the brain’s 
response to stimuli, i.e., the blood oxygen level- 
dependent signal fl uctuations of the brain’s rest-
ing state activity and reactivation. 

 Studies on brain network under resting condi-
tions have evidenced a widespread reduced con-
nectivity in presymptomatic and symptomatic 
HD gene mutation carriers which can be found 
in premanifest and manifest gene mutation carri-
ers [ 53 ]. By means of independent component 
analysis, Werner et al. reported a signifi cant 
alteration of resting functional connectivity in 
HD and reported main changes to be found in the 
prefrontal cortex, thalamus, and caudate nucleus. 
Moreover, it was found that frontoparietal con-
nectivity was reported to be inversely correlated 
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  Fig. 13.4    Progressive stage-dependent cerebrospinal 
fl uid compartment increase. Axial segmented map of cere-
brospinal fl uid obtained from magnetic resonance imaging 
scan in gene-positive Huntington’s disease subjects at 

 different stages of the disease. The volume of cerebrospi-
nal fl uid ( white color ) increases progressively from early 
premanifest to the advanced disease stages as a result of 
 gray  and  white  matter loss       
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with TFC score, which translates from a clinical 
point of view as a more severe disability [ 54 ]. 

 Several fMRI studies reported altered func-
tional brain connectivity in presymptomatic and 
manifest HD gene mutation carriers. Brain net-
work changes are characterized by a progressive 
deactivation of the striatum and activation of dif-
ferent clusters widespread in the frontal and pari-
etal cortex. Cortical activation is recognized as 
mechanism to offset neuronal loss in premanifest 
subjects in proximity of the onset area and in 
symptomatic HD. Premanifest subjects approach-
ing the estimated age at onset showed a reduced 
striatal activation and a signifi cantly increased 
frontal parietal activation than gene-positive indi-
viduals still far from onset and normal controls 
[ 55 ]. Dorsolateral prefrontal cortex (DLPFC) 
network is involved in executive functions and in 
working memory. Activation level of dorsolateral 
prefrontal cortex is positively correlated to 
UHDRS cognitive subscore [ 55 ]. As compared to 
control, premanifest gene mutation carriers 
showed longitudinal increased activation in the 
left DLPFC and medial frontal cortex which rep-
resent a compensatory response to early clinical 
changes occurring in proximity of disease onset 
[ 56 ]. In symptomatic HD brain network changes 
are dominated by cortical compensatory activa-
tion in response to the progressive deactivation 
affecting critical nodes of the network. DLPFC 
and anterior cingulate are the brain network 
regions most frequently involved and whose 
 signal changes correlate with disease severity as 
measured by UHDRS [ 56 – 58 ]. 

 Cognitive and mood disorders are associated 
with altered frontoparietal association. Reduced 
functional association between left premotor and 
medial prefrontal cortex in presymptomatic gene- 
positive subjects is associated to cognitive and 
mood impairment which increase signifi cantly 
when fi rst clinical signs of disease became notice-
able [ 59 ]. Network connectivity begins to change 
very soon in the life of the of gene-positive carri-
ers. Early changes start years before onset and 
continue through all the stages of disease thus 
suggesting a possible role as biomarker in experi-
mental therapeutics.   

13.5     Future Directions 

 In the last decades, PET and MRI have changed 
dramatically the paradigm of the functioning 
brain in many neurodegenerative diseases 
including HD. In the attempt to precisely map 
the brain regions related to each function, evi-
dences led researchers to a new paradigm of 
the brain where functions are distributed in 
cortical nodes located in different lobes. Until 
few years ago, Huntington’s disease was con-
sidered specifi cally related to caudate nucleus 
functional and structural changes but now the 
evidence obtained by new imaging technolo-
gies has allowed to understand that other brain 
structures are involved in the neurodegenera-
tive process. New information on the molecu-
lar biology of neurodegeneration in patients 
with Huntington’s could derive from the use of 
new hybrid imaging devices that allow the 
simultaneous scan of structural and functional 
images [ 60 ,  61 ]. The new challenge will be to 
visualize multiparametric functional images 
obtained by PET and fMRI or spectroscopy in 
the anatomical context derived by MR. The 
availability of MR images may used to limit 
some drawback of standalone PET imaging. As 
pointed out by several authors, there are some 
critical points related to the characteristics of 
PET modality to take into account. Among 
them, the low spatial resolution of the scanner 
and the partial volume effect may be sources of 
error thus limiting the accuracy of the PET 
estimates. 

 Such drawbacks may, however, be overcome 
by increasingly available hybrid technologies 
such as PET/CT and PET/MR. New studies 
focusing on HD performed on hybrid modality 
should incorporate into processing design and 
analysis information derived from both modali-
ties. This approach would allow us to correct 
metabolic or receptorial measure taking into 
account the structural abnormalities of the brain 
(e.g., atrophy). Simultaneous acquisition of 
structural and functional images would also 
help to correct the effects of PET low spatial 
resolution.     
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      Neuroimaging in Amyotrophic 
Lateral Sclerosis                     

     Angelina     Cistaro    

14.1          Introduction 

 Amyotrophic lateral sclerosis (ALS) is a neuro-
degenerative process with a not yet fully under-
stood etiology, resulting in progressive muscle 
paralysis [ 1 ]. It is the most frequent motor neuron 
disorder in adults characterized by a progressive 
alteration in the upper motor neurons located in 
the brain and lower motor neurons in the brain-
stem and spinal cord, with variable involvement 
of extramotor brain regions [ 2 ]. 

 The cause of ALS is still unknown and no 
disease-modifying treatments are available, apart 
from the antiglutamatergic drug riluzole, which 
increases survival by about 2–3 months without 
affecting muscle strength [ 3 ]. Progression is 
always fatal, leading to death from respiratory 
failure after a median of evolution of 36 months 
from onset [ 4 ,  5 ]. 

 The neuropathological hallmark of ALS is, 
along with corticospinal tract degeneration, a selec-
tive loss of anterior horn cells of the spinal cord and 
cells in lower motor cranial nerve nuclei [ 6 ]. 

 The main clinical variants of ALS include pri-
mary muscular atrophy (PMA), primary lateral 

sclerosis (PLS), and progressive bulbar palsy 
(PBP) [ 1 ]. 

 Each patient differs in their body region of 
onset, disease progression, and the combination of 
upper and lower motor neurons involved, meaning 
that onset and disease course in ALS are heteroge-
neous [ 7 ,  8 ]. In two-thirds of patients, the onset is 
at the spinal level, generally hypotrophy and weak-
ness of limbs muscles; in one-third the onset is at 
bulbar level, dysphagia and dysarthria being the 
fi rst symptoms [ 6 ]. Besides clinical heterogeneity, 
underlying pathophysiology in ALS seems to be 
similarly variable. Monogenetic traits have been 
identifi ed in familial cases, as well as complex 
traits with contributions from multiple genetic and 
environmental factors [ 9 ]. Additionally, the same 
genetic error can result in different clinical pheno-
types, while different genotypes can produce the 
same clinical phenotype. 

 Five to ten percent of cases are familial, with 
dominant inheritance of the pathological trait in 
almost all cases [ 5 ]. The list of genes linked to 
familial ALS is currently growing dramatically, 
from the description of the fi rst mutations in the 
superoxide dismutase gene (SOD1) in 1993 to 
the last description of the C9orf72 gene that 
appears to be one of the most important genetic 
factors in frequency in Western Europe [ 5 ], fol-
lowed by SOD1, TARDBP, and FUS mutations 
[ 10 ]. The relationship between ALS and genetic 
factors is continuously being strengthened by 
such fi ndings [ 5 ,  11 ]. 

        A.   Cistaro      
  Positron Emission Tomography Centre , 
 IRMET, Affi dea ,   Turin ,  Italy   
 e-mail: a.cistaro@irmet.com  

  14

mailto:a.cistaro@irmet.com


232

 In the remaining sporadic ALS cases, the 
pathophysiology remains unresolved. Several 
pathways have been proposed, with mitochon-
drial dysfunction, protein aggregate formation, 
excitotoxicity, axonal transport malfunction, 
mutant-derived oxidative damage, lack of growth 
factors, and infl ammation all purported to play a 
role in the motor neuron death process [ 12 ]. 

 There is a growing body of evidence demon-
strating that ALS is a multisystem neurological 
disorder. Autopsy studies have shown that degen-
eration of central nervous system structures is not 
restricted to the primary motor cortex and the 
pyramidal tract [ 13 – 16 ]. In addition to motor 
signs, cognitive signs are detected by neuropsy-
chological tests in about 50 % of patients with 
sporadic ALS, and typical frontotemporal 
dementia (FTD) occurs in approximately 10 % of 
the patients [ 17 ,  18 ]. Association of ALS and 
FTD occurs in the majority of  C9ORF72 -linked 
familial ALS (FALS) [ 19 ,  20 ]. 

 Atypical clinical features can be associated, 
defi ning “ALS plus” [ 21 ] syndromes with signs 
and symptoms involving the sensory (particularly 
in  SOD1 -linked FALS) [ 22 – 31 ], extrapyramidal 
[ 23 ,  32 – 40 ], cerebellar [ 32 ,  41 ], ocular [ 42 ,  43 ], 
and autonomic [ 44 ] systems. 

 Due to its clinical heterogeneity and the lack 
of biological markers to diagnose ALS, the delay 
between the fi rst symptoms and the diagnosis is 
evaluated at 9–13 months [ 21 ], justifying the 
interest for objective neuroimaging markers of 
upper motor neuron (UMN) involvement. 

 Diagnostic workup is complex. Currently, the 
diagnosis of ALS is based on clinical history and 
examination, electrodiagnostic tests [ 45 ], neuro-
imaging including computed tomography (CT) 
or magnetic resonance imaging (MRI) of the 
brain and spinal cord myelogram, clinical labora-
tory tests, muscle and/or nerve biopsy, and 
genetic testing [ 1 ]. 

 The combination of upper motor neuron (UMN) 
and lower motor neuron (LMN) impairment that 
cannot be explained by any other disease process 
by means of the diagnostic workup, together with 
progression, is suggestive of ALS [ 46 ]. 

 The diagnostic delay is increased in patients 
who present isolated lower motor neuron (LMN) 

signs [ 5 ]. In fact, the presence of central signs 
may allow confi rming the diagnosis of ALS, but 
this is not the case in all patients, notably because 
the severity of peripheral signs can mask central 
signs, decreasing their detectability [ 47 ]. 
Furthermore, it has been estimated that clinical 
UMN signs are absent at fi rst examination in 
7–10 % of patients who further develop full- 
blown ALS [ 48 ,  49 ]. This is particularly true of 
patients diagnosed with progressive muscular 
atrophy (PMA), for whom upper motor neuron 
degeneration is evident only on postmortem 
examination [ 50 ]. 

 Appropriate investigations are needed to rule 
out ALS-mimicking conditions, such as multifo-
cal motor neuropathy and Kennedy’s disease, 
which are unrelated disorders that may present 
similar clinical features to ALS or its variants 
[ 46 ,  51 ] and are considered to be responsible for 
diagnostic error in 5–10 % of cases [ 52 ,  53 ]. Also 
some cervical spondylotic myelopathies may be 
sometimes confused with ALS, in particular 
when the patients present spasticity and hyperre-
fl exia in the lower limbs and concomitant muscle 
atrophy and fasciculations of the upper limbs. In 
this case MRI may help rule out spinal cord com-
pression [ 54 ]. 

 Diagnostic accuracy for ALS would improve 
if upper motor neuron defi cits could be estab-
lished objectively [ 8 ]. Current clinical practice 
uses neuroimaging to exclude conditions with 
similar clinical presentations to ALS, but not to 
either confi rm or facilitate the diagnosis of 
ALS. An objective upper motor neuron imaging 
marker could shorten diagnostic delay and reduce 
the proportion of misdiagnosed cases [ 55 ]. 
Furthermore, there is an unmet need to fi nd spe-
cifi c and early biomarkers to help to diagnose and 
characterize phenotype or progression [ 4 ]. 

 Moreover, imaging in ALS could identify the 
involvement of extramotor brain regions, such as 
degenerative changes in frontotemporal brain 
region [ 56 ]. Such changes are associated with 
behavioral and cognitive defi cits, which are mild 
in up to 32 % of cases and moderate to severe in 
up to 19 % of cases [ 57 ]. These cognitive and 
behavioral defi cits are similar to those found in 
frontotemporal dementia (FTD), which forms a 
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clinicopathological spectrum with ALS as up to 
15 % of patients with ALS meet the criteria for 
FTD [ 55 ]. 

 In the last decades, neuroimaging by the posi-
tron emission tomography (PET) and magnetic 
resonance imaging has contributed to the knowl-
edge of functional chances occurring in ALS in 
combination with both cognitive and motor 
impairments [ 58 ]. 

 The purpose of ALS imaging is twofold. The 
fi rst is to further progress our understanding of 
disease pathology and pathophysiology, in which 
group analysis is appropriate, and the second is to 
develop an imaging-based technology that 
enhances individualized diagnostic accuracy 
beyond the best clinical practice. Based on the 
critical appraisal of the shortcomings and achieve-
ments of recent ALS imaging studies, optimized 
study recommendations can be outlined.  

14.2     Positron Emission 
Tomography and Magnetic 
Resonance Imaging 
in Amyotrophic Lateral 
Sclerosis 

 The combination of different MRI techniques 
and PET (Fig.  14.1 ) imaging might improve sen-
sitivity and specifi city for ALS. MRI also allows 
structure and function in ALS to be associated 

via the combination of resting-state functional 
MRI with diffusion tensor imaging and voxel- 
based morphometry.

   Since early studies with nuclear imaging in 
ALS, patient demonstrated the reduction of glu-
cose metabolism in the motor cortex [ 59 ]. 

 In 1988 Di Chiro and coworkers [ 53 ], using 
PET with 18F-FDG, reported a generalized cere-
bral glucose hypometabolism in amyotrophic lat-
eral sclerosis (ALS) patients with upper motor 
neuron signs. Furthermore, they showed that no 
signifi cative cerebral hypometabolism was seen 
in the four ALS patients with only signs of lower 
motor neuron involvement. However in this last 
group although not signifi cative, the hypometab-
olism suggests that there is cortex hypofunction 
due to the loss of signal from lower motor neuron 
throughout corticospinal trait. This is partially 
consistent with the status of spinal LMNs, which 
degenerate after their target tissue is lost by axot-
omy [ 53 ]. It has been shown that each degener-
ated dendritic branch represents a loss of contact 
with at least four or fi ve other Betz cells via den-
dritic bundles. The authors concluded that the 
hypometabolism noted with FDG-PET in ana-
tomically “healthy” cortex may refl ect such a loss 
of synapses in the cortical network extending 
beyond the motor-sensory cortical regions. This 
hypometabolism could be functional inhibition 
or inactivation of relatively healthy neurons or 
functional disturbance due to focal lesion of the 

a b

  Fig. 14.1    Brain sagittal PET/CT images in ALS patient. ( a ) Sagittal normal metabolic representation of right motor 
cortex ( yellow raw ). ( b ) Hypometabolic left motor cortex ( yellow raw )       
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motor cortex. These mechanisms could explain 
the decrease of regional glucose use in extramo-
tor areas in ALS patients with upper motor neu-
ron signs and the substantial normal distribution 
of glucose metabolism in ALS patients with only 
lower motor neuron signs, since in this last case 
the motor cortex is not primary affected. 

 Using the [11C]fl umazenil, an antagonist at 
the benzodiazepine subunit of the GABA A  recep-
tor, expressed from pyramidal neurons and inter-
neurons in all cerebral cortex, Lloyd and 
colleagues [ 60 ] reported in ALS patient a reduced 
binding in ALS involving motor/premotor areas 
but also extramotor areas, particularly the bilater-
ally prefrontal regions, bilaterally parietal cortex 
and visual association cortex, left motor/premo-
tor cortex, Broca’s area, and right temporal cor-
tex. Reduced binding of [11C]fl umazenil may 
refl ect loss of cortical pyramidal and interneu-
rons, which are thought to bear GABAA recep-
tors, or it may refl ect the downregulation of 
postsynaptic GABAA receptor expression in 
intact neurons. As the prefrontal cortex has few 
pyramidal cells, the loss of these in isolation is 
unlikely to explain our fi ndings. Additionally, 
changes in fl umazenil volumes of distribution in 
the primary motor cortex were less striking than 
those in the premotor and prefrontal areas, sug-
gesting that the decreases are more likely to 
refl ect loss of interneuronal function. The conclu-
sion of the study supports the concept that ALS is 
a multisystemic degenerative disease. 

 Abrahams et al. [ 61 ] documented an altered 
metabolism in the frontal lobe even in non- 
demented ALS, assessing the cerebral blood fl ow 
(rCBF) by means of PET scan, performed during 
word generation and word repetition, in a group of 
patients with ALS and in a second non-ALS patient 
group with a cognitive impairment, both compared 
with healthy controls. The ALS patients showed an 
impaired activation in cortical and subcortical 
regions involving the dorsolateral prefrontal cor-
tex; lateral premotor cortex; medial, prefrontal, and 
premotor cortices; and insular cortex bilaterally 
and the anterior thalamic nuclear complex. 
Similarly the non-ALS patient group demonstrated 
a relatively unimpaired pattern of activation. These 
data are expressions of an extramotor neuronal 

involvement in some non-demented ALS patients 
that develop probably along a thalamo-frontal 
association pathway. 

 In 2012 Cistaro et al. [ 62 ] reported a study of 
32 ALS patients, 13 bulbar onsets and 19 spinal 
onsets, with probable laboratory-supported or 
defi nite ALS according to El Escorial ALS 
revised criteria consecutively matched with 22 
healthy controls. Highly signifi cant relative 
decreases in metabolism were found in large 
frontal and parietal regions in the bulbar-onset 
patients as compared with the spinal-onset 
patients and the controls, suggesting a differen-
tial metabolic and neuropsychological state 
between the two conditions. Reduced relative 
prefrontal and frontal metabolism is exclusive to 
patients with bulbar onset who were suffering 
from signifi cantly reduced verbal fl uency, con-
fi rming the higher rate of frontal impairment in 
this group. Relatively increased midbrain metab-
olism was found for the fi rst time in both groups 
and appears to be the metabolic trait in ALS 
(Fig.  14.2 ). This  18 F-FDG-PET investigation 
provided unprecedented evidence of relatively 
increased metabolism in the amygdalae, mid-
brain, and pons in ALS patients as compared 
with control subjects, possibly due to local acti-
vation of astrocytes and microglia.

   Meanwhile, Carrara and colleagues [ 63 ], the 
neuroradiological component of our group, 
described in T1 magnetization transfer contrast 
(MTC) an hyperintense signal intensity along the 
corticospinal tract and in posterior aspect of the 
body of the corpus callosum (CC) as a possible 
distinct phenotype of presentation of disease with 
prominent upper motor neuron involvement, such 
as PLS. In 37 % of patients studied, they found 
regional differences in white matter fractional 
anisotropy (FA) between patients with T1 MTC 
hyperintense signal intensity and patients without 
it. Patients with T1 MTC abnormal signal inten-
sity showed lower FA strictly limited to the motor 
network and the posterior aspect of the body of 
the CC without extramotor FA reductions, 
whereas patients without this sign showed FA 
reductions in several confl uent regions within 
and outside the CST and in the whole CC. The 
authors concluding suggest that the T1 MTC 
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sequence should be included in the diagnostic 
workup of patients with ALS. 

 The concept that the corpus callosum seems to 
be involved in the disease and that it can be used 
to support the diagnosis has been suggested from 
Filippini and coworkers [ 64 ]. They studied a 
group of 24 heterogeneous patients with ALS of 
variable UMN involvement clinically using DTI 
at 3 T MRI. This study demonstrated a consistent 
involvement of the CC and rostral corticospinal 
trait across the group of patients with ALS, 
including those with little clinical UMN involve-
ment, supporting the concept of an independent 
cerebral pathogenic process in ALS. While CC 
involvement might relate to interhemispheric 
spread, it might equally refl ect secondary damage 
due to independent bilateral cortical processes. 
Matched regional radial diffusivity increase sup-
ported the concept of anterograde degeneration 
of callosal fi bers observed pathologically. A post 
hoc group comparison model incorporating sig-
nifi cant values for fractional anisotropy, radial 
diffusivity, and gray matter was 92 % sensitive, 
88 % specifi c, and 90 % accurate. 

 Agosta et al. [ 65 ] tested the diffusion tensor 
MRI diagnostic accuracy in distinguishing two 
motor neuron disease variants: primary lateral 
sclerosis (PLS), which has a slower rate of pro-
gression and a more benign prognosis, and ALS, 
the more common form of motor neuron disease. 

All patients showed a distributed pattern of 
abnormalities of the motor system, including the 
corticospinal tracts and corpus callosum. PLS 
patients showed a more severe damage to the ros-
tral portions of the CST, motor callosal fi bers, 
and subcortical white matter underlying the pri-
mary motor cortices. In PLS patients, damage to 
the CC midbody correlated with the severity of 
upper motor neuron clinical burden. The most 
predictive variable to distinguish motor neuron 
disease from controls was fractional anisotropy 
of the CC-primary motor cortex, which was able 
to classify correctly 79 % of MND patients ver-
sus controls, with the highest classifi cation accu-
racy in PLS (90 %). This underscores that PLS, 
despite its distinct clinical phenotype and long 
survival, still lies within the wider MND spec-
trum. Whether the CC diffusivity may be a novel 
marker to increase confi dence in an early diag-
nostic separation of PLS from ALS still needs to 
be investigated.  

14.3     C9ORF72 Gene 
and Amyotrophic Lateral 
Sclerosis 

 While the majority of ALS cases appear sporadi-
cally in the population, 10 % of patients have a 
positive family history of ALS or frontotemporal 

  Fig. 14.2    Statistical parametric mapping (SPM) PET 
fi ndings in sporadic ALS patients compared to controls. 
Statistically signifi cant differences ( p  < 0.001) are high-

lighted on a MRI T1 template:  left sagittal view and right 
coronal view . Relative increase of 18F-FDG metabolism 
in the midbrain, pons, and corticospinal trait       
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dementia (ALS-FTD), a related form of neurode-
generation. Recently, a GGGGCC hexanucleotide 
repeat expansion in the C9ORF72 gene, located 
on chromosome 9p21, has been demonstrated to 
be the commonest cause of familial amyotrophic 
lateral sclerosis (ALS) and to account for 5–10 % 
of apparently sporadic ALS [ 66 ]. 

 In 2014 Cistaro and colleagues [ 67 ] evaluated 
the [18F]FDG PET pattern in a series of 15 ALS 
patients with the C9ORF72 hexanucleotide 
repeat expansion with sporadic ALS patients 
with (12 pts) or without (30 pts) comorbid fronto-
temporal dementia and 40 normal subjects. We 
found that ALS patients with the C9ORF72 
mutation as compared to ALS patients with no 
genetic mutation show relative hypometabolism 
in the thalamus, basal ganglia, and limbic cortex 
and relative hypermetabolism in the occipital 
cortex, midbrain, and bilateral cerebellum. These 
alterations are consistent with the unique symp-
tom constellation in patients carrying the 
C9ORF72 hexanucleotide repeat expansion and 
emphasize the “systemic” nature of lesions 
related to this mutation even in the early clinical 
phases of the disorder. ALS patients with the 
C9ORF72 hexanucleotide repeat expansion had a 
more widespread central nervous system involve-
ment than ALS patients without genetic muta-
tions, with or without comorbid FTD, consistent 
with their more severe clinical picture. 

 In the same year, Van Laere [ 68 ] evaluated the 
possible presence of specifi c metabolic signature 
at FDG PET imaging in a large group of patients 
(81 pts) with suspected diagnosis of ALS. After a 
complex diagnostic workup, including genetic 
screening, seven patients were diagnosed with 
primary lateral sclerosis and four patients received 
diagnosis of progressive muscular atrophy. In 70 
subjects diagnosis of ALS was made, and patients 
were divided in two subgroups: the fi rst one carry-
ing C9orf72 mutations and second one without 
mutations. Hypometabolism was evidenced in the 
perirolandic region and with variable degree in 
the prefrontal cortex in the majority of patients. 
Noteworthy patients carrying C9orf72 mutation 
demonstrated discrete relative hypometabolism in 
the thalamus and posterior cingulate when com-
pared with C9orf72-negative ALS patients. 

 Cistaro et al. [ 69 ] try to identify a 18F-FDG 
PET and MR profi les in 18 familial ALS patients: 
1 FUS, 8 C9orf72, 4 SOD1, 4 TDP-43, 1 MATR3, 
and 1 ORF/TDP-43. Nineteen percent of patients 
with gene mutations showed hyperintensity along 
the corticospinal tract on T1 MR sequences. A 
global and statistically signifi cative reduction in 
the whole white matter was found at TBSS analy-
sis compared with healthy controls, in particular 
in the internal capsule, mean cerebellar peduncle, 
and pons. On FDG-PET scans, the familial ALS 
patients showed signifi cant hypometabolism in 
the thalamus, anterior and posterior cingulate 
cortex, insula, caudate, left frontal and superior 
temporal cortex, and hypermetabolism in the 
pons, midbrain, and bilateral occipital cortex. 
The pons seems to be the structure where both 
metabolic alterations on PET scans and signal 
alterations on MR images can be found. 

 More recently (unpublished dates) our group 
studied 29 ALS patients carrying C9orf72 muta-
tions by means 18F-FDG PET. The patients were 
divided in two subgroups with similar demo-
graphic profi le but different in neuropsychologi-
cal evaluation being the fi rst group without 
cognitive defi cits. The two groups were then 
crossmatched to 40 neurologically normal con-
trols and 29 ALS without mutation. The C9orf72 
ALS patients without cognitive defi cits showed 
hypometabolism in the medial dorsal and ante-
rior nuclei and pulvinar of thalamus with respect 
to the normal controls. C9orf72 ALS patients 
with cognitive defi cits showed extensive hypo-
metabolism in the bilateral frontal and temporal 
superior cortex, anterior cingulate cortex, bilat-
eral thalamus, and caudate. The hypometabolism 
on the frontal cortex can be correlated with func-
tional frontal defi cits typically observed in FTD 
patients, but it is more widespread and severe 
than in ALS-FTD without gene mutation. 
Interestingly, neither ALS-FTD patients without 
mutation, as reported in previous study [ 67 ], nor 
the match between ALS without and ALS with 
C9orf72 mutations in this study showed hypome-
tabolism in the thalamus (Fig.  14.3 ).

   Bede and coworkers [ 70 ] confi rmed thalamus 
implication in ALS C9orf72 hexanucleotide 
repeat expansion patients, together with other 
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structures, in a multiparametric MRI prospective 
study for cortical thickness analysis. Using voxel 
and surface-based morphometry, they described 
the patterns of cortical and subcortical changes 
in C9orf72 ALS patients with respect to ALS 
C9orf72-negative and healthy controls. A con-
gruent pattern of cortical and subcortical involve-
ment was identifi ed in those with the C9orf72 
genotype, affecting the thalamic, fusiform, 
supramarginal, and orbitofrontal regions and 

Broca’s area. White matter abnormalities in the 
 C9orf72- negative group were relatively confi ned 
to corticospinal and cerebellar pathways with 
limited extramotor expansion. The body of the 
corpus callosum and superior motor tracts were 
affected in both ALS genotypes. 

 Although previous reports have described tha-
lamic changes in ALS [ 71 ], their signifi cance has 
not been widely recognized, possibly due to the 
absence of convincing clinical and genetic 
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  Fig. 14.3    Statistical parametric mapping (PET) fi ndings 
in sporadic ALS patients compared with C9orf72 ALS 
patients. Statistically signifi cant differences ( p  < 0.001) 
are highlighted on a MRI T1 template. Hypometabolism: 

 top left sagittal view, top right coronal view, and bottom 
left transverse view . Signifi cant corrected clusters are seen 
in the bilateral thalamus: the medial dorsal nucleus, pulvi-
nar, and left ventral anterior nucleus       
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 correlations. Our and Bede studies suggest that 
bilateral thalamus involvement is an important 
feature of C9orf72-positive ALS. Further classi-
fi er studies are warranted, as the thalamus could 
represent an important discriminating structure 
between C9pos and C9neg ALS.  

14.4     Connectivity Analyses 
in Amyotrophic Lateral 
Sclerosis 

 A neural network can be defi ned as a population 
of interconnected nodes that perform a specifi c 
physiological function, just as the motor network 
controls muscle tone and movement. The prop-
erties and integrity of cortical neural networks 
can be explored using structural or functional 
measures [ 72 ]. 

 Automated MRI structural connectivity anal-
yses, which probe white matter (WM) connec-
tions linking various functionally cortical 
regions, have the potential to provide novel 
information about degenerative processes within 
multiple WM pathways. Whole brain probabilis-
tic tractography can be applied to defi ne specifi c 
WM pathways connecting discrete corticomotor 
targets generated from anatomical parcellation 
of structural MRI of the brain. The integrity of 
these connections can be interrogated by com-
paring the mean fractional anisotropy (FA) 
derived for each WM pathway. These structural 
measures can be combined with functional con-
nectivity analysis of the motor network based on 
resting- state fMRI. 

 A study by Verstraete and coworkers [ 72 ], 
based on a network perspective, demonstrates a 
decline of structural integrity with preserved 
functional organization of the motor network in 
ALS. A reduced number of functional connec-
tions between the right and left motor cortex 
was found, but this reduction was not statisti-
cally signifi cant, indicating relative sparing of 
functional connectivity. A signifi cant reduction 
in microstructural organization was found in 
the corticospinal tracts, as the major efferent 
motor conduits to the spinal cord, mainly the 
rostral part. Furthermore, the corpus callosum, 

interconnecting the motor network, was found 
to be affected as a whole. Both the average cor-
tical thickness of the precentral gyrus and the 
local connectedness were found to be related 
with disease progression. This suggests that 
strong functional connectivity allows for rapid 
spread of disease. 

 The functional correlates of the structural 
changes in ALS patients detected using advanced 
MRI techniques have been studied by Douaud 
and colleagues too [ 73 ]. Twenty-fi ve patients 
with ALS were compared to healthy control sub-
jects using MRI multimodal neuroimaging 
approach. A gray matter connection network was 
defi ned based upon the prominent corticospinal 
tract and corpus callosum involvement demon-
strated by white matter tract-based spatial statis-
tics. This “ALS-specifi c” network of decreased 
structural connectivity included motor, premotor, 
and supplementary motor cortices, pars opercu-
laris, and motor-related thalamic nuclei. An anal-
ysis protocol was then used to assess changes in 
functional connectivity directly associated with 
this network. A spatial pattern of increased func-
tional connectivity spanning sensorimotor, pre-
motor, prefrontal, and thalamic regions was 
found. Therefore, this study identifi ed apparently 
dichotomous processes characterizing the ALS 
cerebral network failure, in which there was 
increased functional connectivity within regions 
of decreased structural connectivity. Since 
patients with slower rates of disease progression 
showed connectivity measures with values closer 
to healthy controls, the authors suggest that func-
tional connectivity increases might not simply 
represent a physiological compensation to 
reduced structural integrity. One alternative pos-
sibility is that increased functional connectivity 
refl ects a progressive loss of inhibitory cortical 
infl uence as part of ALS pathogenesis. 

 More recently, higher functional connectivity 
correlating with greater structural damage to 
network- specifi c white matter tracts was 
described by Agosta and coworkers [ 74 ] in 
patients with primary lateral sclerosis compared 
with controls. Regions of increased functional 
connectivity were showed in the sensorimotor, 
frontal, and left frontoparietal and superior 
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 temporal networks in patients with primary lat-
eral sclerosis. Patients with more severe physical 
disability and a more rapid rate of disease pro-
gression had increased sensorimotor connectivity 
values. The increased functional connectivity 
within the frontal network was associated with 
executive dysfunction. 

 Until today, there are no studies examining the 
functional connectivity in ALS patients with PET 
[ 75 ]. Pagani and colleagues, providing a class III 
of evidence, confi rmed in a greater sample the 
previous results of hypometabolism in the fron-
tal, motor, and occipital cortices and hyperme-
tabolism in the midbrain, temporal pole, and 
hippocampus in 195 patients with ALS compared 
to controls. 

 Thirty-four bulbar and 85 spinal onsets with 
confi rmed diagnosis at 1-year follow-up were 
included in the study. Twenty-fi ve bilateral corti-
cal and subcortical volumes of interest plus cere-
bellum were taken into account for factorial and 
discriminant analyses. Discriminant analysis 
investigating sensitivity and specifi city to dis-
criminate patients from controls was performed 
using the 51 volumes of interest as well as age and 
sex. Metabolic connectivity was explored by 
voxel-wise interregional correlation analysis. The 
discriminant analysis showed a sensitivity of 95 % 
and a specifi city of 83 % in separating patients 
from controls. Connectivity analysis found a 
highly signifi cant positive correlation between the 
midbrain and white matter in corticospinal tracts 
in patients with ALS. The authors concluded that 
once validated by diseased- control studies, the 
present methodology might represent a poten-
tially useful biomarker for ALS diagnosis. 

 The hypermetabolism in the midbrain might 
be interpreted as the neurobiological correlate of 
diffuse subcortical gliosis. The study supports a 
massive microglia activation and astrocytosis in 
regions of neurodegeneration [ 76 ]. The higher 
FDG accumulation in ALS can be related to the 
function of astrocytes as the preferential site of 
glucose metabolism along with their role in 
replacing the dead neurons. The strict correspon-
dence between the motoneuron tracks and the 
hypermetabolic areas found in these ALS patients 
further supports this hypothesis.  

14.5     Neuroinfl ammation 
in Amyotrophic Lateral 
Sclerosis 

 Evidence of microgliosis in ALS has mainly 
been obtained from postmortem studies and was 
focused on the fi nal stages of the disease. 
Analysis of microglial activation at earlier stages 
and during the progression of the disease was 
technically limited until the development of neu-
roimaging ligands. 

 Neuroinfl ammation in ALS has been the focus 
of numerous studies using several approaches. 
These have mainly been based on the presence of 
the activated microglia, macrophages of the brain 
parenchyma, and infi ltrates of lymphocytes in the 
areas of motor neuron loss in the motor cortex, 
brainstem, corticospinal tract, and anterior horn 
of the spinal cord [ 77 – 80 ]. 

 Several explanations have been advanced to 
explain their role: decrease in the release of neu-
rotrophic factors, excessive in the secretion of 
neurotoxic factors, and modulation of glutama-
tergic receptor expression [ 80 ]. 

 Assessment of microglial activation and astro-
cytosis can be performed in vivo in ALS patients 
through neuroimaging of the peripheral benzodi-
azepine binding site or enzyme MAO-B, primar-
ily located in astrocytes, and 18 kDa translocator 
protein (TSPO) overexpressed in activated 
microglia. 

 In the human brain, the enzyme MAO-B is 
primarily located in astrocytes. [11C]
(L)-deprenyl binds to MAO-B being useful for 
astrocytosis mapping. The fi rst study of cere-
bral astrocytosis in vivo in ALS demonstrated 
an increased uptake rate of [11C](L)-deprenyl 
in pons and white matter [ 81 ]. Since the astro-
cytosis in ALS has also been demonstrated 
post-mortem in other parts of the corticospinal 
tract but pons has not been included [ 82 ,  83 ], 
the authors concluded that lacking neuropatho-
logical support in this region, the increased 
binding rate in pons must be interpreted cau-
tiously. Nevertheless, the increased binding rate 
in pons, where the corticospinal tract fi bers 
have converged, may refl ect corticospinal tract 
astrocytosis. 
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 Activated microglia is characterized by 
increased expression of the 18 kDa translocator 
protein (TSPO) in the brain and may be a useful 
biomarker of infl ammation. TSPO, formerly 
named peripheral benzodiazepine receptor 
(PBR), is part of a multimeric “protein com-
plex” associated with the outer mitochondrial 
membrane of many cells [ 84 ]. It is present in 
peripheral tissues and also in glia cells (astro-
cytes and microglia) when activated [ 85 ]. TSPO 
is involved in many processes such as apoptosis, 
regulation of cellular proliferation, immuno-
modulation, and steroidogenesis [ 86 ], and there-
fore it may be a useful biomarker of 
infl ammation, since it is highly expressed in 
phagocytic infl ammatory cells, such as activated 
microglia in the brain and macrophages in 
peripheral tissue. 

 A large number of positron emission tomogra-
phy (PET) or single-photon emission computer-
ized tomography (SPECT) radioligands selective 
for the TSPO have been developed, of which 
[11C]-PK11195 was the fi rst TSPO radioligand 
to be evaluated [ 87 ,  88 ]. 

 Using PK11195 [ 89 ] Turner and colleagues 
demonstrated in ten ALS patients a signifi cantly 
increased binding in the motor cortex, pons, 
dorsolateral prefrontal cortex, and thalamus. 
There was a strong correlation between the indi-
vidual binding potential values of the ALS 
patients and their clinical upper motor neuron 
(UMN) scores, both for the motor cortex and 
thalamus. No clear difference in the binding of 
[11C](R)-PK11195 between ALS patients with 
bulbar or limb onset and no signifi cant correla-
tion with either ALSFRS-R (revised ALS func-
tional rating scale score) or disease duration for 
any region were seen. 

 Corcia P. and colleagues [ 90 ], comparing the 
18F-DPA-714 binding, another radioligand of 
TSPO, in several cerebral regions between ten 
ALS patients, patients with probable or defi nite 
ALS, all right handed, without dementia, and 
untreated by riluzole or other medication, and a 
group of healthy controls, showed that the areas 
with the highest microglial activation in ALS 
patients were the in medial temporal cortex, motor 
cortex, and more specifi cally the supplementary 

motor area. In this study, the occipital and cere-
bellar regions were spared. 

 The involvement of the temporal lobe empha-
sized in this study might correspond to previous 
neuroimaging, neuropsychological, and neuro-
pathology fi ndings. Neuroimaging studies 
emphasized atrophy of the gray matter of the 
temporal lobe and of white matter adjacent to 
this area in voxel-based morphometric analysis 
[ 64 ,  91 ]. Neuropsychological assessment of ver-
bal fl uency also supported this assumption. 
Verbal fl uency might be split into two compo-
nents, i.e., phonemic fl uency related to the fron-
tal lobe and semantic fl uency under the control 
of the temporal lobe. There is a signifi cant 
decrease in semantic fl uency in ALS compared 
to controls [ 92 ]. Finally, neuropathology studies 
have emphasized the presence of TDP-43 inclu-
sions, the major disease protein in ALS, in 
around 40 % of the temporal lobe in ALS patients 
[ 93 ]. Finally, a postmortem study revealed the 
presence of neuronal loss and gliosis in 12.6 % 
of ALS patients without dementia [ 94 ]. 

 The authors concluded that these results sug-
gested an increased expression of TSPO on 
PET imaging using 18F-DPA-714 in untreated 
ALS patients. This increase is independent of 
the disease duration because it is present during 
the whole time of diagnosis phase, and this 
fi nding might be a surrogate marker of effi cacy 
of treatment on microglial activation. Finally, 
the presence of extra motor microglial activa-
tion might corroborate theories suggesting that 
ALS is a prototypic motor neuron condition 
whose pathology is not limited to motor 
neurons. 

 More recently, the radioligand [11C]-PBR28 
was shown to exhibit 80 times more specifi c 
binding compared to [11C]-(R)-PK11195 in rhe-
sus macaques [ 95 ]. 

 In a PET/MR study [ 96 ], voxel-wise analysis 
showed increased binding [11C]-PBR28 in the 
motor cortices and corticospinal tracts. Those 
values were positively correlated with UMN 
score and negatively correlated with 
ALSFRS. Further studies will determine the role 
of [11C]-PBR28 as a marker of treatments that 
target neuroinfl ammation.  
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14.6     Amyotrophic Lateral 
Sclerosis and Cognitive 
Defi cits 

 Although the degeneration in ALS predominantly 
affects the motor system, cognitive and behav-
ioral symptoms have been described for over a 
century. A subgroup of patients with ALS 
(5–15 %) meets the criteria for frontotemporal 
dementia (FTD), typically a frontal variant that 
predominantly causes executive dysfunction and 
behavioral changes. Many authors have sug-
gested that ALS and FTD form a clinical and 
pathological spectrum [ 97 ]. There is no doubt 
that ALS and FTD have clinical, radiological, 
pathological, and genetic overlap. Cognitive 
decline in ALS is characterized by personality 
change, irritability, obsessions, poor insight, and 
pervasive defi cits in frontal executive tests. The 
most consistently reported cognitive changes in 
ALS relate to dysfunction in components of the 
executive system, in particular in verbal fl uency 
and attention, whereas abnormalities in memory 
and language are less well characterized. 
Understanding of cognitive impairment in ALS 
will improve care for patients and their families 
and provide valuable insights into the pathogen-
esis of neurodegeneration [ 98 ]. 

 Ludolph and colleagues [ 99 ] studied the 
regional cerebral glucose utilization and the neu-
ropsychological performance of 18 patients clini-
cally displaying upper and lower motor neuron 
signs. In all ALS patients, signifi cant changes 
were found in the entire and frontal cortex and 
also in subregions like the frontobasal and the 
superior parieto-occipital cortex. No changes 
were seen in the cerebellum. In fact glucose 
metabolism in the cerebellum was comparable in 
ALS and controls. 

 Comprehensive neuropsychological assess-
ment of ALS patients compared to a pair-
matched control group revealed mild frontal 
dysfunction which in part signifi cantly corre-
lated with reduced glucose metabolism in the 
cortex and subcortical structures. The authors 
concluded that in patients with ALS, glucose 
consumption is decreased in parts of the brain 
other than the motor cortex accompanied by 

mild neuropsychological defi cits based on the 
tests employed in this study and that these fi nd-
ings support the hypothesis of mild cognitive 
defi cits in early stages of ALS and may suggest 
the onset of a subcortical dementia. 

 Theory of mind (ToM) is defi ned by the abil-
ity to infer and understand the mental states of 
self and others. A distinction has been made 
between the so-called cognitive ToM (also 
known as mentalizing), which deals with the 
cognitive states, beliefs, thoughts, or intentions 
of other people [ 100 ], and affective ToM, which 
concerns their affective states, emotions, or 
feelings [ 101 ]. Carluer and colleagues designed 
a study to clarify the putative link between cog-
nitive ToM defi cits and executive dysfunction in 
23 ALS using 18F-FDG PET and identify the 
dysfunctional brain regions responsible for any 
social cognition defi cits. Using statistical para-
metric mapping, they showed that the cognitive 
ToM defi cit correlated with the dorsomedial and 
dorsolateral prefrontal cortices, as well as the 
supplementary motor area [ 97 ]. 

 Jeong et al. [ 102 ] investigated the FDG pattern 
of patients presenting both motor neuron disease 
(MND) and frontotemporal dementia (FTD). 
FTD/MND shows relatively symmetric hypome-
tabolism in the frontal lobe, sparing the temporal 
lobe. In patients with FTD, the hypometabolism 
involves the frontal, anterior temporal, and parietal 
lobes and shows hemispheric asymmetry. The 
FTD group compared with patients with FTD/
MND shows more hypometabolic in bilateral tem-
poral regions. In a subsequent paper, of the same 
authors, hypometabolism was extensively docu-
mented in FTD patients in the prefrontal areas, 
anterior temporal regions, cingulate gyri, and left 
inferior parietal lobule and also, but less relevant, 
in the insula and uncus bilaterally, left putamen 
and globus pallidus, and medial thalamic struc-
tures [ 103 ]. In 2012, the group of Turku [ 104 ] 
investigated two siblings with clinical signs of 
ALS by means of PET imaging. In a patient clini-
cal evaluation, MRI and FDG-PET failed to dif-
ferentiate between FTD and Alzheimer’s disease 
(AD), whereas 11C-Pittsburgh compound B (PiB) 
was negative for amyloid pathology. The patient 
later developed ALS symptoms, and postmortem 
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neuropathological examination was diagnostic of 
ALS-FTD, while no fi ndings suggested AD. Of 
note, C9ORF72 expansion was detected in the 
patient and his sister. The authors suggest that 
11C-PiB-PET may facilitate the early differential 
diagnosis between AD and FTD, including 
C9FTD/ALS. 

 Further confi rmation regarding the utility 
11C-PiB has been by Yamakawa et al. [ 105 ], in 
the cases of two patients with dementia associ-
ated with MND. One of the patients had FTD, 
whereas the other had AD. In the patient with 
FTD, the PIB-PET resulted to be negative, while 
in the AD patient PIB-PET documented the pres-
ence of amyloid accumulation in the frontopari-
etal cortex, lateral temporal lobes, posterior 
cingulate gyrus, and precuneus. 

 More recently, in a large survey on ALS includ-
ing both neuropsychological assessment and 
18F-FDG-PET, in order to identify the metabolic 
signature of the various levels of cognitive defi cits 
in ALS using 18F-FDG-PET, Canosa and col-
leagues [ 106 ] investigated 170 patients with 
ALS. All patients were classifi ed according to 
neuropsychological testing in 94 ALS normal cog-
nition, 20 ALS full-blown FTD, 37 ALS executive 
or nonexecutive cognitive impairment not fulfi ll-
ing FTD criteria (Ci), 9 ALS prevalent behavioral 
changes (Bi), and 10 ALS nonclassifi able impair-
ment (Nc). We identifi ed a decreasing gradient of 
frontal lobe metabolism going from ALS with nor-
mal cognition to ALS with FTD, through cases 
with intermediate cognitive defi cits (ALS-Ci). 
According to these fi ndings, ALS-Ci seems to rep-
resent a discrete category, showing less severe 
cognitive defi cits and a distinct metabolic pattern 
as compared to ALS- FTD, being intermediate 
between pure ALS and ALS-FTD. The hypometa-
bolic areas were included in the same left frontal 
regions found to be more severely hypometabolic 
in ALS-FTD as compared to ALS-Cn, suggesting 
a continuum between cognitive decline and meta-
bolic activity in these areas. 

 Using statistical parametric mapping (SPM) 
analysis, the hypometabolism in frontal regions 
was associated in all comparisons to the hyper-
metabolism in the cerebellum, midbrain, and cor-
ticospinal tracts; the more severe the cognitive 

decline, the larger the size of the cluster and the 
statistical signifi cance of 18F-FDG uptake differ-
ences. This fi nding supports the hypothesis that 
astrocytosis, mainly in white matter, is associated 
with ALS neurodegeneration and possibly antici-
pates cortical changes [ 62 ,  107 – 109 ]. 

 This study has demonstrated in a large cohort 
of ALS patients a continuum of frontal lobe met-
abolic impairment refl ecting the clinical and ana-
tomic continuum ranging from pure ALS, 
through ALS with intermediate cognitive defi -
cits, to ALS-FTD, and showing that patients with 
intermediate cognitive impairment display a 
characteristic metabolic pattern. 

 A neuropathological staging system of the 
spreading of brain pathology in ALS has been 
proposed, based on the propagation of phosphor-
ylated TDP-43 (pTDP-43) proteinopathy, since 
pTDP-43 aggregates seem to be strictly linked to 
neuron degeneration. According to this model, 
pTDP-43 tends to spread with disease progres-
sion via axonal transport from the primary motor 
cortex to the prefrontal areas, suggesting that all 
ALS patients are susceptible to develop frontal 
cognitive impairment over time, according to dis-
ease duration and rate of progression [ 110 ]. 

 Our fi ndings are in keeping with MRI studies 
comparing ALS patients with different levels of 
cognitive impairment. A structural MRI study on 
39 ALS cases reported that ALS-FTD patients 
display signifi cantly more atrophy of prefrontal 
and anterior temporal cortex as compared to ALS 
with cognitive and behavioral symptoms not ful-
fi lling FTD criteria (ALS plus) and that the ALS- 
plus group shows signifi cantly more atrophy than 
the pure ALS group in various areas including 
the superior frontal gyrus and the left planum 
temporale, supporting the hypothesis of a gradi-
ent of atrophy across groups [ 111 ]. 

 Another MRI study showed that both ALS- 
FTD and ALS patients with cognitive impair-
ment display cortical thinning of the bilateral 
frontal and temporal cortex, with a more pro-
nounced atrophy in the former group, suggesting 
the concept of a morphological continuum 
refl ecting the clinical one [ 112 ]. 

 Since  18 F-FDG-PEt allows to estimate the 
cerebral lesion load in vivo in neurodegenerative 
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diseases, it might be helpful to investigate in 
ALS its association with neuropsychological 
testing along the disease course to disclose the 
early metabolic signature of a possible cognitive 
impairment.     
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      Hybrid Imaging in Vegetative 
State                     

     Carlo     Cavaliere     ,     Marco     Aiello    , and     Andrea     Soddu   

      Since the invention of the artifi cial respirator in 
the 1950s, the rate of patients that survive from 
traumatic accidents, prolonged cardiac arrest, 
and other brain-damaging conditions [ 1 ] has dra-
matically increased. This innovation has led to a 
wide and often undefi ned spectrum of clinical 
syndromes and disorders of consciousness 
(DOC) [ 2 ], including patients “awakening” from 
the acute phase of coma but without any sign of 
voluntary interaction with the environment. 

 Over time, different defi nitions have been 
coined for this condition, like apallic syndrome 
[ 3 ], coma vigil [ 4 ], or, in 1972, “persistent vege-
tative state (PVS)” [ 5 ]. Recently, the European 
Task Force on Disorders of Consciousness has 
coined a different more descriptive name for VS: 
“unresponsive wakefulness syndrome” (UWS) 
[ 2 ]. Two features are intrinsic in this defi nition: 
“unresponsive” to stress that VS patients are 
characterized by refl ex movements without any 
sign of voluntary interaction and command fol-
lowing and “wakefulness” to illustrate the eye 
opening that can be spontaneous or induced by 
stimulation and differentiate this state by coma. 

 Although by defi nition, the VS diagnosis is 
mainly clinical, and so possible to patient’s 
bedside, the distinction among different DOC 
states (e.g., between VS and minimally con-
scious state (MCS)), is sometimes tricky, with 
high rates of diagnostic error to neurological 
assessment [ 6 ]. Nevertheless, accurate diagno-
sis in DOC remains critical for appropriate care 
and prognosis prediction of these chronic 
patients. 

 Despite the best clinical assessment [ 7 ], 
improved with the use of dedicated scales such as 
the Coma Recovery Scale – Revised (CRS-R) [ 8 ], 
some behaviorally unresponsive patients could be 
clinically underestimated in terms of assessment 
of residual consciousness and recovery prediction 
[ 9 ]. In this context, multimodal neuroimaging 
techniques can integrate bedside assessment, pro-
viding a valuable support for a correct workfl ow 
of VS patients [ 10 ]. In particular, morphological 
information about lesion site and extent (com-
puted tomography, CT, and structural magnetic 
resonance, MR), structural connectivity and white 
matter integrity (diffusion tensor imaging, DTI), 
brain metabolism (magnetic resonance spectros-
copy, MRS, and positron emission tomography 
with fl uoro-18 fl uorodeoxyglucose tracer, 18F-
FDG PET), and hemodynamic response (func-
tional magnetic resonance imaging, fMRI; arterial 
spin labeling, ASL; and positron emission tomog-
raphy with oxygen-15 labelled water – 15O-H2O 
PET) can be achieved [ 11 ]. 
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 From a morphological point of view, MRI repre-
sents the gold standard to identify the site, charac-
terize the typology, and evaluate the extent of brain 
lesions in DOC patients. Moreover, this tool is able 
to follow in a noninvasive manner cortical/subcorti-
cal atrophy [ 12 ], hydrocephalus, or lesion evolution 
that often characterize these kinds of patients and 
are predictive of unfavorable outcome [ 13 ,  14 ]. 

 From a functional point of view, PET imaging 
has been the fi rst neuroimaging technique to 
demonstrate massive decrease in brain metabo-
lism in patients with DOC. Studies with 15H- 
H2O PET tracer [ 15 ,  16 ], confi rmed by fMRI 
technique [ 17 ,  18 ], have demonstrated in VS 
patients a signifi cant disconnection of several 
pathways following passive auditory or noxious 
stimulation. Moreover, studies with 18F-FDG 
PET during rest have demonstrated a cortical 
selective reduction of metabolic rate of glucose 
in VS patients, estimated in about 42 % of control 
values [ 19 ]. Also fMRI during resting state has 
introduced new evidences about VS differential 
diagnosis, identifying the so-called default mode 
network (DMN) as the brain network mainly cor-
related with the level of consciousness [ 20 – 22 ]. 

 Other MRI sequences, like DTI or MRS, have 
been also applied to DOC patients [ 13 ,  23 ], 
reporting a signifi cant reduction of fractional 
anisotropy values in predefi ned white matter 
regions (e.g., corpus callosum and thalamus) 
[ 24 – 26 ] or a reduction of both N-acetylaspartate 
to choline ratio (NAA/Cho) and N-acetylaspartate 
to creatine (NAA/Cr) ratio [ 13 ], respectively. 

 In this increasing amount of literature about 
neuroimaging role in DOC patients, only one 
study has recently compared MR and PET fi nd-
ings in the same population [ 27 ]. The authors 
examining 81 MCS and 41 VS patients by 18F- 
FDG PET and fMRI mental imagery task con-
cluded that PET imaging is more accurate than 
fMRI for differential diagnosis and prediction out-
come of DOC. Importantly, several considerations 
have been done according to the different para-
digms and related informations used by these tech-
niques. While 18F-FDG PET directly quantifi es 
the brain metabolic activity during rest, fMRI task 
indirectly evaluates consciousness residuals 
through an intentional “command following” [ 28 ]. 

 Although no evidences exist, the recent intro-
duction of hybrid PET/MR imaging could over-
come these issues, simultaneously acquiring both 
modalities. This neuroimaging tool could be used 
to assess the same phenomena, comparing PET 
and MR fi ndings at the same time. For example, 
it could be interesting to compare 15H-H2O PET 
with ASL-MRI during rest to highlight perfusion 
discrepancies or 15H-H2O PET with fMRI dur-
ing tasks to highlight network disconnections in 
DOC patients. The use of hybrid PET/MR for 
this aim results needed: considered the high tem-
poral resolution of these phenomena, the sequen-
tial acquisition of both modalities is not a choice 
to really compare imaging fi ndings. 

 A different more attractive possibility could 
be to compare different phenomena, employing 
the simultaneous acquisition of both imaging 
modalities. In this way it could be possible to 
characterize complementary features of patients 
with DOC, like metabolism by 18F-FDG PET 
and perfusion or cortical activation by ASL-MRI 
or fMRI, respectively.    
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      Hybrid Imaging in Cerebrovascular 
Disease: Ischemic Stroke                     

     Elisabetta     Giovannini     ,     Giampiero     Giovacchini    , 
and     Andrea     Ciarmiello   

16.1          Background 

 Stroke represents a major health problem with a 
considerable human and economic burden [ 1 ]. 

 Acute cerebral ischemia is one of the main 
causes of mortality and morbidity with incidence 
rate accounting for around 200 cases per 100,000 
population/years [ 1 ]. Actually, stroke is posi-
tioned as the third cause of death in most Western 
countries. Furthermore, due to the aging of the 
population, the incidence and debilitating conse-
quences of stroke are expected to increase dra-
matically [ 2 ,  3 ]. 

 During the event of acute ischemia, cerebral 
blood fl ow (CBF) may drastically decrease. If 
hypoperfusion is prolonged in time, a cytotoxic 
cascade is activated producing focal or diffuse 
cerebral changes. The effects of ischemia depend 
on the duration of reduced cerebral blood fl ow. 
There are various possible outcomes, and tissue 
salvage may be achieved when reperfusion is 
established within a 6- to 8-h period [ 4 ]. When 
the CBF goes below 55 ml/100 g/min, protein 

synthesis begins to deteriorate, and when it drops 
below 35 ml/100 g/min, there is an increased glu-
cose utilization and lactate accumulation. As 
CBF further declines below 26 ml/100 g/min, the 
resulting acidosis leads to the decline in phos-
phocreatine and adenosine triphosphate levels. 
As CBF reaches around 23 ml/100 g/min, neuro-
logical dysfunction and suppression of electrical 
activity in the brain appear. Further deterioration 
of CBF, to 5–18 ml/100 g/min, causes irrevers-
ible hemiparesis and infarction [ 4 ,  5 ]. 

 Generally a central core of infarction with 
severely compromised CBF is surrounded by a 
rim of moderate ischemic tissue with impaired 
electrical activity but some preserved cellular 
metabolism and viability [ 6 ]. This area called 
“penumbra” commonly arises in the periphery of 
the brain when blood fl ow is signifi cantly reduced 
causing hypoxia, but it is not severe enough to 
cause irreversible failure of energy metabolism 
and cellular necrosis (Fig.  16.1 ) [ 7 ,  8 ].

   Tissue within the penumbra is functionally 
impaired and contributes to the clinical defi cit, 
yet it is still viable and hence potentially salvage-
able by effective reperfusion. The extent of the 
penumbra, however, decreases over time by grad-
ual recruitment into the core and as such repre-
sents a key target for therapeutic intervention, 
albeit with a progressively shrinking temporal 
window of opportunity [ 9 ]. The penumbra is 
functionally impaired, but potentially still viable 
brain tissue may survive if blood fl ow is restored. 
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The concept that a proportion of the brain sub-
jected to ischemia is still viable and could recover 
marked a dramatic change in acute ischemic 
stroke management in the last decades [ 4 ]. 

 There are two main types of stroke, that is, 
ischemic stroke and hemorrhagic stroke, which 
affect the brain in different ways and can have 
different causes. Ischemic strokes are the most 
common type of stroke and those where throm-
bolysis or thrombectomy is indicated [ 1 ,  2 ]. 
Ischemic clots occurs when a blood clot block the 
blood fl ow and oxygen diffusion to the brain. 
These blood clots typically form in areas where 
the arteries have been narrowed or blocked over 
time by fatty deposits known as plaques. 
Thrombolysis is nowadays performed. On the 
contrary, mechanical removal of the thrombus is 
indicated as thrombectomy. In the carotid artery, 
this procedure is called carotid endarterectomy; 
carotid angioplasty may also be performed alter-
natively [ 10 ]. The risk of stroke is correlated to 
the dimension of artery stenosis, as determined 
by the plaque. In symptomatic carotid artery dis-
ease, the grade of stenosis is a predictor for pos-
sible ischemic events, and it is the principal 
indication for intervention. 

 Histological studies have shown that plaque 
infl ammation is a major prognosticator for isch-
emic stroke. Rupture of atherosclerotic plaques 
has been identifi ed as the proximate event in the 

majority of cases of acute ischemic syndromes. 
Plaque rupture exposes thrombogenic compo-
nents of the plaque activating the clotting cascade 
and promoting thrombus formation (Fig.  16.2 ) 
[ 11 ]. Although advanced atherosclerotic lesions 
are heterogeneous in nature, the majority is char-
acterized by a large lipid core with a thin fi brous 
cap and increased numbers of infl ammatory cells. 
There is a strong correlation between concentra-
tions of macrophages localized in the site of 
plaque rupture and the occurrence of acute cardio-
vascular events [ 12 ,  13 ]. However, not every 
lesion progresses into a vulnerable or unstable 
plaque as there is a delicate equilibrium between 
degradation and the stabilization response of 
venous walls [ 14 ]. The understanding of plaque 
biology and the shortcoming of angiography in 
carotid stenosis imaging, as well as the concept of 
the penumbra during acute ischemic stroke have 
stimulated the development of novel imaging 
techniques. In the last decade several improve-
ments have been made in neuroimaging technolo-
gies, which have made it possible to investigate 
the penumbra more accurately changing for the 
better acute ischemic stroke treatment.

   Thrombolysis, such as with recombinant tissue 
plasminogen activator (rtPA), in acute ischemic 
stroke, when given within 3 h of symptom onset 
results in an overall benefi t of 10 % with respect to 
living without disability [ 15 ,  16 ]. It does not, 
however, improve chances of survival [ 15 ]. 
Benefi t is greater the earlier it is used. Between 3 
and 4.5 h, the effects are less clear [ 10 ]. 

 Imaging tools capable of providing insights 
into tissue viability continues to gain interest, 
which in turn may improve patient selection for 
reperfusion treatments [ 17 ]. The presence of 
neuroimaging- based evidence of salvageable 
brain tissue may help to identify the optimal time 
windows for which therapy of ischemic stroke is 
warranted [ 18 ].  

16.2     PET/CT Imaging 

 PET, and subsequently PET/CT, has been 
employed as imaging tool to provide insights 
into brain tissue viability in vivo measuring the 

  Fig. 16.1    Schematic representation of the (1) ischemic 
penumbra, the external area potential to reverse neuro-
logic impairment with poststroke therapy, and (2) of the 
ischemic core, brain tissue deemed to evolve in infarction       
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oxygen and glucose metabolism, the two main 
energy substrates of the brain. Quantitative mea-
surements of cerebral hemodynamics CBF and 
oxygen metabolism (oxygen extraction fraction, 
OEF) and cerebral metabolic rate of oxygen uti-
lization (CMRO 2 ) can be obtained using PET 
with the  15 O continuous inhalation method, 
which involved the sequential use of  15 O-labeled 
CO 2  and O 2  [ 19 ]. Experimental work on the isch-
emic fl ow thresholds of brain tissue demon-
strated the existence of two critical levels of 
decreased perfusion: fi rst, a level representing 
the fl ow threshold for reversible functional fail-
ure (functional threshold) and second, a lower 
threshold below which irreversible membrane 
failure and morphologic damage occur. The 
range of perfusion values between those limits 
was called the ischemic penumbra [ 8 ], which 
was characterized by the potential for functional 
recovery without morphologic damage, provided 
that suffi cient local blood fl ow could be 
reestablished. 

 After an acute ischemic event, arterial vessels 
may be damaged and eventual reperfusion may 
then lead to postischemic hyperperfusion [ 20 ]. 
Such hyperperfusion may develop in viable tis-
sue, where it is often mild and does not prevent a 
good outcome. However, it may also occur 

despite ischemic infarcts, known as “luxury per-
fusion.” This phenomenon is a major reason for 
the inability of sole CBF measurements to pre-
dict tissue outcome reliably. Regarding OEF, 
clinical and preclinical studies have demonstrated 
that areas with compromised CBF but increased 
OEF may be indicative of ischemic penumbra, 
even though intersubject and inter-region values 
OEF may have substantial variability [ 21 ]. The 
CMRO 2  has been suggested as a highly promis-
ing parameter in predicting tissue fate in various 
stroke studies [ 22 – 26 ]. Specifi cally, it has been 
shown that brain regions with reduced CBF, but 
preserved CMRO 2 , are associated with neuronal 
survival, whereas brain regions with reduced 
CBF and CMRO 2  refl ect irreversible tissue dam-
age. PET with  15 O-labeled tracers provides essen-
tial physiological information that could predict 
tissue fi nal fate during acute cerebral ischemia. 
Unfortunately, the requirement of having a cyclo-
tron to produce ultrashort half-life  15 O-labeled 
tracers (∼2 min) signifi cantly reduces its clinical 
utility [ 27 ]. 

 Alternatively, fl uorine-18 (or [ 18 F]) has a half- 
life of 110 min, and [ 18 F]-fl uoro-2-deoxy-D-
glucose ([ 18 F]-FDG) has been utilized extensively 
to reveal in vivo glucose utilization in different 
clinical settings. [ 18 F]-FDG is a glucose analogue 

a b

  Fig. 16.2    Schematic representation of a stable plaque ( left ) and an unstable carotid plaque ( right ). The vulnerable 
carotid plaque is invaded by infl ammatory cells that uptake [ 18 F]-FDG and allows its investigation by mean of PET       
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that is taken up by glucose-using cells and phos-
phorylated by hexokinase and intracellularly 
accumulated. In myocardial infarction patients, 
PET/CT with [ 18 F]-FDG has been routinely 
applied to discern viable myocardium before 
considering coronary artery bypass graft surgery 
[ 28 ,  29 ]. Likewise [ 18 F]-FDG-PET also offered 
valuable insights into cerebral glucose metabo-
lism during cerebral ischemia discerning tissue 
viability. [ 18 F]-FDG has been employed in the 
study of cerebral ischemia, particularly in pre-
dicting tissue fate (Fig.  16.3 ) [ 30 ]. There are 
many other PET tracers used to analyze different 
parameters involved in cerebral ischemia. For 
example, markers of hypoxic tissue were also 
tested with respect to their capacity to identify 
penumbral tissue. [ 18 F]-fl uoromisonidazole 
([ 18 F]-FMISO) is a nitroimidazole compound that 
is selectively trapped within hypoxic but living 
cells [ 31 – 36 ]. The uptake of [ 18 F]-FMISO is 
detectable in the periphery and surrounding tis-
sue of infarcts in 70 % of patients studied within 
48 h of stroke, but it does not occur in patients 
studied at a later time point (between 6 and 
11 days) after stroke, and where necrotic change 

had occurred [ 37 ]. Uptake of [ 18 F]-FMISO has 
been demonstrated to shift from the eventual 
infarct core (in patients studied in the fi rst 6 h fol-
lowing the stroke) to the periphery and surround-
ing tissue (in patients studied from 6 to 48 h after 
stroke). Over time, the amount of hypoxic tissue 
declines. When imaged within 6 h of stroke 
onset, about 90 % of the region of [ 18 F]-FMISO is 
included in the eventual infarct, whereas this per-
centage falls to 50 % after 16 h [ 34 ,  38 ]. Clinical 
correlations exist between the volume of initially 
affected tissue and initial severity of the neuro-
logical defi cit and between the proportion of ini-
tially affected tissue progressing to infarction and 
neurological deterioration during the fi rst week 
following the stroke [ 38 ]. Since a variable por-
tion of the tissue detected by [ 18 F]-FMISO does 
not develop into infarct if untreated, [ 18 F]-FMISO 
cannot accurately prevent infarction identifi ca-
tion. So the interpretation of these data is that the 
level of hypoxia necessary for [ 18 F]-FMISO bind-
ing is less than that of the level which causes cer-
tain cell death [ 38 ].

   Neuroimaging techniques can also be used to 
study cellular and functional mechanisms of 
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  Fig. 16.3    [ 18 F]-FDG PET/CT scan of the brain showing a left frontal hypometabolism ( left image ), which is due to an 
acute ischemic stroke       
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poststroke recovery [ 18 ,  39 ]. Generally in a 
healthy brain, mechanisms that inhibit axonal 
sprouting are predominant in respect to stimulat-
ing factors. However, ischemic neuronal injury 
induces axonal sprouting. Bordering this glial 
scar is a larger “growth-permissive zone” of the 
peri-infarct cortex that expresses reduced levels 
of growth-inhibiting factors. In some human neu-
roimaging studies, increased signal in the peri- 
infarct zone correlates with good functional 
recovery [ 39 ,  40 ]. Most evidence indicates that 
functional recovery after stroke occurs primarily 
through reorganization of cortical activity in the 
vicinity of or connected to the infarct. Recent 
studies also suggest that recovery of motor func-
tion may involve alteration of intracortical wiring 
patterns. One potential role of these novel wiring 
patterns may be the recruitment of compensatory 
areas or areas of the brain that are not directly 
related to the damaged area [ 40 ]. The results of 
human neuroimaging studies suggest the forma-
tion of new connections between the peri-infarct 
cortex and the premotor, motor, and somatosen-
sory cortical areas. This reorganization is accom-
panied by increased activity in the supplementary 
motor areas of the damaged side. Mechanisms of 
poststroke language recovery appear to be similar 
to the recovery after motor stroke; there is evi-
dence of peri-infarct zone and contralateral 
homologue contributions to language recovery. 
Multiple mechanisms may exist for recovery of 
function after stroke. Evidence shows that recov-
ery depends on the involvement of areas unaf-
fected by stroke, either proximal to the damaged 
areas or in contralateral homologues. Many vari-
ables infl uence recovery, including age at the 
time of the stroke, the size of the stroke, and the 
poststroke training or therapy. 

 Brain-mapping techniques have dual roles in 
tracking recovery following a stroke. They pro-
vide information about the cellular and molecular 
processes arising naturally during stroke recov-
ery and allow for the investigation of poststroke 
brain plasticity that may result from therapeutic 
interventions. In this scenario PET offers the 
unique opportunity to investigate the binding of 
specifi c neurotransmitter-like ligands to cell sur-
face. Conducting PET imaging studies using 

radioactively labeled neurotransmitters or trans-
porter ligands allows examination of the density 
and regional distribution of specifi c cell surface 
proteins in the brain. Information about receptor 
and transporter distribution or density can indi-
cate the signaling viability of nerve cells in a 
given brain region. This can be quantifi ed with 
different binding indices, namely, the distribution 
volume ( V ) and the binding potential ( BP ), either 
of which can be calculated using a multitude of 
methodological approaches [ 41 – 45 ]. 

 Thus, ligand-based nuclear medicine tech-
niques enable quantitative description of cellular 
neurotransmitter systems. Currently, ligand- 
based nuclear medicine techniques are not in 
widespread use in rehabilitation centers, but they 
appear to have a niche for examining acute 
stroke. A wide variety of PET ligands are avail-
able to the research community. All major neu-
rotransmitter systems can be examined with one 
or more ligand. The gamma-aminobutyric acid 
(GABA) receptor, which has been extensively 
studied for epilepsy, has been evaluated also for 
stroke. [ 11 C]-fl umazenil is a central benzodiaze-
pine receptor radioligand that binds to GABA 
receptors on synapses of cortical neurons. 
Because GABA receptors are sensitive to isch-
emia, the reduction of [ 11 C]-fl umazenil uptake 
has been used to provide an early indication of 
neuronal damage. However, the low density of 
central benzodiazepine receptors in subcortical 
gray and white matter restricts its ability to iden-
tify tissue damage in these regions [ 46 – 48 ]. In 
clinical studies evidence exists that the progno-
sis of aphasia recovery is related to the density of 
GABA receptor binding in language areas. 
GABA has been suggested as a marker of neuro-
nal integrity [ 38 ,  49 ]. 

 Both dopamine D 1  and D 2  receptors can also 
be visualized by PET. The D 2  form selectively 
binds [ 11 C]-raclopride and [ 18 F]-fallypride [ 49 ]. 
Dopamine function, being important to move-
ment coordination in the striatum, could be 
affected by stroke, and dopamine imaging might 
provide a measure of improvement trough the 
rehabilitative therapy. For the dopamine trans-
porter, for example, a PET tracer is represented 
by [ 18 F]-FPCIT, while [ 123 I]-FPCIT is available 
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for SPECT. [ 18 F]-altanserin or [ 18 F]-setoperone 
binds selectively to the serotonin receptor 5HT 2A . 
Ligands also exist for a variety of other receptors, 
including nicotinic and muscarinic acetylcholine 
receptors, adenosine receptors, opioid receptors, 
and many others. Ligand-based imaging is likely 
to become more widespread in rehabilitation 
research, because it indicates the functionality of 
brain tissue with respect to specifi c neurotrans-
mitter systems [ 49 ]. 

 A main objective in cerebrovascular imaging 
is certainly the early assessment in patients with 
symptomatic carotid stenosis to decrease the risk 
of new or recurrent ischemic stroke. At present 
angiography is still the gold standard for the 
diagnosis of carotid stenosis providing high reso-
lution defi nition of the anatomical affected site 
and severity of vessel luminal stenosis. However, 
this technique does not offer enough information 
about atherosclerotic plaques at risk of rupture. 
Some large randomized control trials have shown 
that the risk reduction for stroke by carotid endar-
terectomy is much lower for asymptomatic 
patients compared to symptomatic patients [ 50 ]. 
Carotid endarterectomy is a surgical procedure 
used to reduce the risk of stroke, by correcting 
stenosis in the common carotid artery or internal 
carotid artery. Endarterectomy is the removal of 
material on the inside of an artery. The absence of 
absolute risk reduction after carotid endarterec-
tomy may accentuate the importance of other fac-
tors than plaque size and luminal obstruction. In 
fact atherosclerosis is a multifactorial disease 
combining metabolic alterations with infl amma-
tory reactions such as activation of chemotactic 
proteins and monocytes recruitment [ 51 ,  52 ]. 
Pathology studies have shown that the immediate 
site of plaque rupture contains a high concentra-
tion of infl ammatory cells. Infl ammatory cells 
have high metabolic activity, especially when 
they are activated, which markedly enhances 
their glucose consumption. The imaging tech-
nique that enables quantifi cation of vessel wall 
infl ammation is PET with [ 18 F]-FDG [ 53 ]. 
[ 18 F]-FDG is known to accumulate in infl amma-
tory lesions, a characteristic component of the 
atherosclerosis process (Fig.  16.4 ). So it was 
hypothesized that [ 18 F]-FDG-increased uptake in 

arteries was related to the severity of atheroscle-
rosis. Detection of carotid plaque vulnerability 
by PET/CT may add important diagnostic infor-
mation for both tailoring and monitoring treat-
ment. In some studies it has been shown that 
carotid plaques can be imaged with [ 18 F]-FDG 
PET in patients with carotid stenosis [ 54 ]. The 
estimated [ 18 F]-FDG accumulation rate (plaque/
integral plasma) in symptomatic lesions was 
higher than in contralateral asymptomatic lesions 
(around 25–30 %). There was no increased 
[ 18 F]-FDG uptake in normal carotid arteries. 
Other studies observed an actively vascular 
infl amed plaque, compatible with the clinical 
event, in approximatively 50 % of symptomatic 
patients [ 55 ]. Intensive [ 18 F]-FDG uptake was 
detected also in symptomatic patients previously 
submitted to surgical treatment, who suffered 
from an ischemic stroke, restenosis, or even 
death, during follow-up. Furthermore, it was 
observed that standardized uptake value (SUV) 
of [ 18 F]-FDG into the carotid artery was strongly 
related to the thickness of vessel circumference, 
high-density lipoprotein serum levels, and high- 
sensitivity C-reactive protein levels [ 56 ]. It was 
shown that simvastatin, and not the diet alone, 
attenuated carotid plaque [ 18 F]-FDG uptake [ 57 ].

16.3        Computed Tomography (CT) 

 In a clinical setting, the accurate determination of 
neurological examination and use of no contrast- 
enhanced CT scans are fundamental to rule out 
intracerebral hemorrhage and for selecting isch-
emic stroke patients who may benefi t from reper-
fusion therapies [ 40 ]. Non-contrast CT was 
initially one of the only options in the acute set-
ting of a radiology department to assess cerebral 
ischemia. However, in recent years, the develop-
ment of multiple magnetic resonance imaging 
sequences (see below) provided insight into dis-
ease pathogenesis, mechanism, and evolution. 
Multimodal CT typically includes non-contrast 
CT, CT angiography of both the head and neck 
(CTA), as well as CT perfusion (CTP). 
Customization of imaging protocols in patients 
being evaluated for cerebral ischemia is typically 
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tailored by institution. Multimodal imaging 
offers a comprehensive view of the patient’s con-
dition including integrity of brain parenchyma 
and extent of vascular involvement to a dynamic 
view of tissue viability based on the status of 
cerebral perfusion. The choice between CT ver-
sus magnetic resonance imaging can be tailored 
to the patient and to their symptoms at presenta-
tion. CT becomes the preferred imaging modality 
in patients who are unable to undergo MRI as in 
the case of those who have pacemaker devices or 
implanted metallic objects and for patients too 
unstable to sustain placement in a supine position 

for an extended period of time. CT has limited 
sensitivity in the detection of very early ischemic 
injury in the acute setting and is restricted in the 
ability to accurately visualize posterior fossa 
pathology [ 58 ]. However, due to the high speci-
fi city and to the wide availability of CT technol-
ogy, in the community CT scanning continues to 
prevail as the fi rst-line imaging modality. CTA 
and CTP, when combined with diagnostic CT, 
yield additional insight on early ischemia. In con-
junction with a patient presentation and clinical 
exam, which is consistent with a vascular event, 
non-contrast CT may at least be helpful in ruling 

  Fig. 16.4    [ 18 F]-FDG PET/CT carotid artery imaging. 
Transversal and coronal images display a vulnerable 
carotid plaque on the  right side  with intense tracer uptake. 

On the contrary, the uptake of [ 18 F]-FDG in the contralat-
eral vessel is only negligible       
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out cerebral hemorrhage or an existing, nonvas-
cular reason for presentation, such as mass- 
related to infection, malignancy, or other etiology. 
In the cases of suspected cerebral ischemia where 
non-contrast CT did not show abnormality, to 
repeat serial imaging with the evolution of the 
patient’s symptoms is also critical [ 40 ]. 

 CTP images are acquired in the cine mode 
after intravenous injection of an iodinated con-
trast agent, generating maps of cerebral blood 
fl ow (CBF), cerebral blood volume (CBV), as 
well as mean transit time (MTT) and time to peak 
(TTP) [ 59 ]. The maps are reproducible, espe-
cially when relative perfusion parameters are 
used, and reportedly have >90 % sensitivity and 
specifi city for detecting large hemispheric stroke. 
Anatomical coverage, however, is typically 
restricted to 20 mm (two to four slices), reducing 
sensitivity to stroke not caused by proximal 
major artery occlusion [ 9 ]. Recent studies on 
CTP in acute stroke demonstrated that tissue with 
CBV <2 ml/100 g represents the core, while a 
relative MTT above 145 % of the normal hemi-
sphere best outlines all at-risk tissue [ 60 ]. The 
penumbra can thus be estimated as the tissue 
existing between those two thresholds. Using this 
methodology, CTP parameters correlate very 
well with diffusion-weighted and perfusion- 
weighted MRI and are good predictors of the 
fi nal infarct volume and clinical recovery [ 61 ]. In 
combination with CT angiography, CTP has 
comparable utility with that of MR in selecting 
patients for thrombolysis [ 9 ].  

16.4     Magnetic Resonance 
Imaging (MRI) 

 Based on the complexity of distinguishing core 
and penumbra in the clinical setting, a multimodal 
approach to imaging that provides not only struc-
tural but also functional and hemodynamic infor-
mation to aid the decision-making process is 
considered necessary also for MRI [ 62 ]. For MRI 
the approach includes a combination of conven-
tional sequences (such as T1-weighted and 
T2-weighted sequences and fl uid-attenuated 
inversion recovery) and T2-weighted, time-of-

fl ight MR angiography, diffusion-weighted MRI 
(DWI), and perfusion- weighted MRI (PWI) [ 62 ]. 

 Conventional (T1/T2) MRI sequences may not 
demonstrate an infarct for 6 h, and small infarcts 
may be diffi cult to appreciate on CT for days, 
especially without the benefi t of prior imaging. 
Other MRI modalities, especially DWI and PWI, 
have been used with great success in many studies 
of cerebrovascular diseases and now are gradually 
entering in clinical use. DWI and PWI can detect 
brain ischemia within minutes from onset of 
stroke with high diagnostic accuracy, even for 
small areas of acute ischemia [ 63 ]. The DWI sig-
nal refl ects restriction of the random motion of 
water in tissue and the decline of its apparent dif-
fusion coeffi cient (ADC) – although the exact 
biological correlates are not completely under-
stood, this probably involves energy failure and 
subsequent cytotoxic edema [ 9 ]. Increased DWI 
signal in ischemic brain tissue is observed within 
a few minutes after arterial occlusion and pro-
gresses through a stereotypic sequence of appar-
ent diffusion coeffi cient reduction, followed by 
subsequent increase, pseudo- normalization, and, 
fi nally, permanent elevation. Parametric maps of 
TTP and MTT can be generated similarly to 
PCT. If comparison of the perfusion defi cit 
depicted on these maps with the apparent diffu-
sion coeffi cient on DWI (assumed to denote the 
core) yields a mismatch pattern (PWI >DWI), 
then the brain region is considered to indicate the 
existence of salvageable at-risk tissue and is found 
in about 70 % of all patients with anterior circula-
tion stroke within 6 h of onset [ 9 ]. Reported sen-
sitivity ranges from 88 to 100 % and specifi city 
ranges from 86 to 100 %. Furthermore, these MRI 
modalities allow the follow-up of the ischemic 
lesion size over time with good spatial and tempo-
ral resolution, demonstrating perfusion defi cit and 
reperfusion and the existence and the extent of 
penumbra. In contrast to the CT trials, MRI pilot 
studies  demonstrate benefi t of therapy up to 6 h 
after onset of symptoms [ 64 ]. DWI and PWI are 
not only of primary importance in the clinical set-
ting for an early diagnosis of ischemic stroke, but 
they also can be used to defi ne the therapeutic 
regimen and subsequently to monitor the thera-
peutic effi cacy [ 65 ,  66 ].  
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16.5     Future Directions: PET/MRI 

 The development of magnetic fi eld-insensitive 
PET detector technology paved the way from 
PET/CT to hybrid PET/MR systems, which have 
been commercially available since 2011. Due to 
the higher contrast between gray and white mat-
ter, MR provides a substantial advantage over 
CT for diagnosing CNS pathologies [ 40 ]. For 
scanning of neurological patients, the combina-
tion of both PET and MR has often proven to be 
superior to the single modality approach, 
improved workfl ow aspects and an increase in 
patient comfort, and regarding their research 
potential, the ability to characterize different 
pathophysiological aspects of diseases [ 67 ]. 
Acquisition of MR also allows correction for 
partial volume effect in PET studies. The fi rst 
PET/MR studies with dedicated PET/MR scan-
ners are now similarly providing evidence of the 
gained information and synergic effect of these 
two techniques. In particular hybrid [ 18 F]-FDG 
PET/MRI has proved to be a technology able to 
identify high-risk plaques and that may further 
improve vascular risk stratifi cation in asymp-
tomatic populations [ 68 ]. There are, however, 
clear advantages of using simultaneous PET/
MRI scanners as compared to PET/CT and 
stand-alone MRI in this setting. The simultane-
ous acquisition diminishes the problem of the 
correct alignment between sequential examina-
tions; this could be of particular importance in a 
follow-up trial where the expected plaque 
changes might be small. The information can be 
used not only for accurate diagnosis and deter-
mination of extent of disease but also for reason-
able targeted therapy and monitoring treatment. 
Simultaneous PET/MRI may contribute in 
detecting the salvageable brain in patients with 
stroke, and it may facilitate the clinician in 
choosing the most appropriate short-term and 
long-term treatments [ 61 ]. 

 Although PET is still considered a very accu-
rate tool for noninvasively identifying the rele-
vant regions of hemodynamic and metabolic 
compromise in ischemic stroke [ 69 ,  70 ], PET is 
not routinely integrated into the fi rst-line diag-
nostic evaluation of patients with suspected 

cerebrovascular issues or stroke. Diagnosis is 
usually obtained by CT or increasingly also by 
MRI [ 67 ]. The MRI perfusion/diffusion-
weighted mismatch is believed to refl ect tissue 
that is potentially salvageable similar to the PET 
penumbra concept [ 39 ]. However, perfusion-
weighted imaging does not correctly estimate 
the PET penumbra because it only assesses 
hypoperfusion in the vascular bed. A simultane-
ous determination of perfusion- weighted imag-
ing hypoperfusion, a low fl ow preserved and 
oxygen extraction fraction by PET imaging, 
should be necessary to discriminate tissue that 
can benefi t from therapies or to exclude patients 
who are not likely to benefi t from thrombolytic 
therapy [ 67 ,  71 ]. Also in the follow-up of isch-
emic stroke, the simultaneous comparison 
between the progression of a lesion (the oxygen 
extraction or microglial activation using PET) 
and changes in brain perfusion (evaluating by 
perfusion- and diffusion-weighted images) is 
important. In fact these changes occur in small 
areas around the primary lesion and are tran-
sient so a simultaneous determination is 
necessary. 

 However, uncertainties about the meaning of 
DW image lesions have implications for the mis-
match theory. Heiss compared [ 15 O]-water PET 
and [ 11 C]-fl umazenil PET with MRI in patients 
with acute ischemic stroke [ 5 ]. They observed 
that DWI/PWI MRI mismatch overestimates the 
penumbra. Therefore, while MRI alone may not 
provide an accurate marker of the penumbra, 
combined PET and MRI provides complemen-
tary information about the penumbra that might 
enhance the accuracy of its measurement [ 46 ]. 

 The use of [ 18 F]-FDG PET or MRI for imag-
ing atherosclerosis has received much attention 
recently. [ 18 F]-FDG PET has been used as a 
molecular marker of infl ammation, and thus per-
haps vulnerability of plaques and MRI has been 
proven effective in differentiating plaque 
 components based on signal intensities and mor-
phological appearance of the plaque on different 
imaging sequences [ 72 ]. In the same study 
[ 18 F]-FDG PET fused with MRI identifi ed addi-
tional highly infl amed lesions in the vascular ter-
ritory of the remaining patients [ 72 ]. Recently, 
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the reproducibility results, using MRI for 
 correction of partial volume error, are analyzed in 
patients with a recent transient ischemic attack 
[ 54 ,  73 ]. MRI- guided [ 18 F]-FDG PET resulted as 
a highly reproducible technique in the carotid 
artery providing excellent anatomical details. 
Using a combined PET/MRI system with 
[ 18 F]-FDG, it was recently shown that morpho-
logical and biological features of high-risk 
plaques can be detected with non- stenotic athero-
sclerotic plaques ipsilateral to the stroke, sug-
gesting a causal role for these plaques in stroke. 
Combined [ 18 F]-FDG PET/MRI systems might 
help in the evaluation of patients with ischemic 
stroke classifi ed as cryptogenic [ 74 ].  

16.6     Final Remarks 

 PET [ 15 O] inhalation technique, which is hardly 
used nowadays also in research settings, has been 
fundamental since the early 1980s for fi rst concep-
tualizing, imaging, and quantifying in vivo isch-
emic stroke and experimentally distinguishing 
the core from the penumbra. This distinction 
derived from clinical observations of reversible 
or partially reversible clinical defi cits in some 
ischemic patients that received early revascular-
ization. Owing to the limited availability, high 
costs, and extensive process of arterially input- 
derived parametric images, the development of 
multiparametric CT and MRI largely substituted 
this old but fascinating technique in the routine 
clinical settings and also in many clinical 
research applications. CT and MR are nowadays 
the standard for diagnosis, treatment, and fol-
low-up of ischemia in many centers. Through 
the use of [ 18 F]-FDG or of different specifi c 
receptor tracers, such as [ 11 C]-fl umazenil, 
[ 18 F]-fl uoromisonidazole, [ 11 C]-raclopride, and 
[ 18 F]-fallypride, PET can nevertheless be used 
to quantify or predict the extent and severity of 
the ischemic neural damage; these studies do 
not require an input function, can be done out-
side the critical acute phase, and are logistically 
less complex. However, not providing a pure 
CBF information and for the inevitable logistic-
limited availability, PET with either [ 18 F]-FDG or 

receptor ligand has still limited use for the differ-
entiation between core and penumbra in the acute 
clinical setting. Dedicated centers with integrated 
PET/MRI scanners and ideally a cyclotron are 
equipped with a very potential tool that might com-
bine information derived from the two modalities 
and might provide an increasing offer of diagnostic 
options for early therapy of cerebrovascular disor-
ders of the brain. A realistic clinical application of 
these dedicated scanners is represented by the evalu-
ation, using [ 18 F]-FDG, of the instability of the ath-
erosclerotic plaque of carotid arteries. PET/MRI 
may also improve the physiological understanding 
of healthy and pathological brain functions, opening 
up new prospects for a more accurate assessment of 
brain disease in the acute phase and for monitoring 
the recovery of the brain functions. Therefore, a 
comeback of PET methodology in the management 
of acute cerebral vascular disease can be predicted.     
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      Hybrid Imaging in Emergency 
Room                     

     Lorenzo     Stefano     Maffi oli     ,     Luca     Dellavedova    , 
and     Luigia     Florimonte   

17.1          Introduction 

 The clinical role of nuclear medicine procedures 
in emergency department is largely limited by the 
frequent absence of gamma camera SPECT in 
this location and a lack of availability of a nuclear 
medicine physician 24 h per day. 

 All these practical problems and widespread 
availability of CT and MRI have eclipsed the util-
ity of NM methods, even if specifi c acute indica-
tions of these methods remain. 

 The advent of hybrid modality (SPECT-CT) 
could open new perspectives and overcome these 
problems, especially for brain imaging in acute 
care: the goal is to obtain important coupled 
functional and anatomical information. 

 The added value of hybrid imaging is the pos-
sibility to accurately localize nuclear medicine 
fi ndings in the corresponding anatomical struc-
tures and the correction of photon attenuation. In 
fact, the major limitation of brain SPECT study is 
the attenuation by the skull. The commonly used 

Chang method of attenuation correction is based 
on a simple mathematical algorithm, which is 
susceptible to technical variation. In diagnosis of 
dementia with SPECT, it can be diffi cult to sepa-
rate the real defect from the attenuation artifact. 
Variation between images owing to the Chang 
attenuation correction may generate artifact when 
ictal-interictal subtraction SPECT scans are used 
for seizure localization: so SPECT-CT provides 
more accurate diagnostic results [ 1 ]. 

 The possibility to perform both anatomical 
and functional images (high-quality CT scans 
simultaneously with brain SPECT) with one 
gantry in a single imaging session, without 
requiring additional space in an emergency 
room, may be of particular utility in detecting 
cerebral disorders. 

 In this way one can overcome a major disad-
vantage represented by the need to transport 
patient in unstable conditions from the intensive 
care unit to the imaging suite. In addition, the 
procedure can limit the time between diagnostic 
and therapeutic approach, thus shortening the 
hospital stays. 

 So, the presence of a SPECT-CT in an emer-
gency department can result in a more rapid and 
accurate diagnosis. 

 Now we shortly review the main clinical indi-
cation in acute care setting (with particular atten-
tion to the evaluation of cerebral perfusion and 
cerebrospinal fl uid fl ow).  
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17.2     Perfusion Imaging 

 The fi rst imaging procedure in the evaluation of 
brain perfusion in an emergency room is the 
SPECT-CT to early diagnose  brain death  [ 2 ,  3 ]. 

 This ancillary examination serves after physi-
cal examination and apnea test to shorten the 
required interval to a second physical examina-
tion (or to avoid it). In other conditions SPECT-CT 
can be performed when physical examination 
and apnea test cannot be performed because of 
facial trauma, instability of vital signs, presence 
of drug intoxication (i.e., barbiturates), poison-
ing, neuromuscular blockade, hypothermia, and 
inadequate acoustic window through transcranial 
Doppler ultrasonography. Brain death scintigra-
phy may also be helpful in patients who are being 
considered as possible organ donors. In this case, 
the advantage is that donor organs are not exposed 
to the toxic effects of contrast media, thus pre-
venting potential damage. 

 In addition, brain death could be investigated 
for forensic purposes in case of suspected crimi-
nal activities. 

 The delicate diagnosis has to be achieved by 
avoiding potential pitfalls that could generate 
misdiagnosis (e.g., lack of trapping because of 
radiopharmaceutical instability, extravasation 
during injection, or wrong injected radiopharma-
ceutical): the injected radioactive bolus must be 
clearly documented in the angioscintigraphic 
study as a transit throughout the common carotid 
arteries. This procedure, particularly important 
when lipophilic agents are used, allows for imag-
ing with suboptimal patient positioning, which is 
often the case because of the presence of life sup-
port equipment. 

 When a non-lipophilic radiopharmaceutical 
(they do not pass the intact BBB, such as  99m Tc- 
DTPA) is i.v. injected, normal fi nding results as a 
“trident appearance,” due to the imaging of blood 
fl ow in the carotid and anterior and middle cere-
bral arteries. The blood pool demonstrates activ-
ity in dural venous sinuses. A lack of this sign 
refl ects an absence of cerebral blood fl ow. 

 When a lipophilic radiopharmaceutical (they 
freely pass the BBB and accumulate and remain 
fi xed in brain parenchyma with minimal redistri-
bution) is injected, delayed imaging (parenchy-

mal phase) provides information on cerebral 
perfusion. In case of brain death, the radiophar-
maceutical (e.g.,  99m Tc bicisate [ 99m Tc-ECD] or 
 99m Tc-exametazime [ 99m Tc-HMPAO]) is not 
trapped in cerebral tissue. The use of SPECT-CT, 
when feasible, makes image interpretation 
straightforward [ 4 ]. 

 Thanks to an accurate co-registration of ana-
tomical and functional images, the diagnostic 
value is increased by anatomical details. 

 So, SPECT-CT with  99m Tc-HMPAO or  99m Tc- 
ECD (two of which are the preferred imaging 
radiopharmaceuticals because they cross the 
BBB) can be used to confi rm, but not diagnose, 
clinically suspected brain death [ 5 ]. 

 Another important application of SPECT-CT 
in an emergency department is the study of  cata-
strophic or traumatic brain injury  (CBI or TBI). 

 Following CBI when some degree of residual 
brain stem function is demonstrated at physical 
examination, SPECT-CT brain perfusion can 
improve the assessment of the extent of injury 
with respect to the CT alone. In this, the neurolo-
gist/neurosurgeon can be helped in prognosing 
patient outcome prior to aggressive therapies [ 6 ]. 

 TBI is characterized by various complex clini-
cal phenomena with unclear defi nition (taxon-
omy, natural history, or pathology criteria). 
Usually it is divided in mild, moderate, or severe 
TBI on the basis of acute presentation that incon-
stantly predicts the long-term outcome. In this 
setting SPECT-CT can show focal hypoperfusion 
not matching with a normal CT or MRI [ 7 ]. This 
functional fi nding (not supported by anatomical 
changes) can early reveal post-injury neurocog-
nitive or psychological defi cits, possibly by 
revealing only mild changes in regional blood 
fl ow. So, SPECT was found to outperform both 
CT and MRI in both acute and chronic imaging 
of TBI, particularly mild TBI. It was also found 
to have a near 100 % negative predictive value 
[ 8 ]. SPECT-CT can be more accurate than CT or 
MRI alone in detecting lesion in TBI. Moreover 
SPECT-CT is related to neuropsychological and 
neurological outcomes and it can change treat-
ment interventions. For these reasons Raji et al. 
conclude that SPECT should be mandatory in the 
diagnosis and management of TBI, according to 
the study by Chen et al. [ 9 ]. 
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 SPECT-CT can assist in the diagnosis, progno-
sis, and treatment of patients in the post-traumatic 
period. Moreover, SPECT-CT may also diagnose 
occult brain trauma in clinically confusing cases 
(symptoms can widely range in specifi city and 
frequency) [ 10 ]. SPECT-CT in emergency room 
could help in revealing occult TBI in cases of 
treatment-resistant or treatment- unresponsive 
conditions (e.g., depression) [ 11 ,  12 ]. 

 In  cerebrovascular acute diseases , SPECT-CT 
plays an important potential role in acute setting, 
too. In fact, the gold standard in emergency room 
is the perfusion CT and/or MRI. However, these 
diagnostic tools allow to diagnose acute stroke 
only when the brain damage has yet occurred. At 
the contrary, perfusion SPECT-CT can give 
important early diagnostic and prognostic infor-
mation, providing data on vasodilatory reserve, 
extension, and severity of the lesion. Moreover, it 
has an important added value in differentiating 
between nutritional reperfusion vs. luxury perfu-
sion and allows to monitor the effects of surgical/
interventional therapy [ 13 ]. 

 Rescuing of viable tissue suffering ischemic 
penumbra is an important target of early thera-
peutic strategy. 

 The effects of drugs and interventions for 
ischemic stroke can be monitored by the imaging 
of the penumbra and cellular responses. This 
indicates that SPECT-CT could play a potential 
prognostic role as a marker of the effi cacy of 
future therapies [ 14 ,  15 ]. 

 Finally, since most of SPECT-CT tomographs 
are equipped with a multi-slice HR CT scanner, 
the new exciting frontier is the simultaneous 
acquisition of HR contrast-enhanced CT scan 
and perfusion SPECT, thus increasing the diag-
nostic performance of the study. In this context 
nuclear physician and radiologist can detect early 
vascular abnormalities (e.g., cerebral ischemia, 
stroke, or carotid stenosis), helping the clinician 
in rapid decision making. 

 However, it has to be remembered that the co- 
registration of functional and anatomical images 
increases radiation exposure to patients: the cost- 
effectiveness of the analysis must be kept in con-
sideration. Anyway, the study has to be a priori 
justifi cated, and the CT ring should be optimized, 
e.g., by adapting dose reduction  measures from 

SPECT-CT, and exposure levels should not 
exceed the national diagnostic reference levels 
for standard situations. 

 A further condition in which SPECT-CT has 
an incremental value in emergency room is in 
those cases in which a  poisoning from carbon 
monoxide  (CO) is suspected as a fatal event. 

 In fact, CO may damage multiple systems 
and, among these, especially those with high 
oxygen utilization (e.g., central nervous system – 
CNS). In general the clinical effects and progno-
sis of acute CO poisoning poorly correlate with 
blood carboxyhemoglobin (COHb) levels 
because of oxygen usually administered in ambu-
lance (and in an emergency room before the 
blood withdrawal). In the early phase of CO 
intoxication, functional brain SPECT may be 
highly sensitive to brain injury due to CO poison-
ing. Its increasing role in evaluating the brain 
with acute CO intoxication is characterized by 
hypoperfusion in the basal ganglia  ,  followed by 
the temporal, parietal, frontal, and occipital lobes 
and thalamus, but not in the cerebellum [ 16 ,  17 ]. 

 Less common conditions in which SPECT-CT 
can be performed in acute setting are disorders 
that mimic stroke (toxic-metabolic pathologies, 
seizure disorders, multiple sclerosis, degenerative 
neurologic conditions, hemiplegic migraine, 
intracranial tumors, and peripheral neuropathies). 
Functional stroke mimics are an important sub-
group admitted to acute stroke services and have 
a distinct demographic and clinical profi le. 
Approximately one third of stroke mimics have 
been shown to be misdiagnosed (particularly in 
young people). The neurologist has to determine 
whether acute neurologic defi cits represent a 
transient event or a stroke. Furthermore, their 
outcomes are poorly monitored, as demonstrated 
in a recent paper by Gargalas et al. [ 18 ], which 
concludes that “services should be developed to 
better diagnose and manage these patients.” 

 Among the disorders that mimic stroke, 
SPECT-CT can play an important role in  hemiple-
gic migraine  (HM), an unusual type of migraine, 
with aura lasting less than 24 h. For this reason, 
the clinician does not check the variations of cere-
bral vascular fl ow. However, the regional cerebral 
blood fl ow in patient with migraine with aura is 
characterized by a hypoperfusion in the posterior 
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part of a hemisphere (according to symptoms). In 
migraine without aura, no blood fl ow changes 
occur. 

 So, SPECT-CT can help to make the differen-
tial diagnosis and to assess the cause of the neu-
rological fi ndings [ 19 ].  

17.3     Cerebrospinal Fluid Flow 

 Another useful clinical indication of SPECT-CT 
in an emergency department is the evaluation of 
patients suspected of having  cerebrospinal fl uid 
(CFS) leaks  that can occur after a trauma. 
Diagnosis and localization of CSF leak can be 
diffi cult. Planar images are affected by poor reso-
lution and anatomic details. Co-registered 
SPECT-CT images allow accurate identifi cation 
of the site of CFS leakage, thus avoiding the 
count of nasal pledget [ 1 ]. 

 Integration of prolonged imaging protocols 
with co-registered anatomical/scintigraphic 
images seems to allow a precise and accurate 
diagnosis especially in slow or intermittent leaks. 
This is crucial for a prompt surgical or interven-
tional closing of the dural defect, particularly if it 
is located at the base of the skull, because bacte-
rial meningitis is the main cause of morbidity and 
mortality in these patients [ 20 ]. 

 The  assessment of CSF shunt patency  is an 
important indication for a SPECT-CT in an emer-
gency department, when a malfunction is sus-
pected, because of nonspecifi c clinical symptoms 
and signs. The most common shunt systems are 
ventriculoperitoneal and ventriculoatrial shunts. 
Other systems are ventriculopleural and lumbo-
peritoneal devices. After pertechnetate adminis-
tration, shunt patency can be demonstrated by the 
fl ow activity to the distal end of the catheter. 
SPECT-CT can allow the precise localization of 
the stop and, possibly, its cause.  

    Conclusions 

 In conclusion, emergency room evaluation of 
patients presenting with brain disorders or 
injuries is common. The introduction of 
hybrid imaging modalities could probably 
increase the global accuracy of these evalua-

tions, but its implementation is underdevel-
oped in most health systems, in spite of its 
clinical usefulness. The absence of specifi c 
HTA studies, and the consequent lack of clear 
evidence about the possible infl uence in the 
managing decision process, surely contributes 
to this delay. 

 Moreover, the rapid evaluation of patients 
in an emergency department requires a prompt 
availability of nuclear medicine staffi ng and 
radiopharmacy H24: this is still the most com-
mon and important limitation because they are 
considered not cost-effective and too slow in 
answering the clinical issue. However, the 
introduction of hybrid technology with 
SPECT coupled with multi (16–64)-slice CT 
(that could be used as a stand-alone device, 
too) could help the diffusion of nuclear medi-
cine in emergency department: with recent 
advances in camera technology and changes 
in imaging protocols, in fact, nuclear medicine 
is becoming a more and more effi cient way of 
providing functional diagnostic information. 

 Looking forward, we will probably have to 
evaluate if another recently developed hybrid 
imaging modality, as PET/MRI, could play a 
role in brain imaging also in an emergency 
department setting. MRI availability and utili-
zation in emergency departments is increas-
ing, mostly due to MRI and MR angiography 
examinations of the head (up to 70 % of the 
total number of scans). The limited soft-tissue 
specifi city of CT, in fact, hinders its role in 
brain imaging in comparison to the greater 
anatomic detail of MRI that, in addition, does 
not implicate the use of ionizing radiation. 
Combining SPECT or PET and MRI holds 
great promise since the hybrid would be better 
than each stand-alone unit, allowing for simul-
taneous structural and functional data acquisi-
tion for diagnosis and treatment [ 21 ]. 

 Anyway, no clear data have demonstrated 
whether the increase in MRI utilization in 
emergency departments results in better 
patient outcomes; moreover, many critics 
argue this is not a test needed on an emergency 
basis, supposing that it will only increase the 
risk of costly defensive medicine. 
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 Thus, at the moment, the availability of 
PET/MRI or SPECT/MRI devices in an emer-
gency setting seems to be an appealing but 
almost an infeasible option.     
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18.1          Introduction 

 Strategic planning of technology development 
in healthcare is a complex process including the 
analysis of economic, medical, and social key 
elements. The main objective of the decision- 
making process in healthcare should be to pro-
mote effective and sustainable technological 
development, which effectively means a devel-
opment able to produce a real improvement for 
research and patient’s healthcare. It is conceiv-
able that several key factors need to be identi-
fi ed to achieve this objective. Some of these are 
internal to the system (hospital, university, 
research clinic) where improvements should be 
realized, whereas others are external and depend 
on the economic environment, users (physi-
cians, researchers), patients, manufacturers, and 
all other stakeholders that for various reasons 
are involved with these technologies. The 
involvement of different stakeholders is neces-
sary in order to consider all possible relevant 

factors in a decision-making process and to 
legitimate the fi nal decision [ 1 – 4 ]. Methods 
which include various stakeholders are based on 
public meetings, surveys, workshops, inter-
views, and e- participation through web plat-
forms or other communication modalities. In 
this context, a factor can be considered a 
strength or a weakness, an opportunity or a 
threat, depending on the point of view or the 
expectations of each stakeholder. These differ-
ences describe more deeply the complex and 
dynamic scenario in which the evaluation must 
be carried out [ 5 ]. SWOT analysis is a decision 
supporting tool designed for incorporating 
internal (strengths and weaknesses) and external 
(opportunities and threats) factors into organi-
zational or technological change planning. 
SWOT analysis is not only devoted to profi t- 
seeking organizations but may also be used in 
any decision-making process where the pro-
posed aim is clearly defi ned. SWOT analysis 
has been effectively used for strategy building 
and matching and converting purposes. The 
SWOT analysis has already been applied in 
some areas of medicine to address various orga-
nizational, technical, or scientifi c issues [ 6 – 10 ]. 
Only in a few cases was SWOT used for the 
strategic planning of technological development 
[ 11 ] or to promote the development and equal 
accessibility to technological resources poten-
tially useful for population health [ 12 ]. 
Technological development has an important 
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strategic role in terms of economic perspective 
as well as for the potential effect on population 
health and the availability of competitive tools 
for health research. Recent and latest genera-
tions of  molecular hybrid modalities include 
high-cost technology and a potentially high 
impact on population health. Without consider-
ing the possible improvement of health research 
produced by cutting-edge technologies and the 
raising of competitiveness compared to other 
developed countries. We aimed to identify fac-
tors that could affect the success of a program of 
technological development and investigate the 
potential impact of technology development on 
quality improvement in healthcare. Therefore, 
we used the SWOT to compare internal 
(strengths and weaknesses) and external (oppor-
tunities or threats) main factors of the positron 
emission tomography (PET) associated with a 
CT scanner and a PET coupled to a magnetic 
resonance (MR) scanner. The analysis of the 
survey results has identifi ed some internal and 
external factors useful to healthcare facilities for 
planning a strategic development plan and by 
manufacturers to improve scanner performance 
and market positioning.  

18.2     SWOT Analysis Framework 

18.2.1     Defi nition and Method 

 SWOT analysis is an analytical method which 
is used to identify and categorize signifi cant 
internal (strengths and weaknesses) and exter-
nal (opportunities and threats) factors involved 
in any kind of development project or planning 
activity. SWOT can be used by any public or 
private organization or fi rm with the aim of 
evaluating all pro and con factors of the project 
to be started. SWOT provides information help-
ful in matching the organizations’ resources 
and capabilities to the competitive environment 
in which they operate thus providing an impor-
tant contribution to the strategic planning 
process. 

 It should not be viewed as a static method with 
emphasis solely on its output, but should be used 

as a dynamic part of the management and busi-
ness development process. 

 SWOT analysis involves the collection and 
portrayal of information about internal and exter-
nal factors that have, or may have, an impact on 
the evolution of an organization or business. It 
generally provides a list of an organization’s 
strengths and weaknesses as indicated by an anal-
ysis of its resources and capabilities, plus a list of 
the threats and opportunities identifi ed by an anal-
ysis of its environment. Strategic logic requires 
that the future pattern of actions to be taken should 
match strengths with opportunities, ward off 
threats, and seek to overcome weaknesses. 

 SWOT analysis is not necessarily a foresight 
approach but can be a good starting point for the 
discussions of foresight. Another possibility is 
matching your own strengths and weaknesses 
against different foresight results. The different 
viewpoints can be a starting point for a discus-
sion of the real threats and opportunities for those 
who want to improve the competitiveness of a 
company, region, or country. 

 This analytical approach was previously used 
mainly in policy research to systematically ana-
lyze organizations’ environments and only 
recently has been introduced in healthcare sys-
tems [ 5 ,  11 ]. When properly used, SWOT analy-
sis may provide decision-makers a strong and 
structured basis for strategy development. 

 Normally the people directly involved in vari-
ous hierarchical levels of decision-making in an 
organization or business are part of the same 
organization or a wider sample of actors if the 
SWOT analysis concerns a whole region or 
nation. Representatives from a variety of internal 
stakeholder groups should be involved, as they 
would contribute to the analysis of their own 
particular perspectives. At least one expert in 
SWOT analysis should take part in or moderate 
the process. 

 Drawing up opportunity and threat matrices 
encourages an assessment of the likely probabil-
ity and impact any factor may have on the orga-
nization. A scoring system can be used to assign 
importance to factors. A factor with a high score 
on both “probability of occurrence” and “likely 
impact on the organization or business” would 
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have to be one worthy of close attention and play 
a signifi cant part in the development of a strate-
gic plan. Similarly, strengths and weaknesses 
can be assessed against a scoring system that 
allows the factors to be identifi ed according to 
their signifi cance (i.e., major, minor, neutral) 
and level of importance (high, medium, low). 

 It is possible to represent this analysis in a 
performance-importance matrix that highlights 
those factors which are important and in which 
performance of the organization/business is low. 
It is toward these factors that strategy should be 
addressed. 

 To be more specifi c, the set of questions that 
need to be answered should be similar to the 
following:

•    What are your advantages?  
•   What do you do well?  
•   What relevant resources do you have access to?  
•   What do other people see as your strengths?    

 Consider this from your own point of view 
and from the point of view of the people you deal 
with. Don’t be modest. Be realistic. If you are 
having any diffi culty with this, try writing down 
a list of your organization’s characteristics. Some 
of these will hopefully be strengths! 

 In looking at your strengths, think about them 
in relation to your competitors, for example, if all 
your competitors provide high-quality products, 
then a high-quality production process is not a 
strength in the market, it is a necessity:

•    What could you improve?  
•   What do you do badly?  
•   What should you avoid?    

 Again, consider this from an internal and 
external viewpoint: Do other people seem to per-
ceive weaknesses that you do not see? Are your 
competitors doing any better than you? It is best 
to be realistic now and face any unpleasant truths 
as soon as possible:

•    Where are the good opportunities in front of 
you?  

•   What are the interesting trends you are aware of?    

 Useful opportunities can come from such 
things as:

•    Changes in technology and markets on both a 
broad and narrow scale  

•   Changes in government policy related to your 
fi eld  

•   Changes in social patterns, population pro-
fi les, lifestyles, etc.  

•   Local events    

 A useful approach to looking at opportunities 
is to look at your strengths and ask yourself 
whether these open up any opportunities. 
Alternatively, look at your weaknesses and ask 
yourself whether you could open up opportuni-
ties by eliminating them:

•    What obstacles do you face?  
•   What is your competition doing?  
•   Are the required specifi cations for your job, 

products, or services changing?  
•   Is changing technology threatening your 

position?  
•   Do you have bad debt or cash fl ow problems?    

 Could any of your weaknesses seriously 
threaten your business? 

 Carrying out this analysis will often be illu-
minating – both in terms of pointing out what 
needs to be done and in putting problems into 
perspective. A SWOT analysis is based on 
hard facts. These can be time consuming and 
costly to gather. People are needed who have a 
good knowledge of the sector, region, area, 
country, etc. under analysis in the specific 
exercise. 

 The main tangible output is a matrix present-
ing the most important strengths, weaknesses, 
opportunities, and threats for the area, sector, 
region, and country examined and aimed at giv-
ing a reasonable overview of major issues that 
can be taken into account when subsequently 
drawing up strategic plans for an organization. 

 A SWOT analysis could be performed in other 
contexts than those of an organization, for 
instance, in the case of an individual facing major 
decisions such as professional orientation. 
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 The success of this method is mainly owed 
to its simplicity and its fl exibility. Its imple-
mentation does not require technical knowl-
edge and skills. SWOT analysis allows the 
synthesis and integration of various types of 
information which are generally known but still 
make it possible to organize and synthesize 
recent information as well. 

 It is worth pointing out that whereas SWOT 
analysis is often not seen strictly speaking as a 
foresight method, it is useful to consider it from 
this perspective. Indeed, foresight is particularly 
useful for addressing the opportunities and 
threats (OT) dimensions, whereas SWOT analy-
ses Rhenman often fail because of poor OT 
examination. 

 A correlation is made between the internal 
factors, strengths and weaknesses (SW) of the 
organization, and the external factors, opportu-
nities and threats. An effort can be made to 
exploit opportunities and overcome weaknesses 
and at the same time for the organization to pro-
tect itself from the threats of the external envi-
ronment through the development of contingency 
plans. 

 The most common drawbacks of SWOT anal-
ysis are:

•    The length of the lists of factors that have to be 
taken into account in the analysis  

•   Lack of prioritization of factors, there being 
no requirement for their classifi cation and 
evaluation  

•   No suggestions for solving disagreements  
•   No obligation to verify statements or aspects 

based on the data or the analysis  
•   Analysis only at a single level (not multilevel 

analysis)  
•   No rational correlation with the implementa-

tion phases of the exercise    

 Moreover, there are risks of:

•    Inadequate defi nition of factors  
•   Over-subjectivity in the generation of factors 

(compiler bias)  
•   The use of ambiguous and vague words and 

phrases    

 One has to be aware that this method is very 
commonly used by consulting fi rms and that for 
this reason some people in the public/quasi- 
public sector have an aversion to it. 

 In conclusion, the SWOT analysis is a man-
agement instrument used by the top management 
or consulting fi rm for the strategic positioning of 
a fi rm or product; in our context we intend to 
apply SWOT analysis to hybrid imaging. In addi-
tion, it is possible to use SWOT analysis in com-
bination with other management instrument: 
stakeholder engagement.  

18.2.2     The Stakeholder Engagement 

 Stakeholder engagement is the process by 
which an organization involves people who 
may be affected by the decisions it makes or 
can infl uence the implementation of its deci-
sions. They may support or oppose the deci-
sions, be infl uential in the organization or 
within the community in which it operates, hold 
relevant offi cial positions, or be affected in the 
long term. 

 Normally stakeholder engagement is a part 
of corporate social responsibility (CSR) man-
agement. In fact, companies engage their stake-
holders in the dialog to fi nd out what social and 
environmental issues matter most to them about 
their performance in order to improve decision- 
making and accountability. The stakeholder 
engagement is also part of a quality process 
improvement, since the opinions of the stake-
holders are useful to improve the quality of the 
product. The International Organization for 
Standardization (ISO) requires stakeholder 
engagement for all their new standards. The 
defi nition and the role of stakeholders within a 
company have changed in the last 30 years: if 
initially the stakeholder was conditioned by the 
company [ 13 ,  14 ], latterly they condition the 
company. The stakeholders, in fact, are now part 
of the process of creating the value of the com-
pany. The stakeholders contribute to the reputa-
tion of the company (an intangible asset), and 
their suggestions increase the quality of the 
product. 
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 In general terms, the benefi ts of stakeholder 
engagement are:

   Stakeholder engagement provides opportunities 
to further align organization practices with 
societal needs and expectations, helping to 
drive long-term sustainability and shareholder 
value. Stakeholder engagement is intended to 
help the practitioners fully realize the benefi ts 
of stakeholder engagement in their organiza-
tion and to compete in an increasingly com-
plex and ever-changing business environment 
while at the same time bringing about systemic 
change toward sustainable development.  

  Consequently, the behavior of stakeholders can 
be an opportunity or a threat for a company, 
for a product, including hybrid imaging, and 
the stakeholder engagement can be a techni-
cality very useful for marketing reasons and 
for the strategic position of the product.      

18.3     Research Steps 
and Statistical Sample 

 The survey included several stakeholders involved 
with hybrid technology at the meso- level on a 
worldwide basis. Meso- and micro- levels of 
involvement were defi ned according to WHO defi -
nition [ 15 ]. The meso-level included stakeholders 
involved in healthcare systems at organizational 
level in hospitals and academic institutions, physi-
cians, researchers, and manufacturers of molecular 
imaging technology. This level also included inter-
national agencies aimed at promoting equal acces-
sibility to these technologies in developing as well 
as developed countries. The micro-level such as 
citizens, patients, or local authorities was not 
included in this preliminary survey. Inclusion of 
different groups was deemed essential to obtain 
individual stakeholder perceptions and informa-
tion on interactions between organizational levels, 
users, and manufacturers. Physicians and research-
ers were identifi ed on the basis of a consolidated 
skill as evidenced by publication activity retrieved 
by scientifi c libraries (e.g. PubMed). Organizational 
stakeholders were identifi ed through informal net-
working. We decided to conduct the survey on a 

sample of at least 50 experts distributed world-
wide. To recruit 52 stakeholders, we have invited 
200 experts. Manufacturers include three of the 
largest companies producing hybrid imaging tech-
nologies. The International Agency for Atomic 
Energy (IAEA) is an agency of the United Nations 
aimed at promoting the development of atomic 
energy-based technologies useful to people. 

 For the research we used the following 
framework:

•    Phase 1: to identify stakeholder categories; in 
particular, we involved in the research manu-
facturing companies, decision-makers, 
researchers, clinical users, and promoter of 
healthcare technology [ 1 ]  

•   Phase 2: to identify the elements to take 
in(to) consideration for each category of 
stakeholder(s)  

•   Phase 3: to prepare a different questionnaire for 
each category of stakeholders using special 
matrix elements to take into consideration and 
position each element under the categories 
strengths, weaknesses, opportunities, and threats  

•   Phase 4: distribution of the questionnaire for a 
test  

•   Phase 5: modifi cation of the questionnaire 
after the suggestions  

•   Phase 6: distribution of the questionnaire to all 
the identifi ed stakeholder(s)  

•   Phase 7: collect the questionnaires  
•   Phase 8: analysis and comments of the results    

 The main drawback of this SWOT application 
is the limited statistical sample used in the survey 
which was composed by only 52 stakeholders. 
Instead, the greatest strength is given by the con-
siderable experience gained in the fi eld of hybrid 
imaging by the entire group of stakeholders.  

18.4     Hybrid Modality Survey 
and Questionnaire 

 The survey data for SWOT analysis were 
 collected by means of a specifi c stakeholder 
questionnaire. Questionnaire for each stake-
holder category is showed in Tables  18.1 ,  18.2 , 
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   Table 18.1    Questionnaire used by the stakeholder group of users/IAEA in the survey on hybrid technologies   

 No.  Element  Strengths  Weaknesses  Opportunities  Threats 

 QU-01  Image evaluation and 
interpretation 

 QU-02  Competition with established 
operating procedures 

 QU-03  Competition with emerging 
imaging modalities 

 QU-04  Competition with established 
imaging modalities 

 QU-05  Imaging modality cost 

 QU-06  Implementation cost of new 
hybrid modality 

 QU-07  Simultaneous scanning of 
structural and functional 
images 

 QU-08  Technical improvement for 
attenuation correction 

 QU-09  Technical improvement for 
partial volume correction 

 QU-10  Potential application or 
improvement of existing ones 
in radioguided surgery 

 QU-11  Potential application or 
improvement of existing ones 
in emergency unit 

 QU-12  Technical improvement for 
motion correction (PET-MR) 

 QU-13  Image quality 

 QU-14  Patients’ compliance (one-stop 
shop, duration of the 
examination) (PET/CT) 

 QU-15  Long work fl ow acquisition 
protocols (PET/MR) 

 QU-16  Patient discomfort (PET/MR) 

 QU-17  Patient radiation exposure 
(PET/CT) 

 QU-18  Imaging in children and young 
adolescents (PET/MR) 

 QU-19  Imaging in women of 
reproductive age (PET/MR) 

 QU-20  Patients needing repeated scans 

 QU-21  Radiotracers availability (other 
than 18F-FDG) 

 QU-22  Research activities 

 QU-23  Training for existing medical 
staff 

 QU-24  Working in team with staff of 
different imaging units 

 QU-25  Training existing for technical 
staff 

 QU-26  Academic education needs 
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and  18.3 . The users/IAEA, manufacturers, and 
decision- maker questionnaire were composed 
of 26, 18, and 11 questions, respectively. In 
order to compare the points of view between the 
different groups of stakeholders, each element 
was allocated in 12 different categories 

(Table  18.4 ). The answers may vary from 1 to 3 
indicating disagreement (1), neither (2), or 
agreement (3). In order to analyze the elements 
of interest within and between each stakeholder 
group, the results were grouped by stakeholder 
and category.

   Table 18.2    Questionnaire used by the stakeholder group of manufacturer in the survey on hybrid technologies   

 No.  Element  Strengths  Weaknesses  Opportunities  Threats 

 QC-01  Competition with 
established imaging 
modalities 

 QC-02  Competition with 
emerging imaging 
modalities 

 QC-03  Competition with 
established operating 
procedures 

 QC-04  Need to promote the 
new technology 

 QC-05  Selling modality 

 QC-06  High development 
costs 

 QC-07  High acquisition cost 
of hybrid as compared 
to standalone modality 

 QC-08  High production costs 

 QC-09  Cost of maintenance 
contracts 

 QC-10  Installation costs 

 QC-11  Potential cost reduction 
as a result of 
technology diffusion 

 QC-12  Costs of new modality 
advertisement 

 QC-13  Possible expansion of 
diagnostic fi eld 
application 

 QC-14  Potential application or 
improvement of 
existing ones in 
emergency unit 

 QC-15  Improvement of image 
quality 

 QC-16  Training for existing 
medical staff 

 QC-17  Training existing for 
technical staff 

 QC-18  Academic education 
needs 

18 SWOT Analysis and Stakeholder Engagement for Comparative Evaluation 



278

18.5           Results 

 The survey to collect the information needed for 
the SWOT analysis on hybrid molecular imaging 
was conducted in the winter of 2015. The panel 
of stakeholders consisted of 22 clinical users, 16 
researchers, 10 decision-makers, 1 promoter, and 
3 manufacturers. The promoter included was the 

IAEA. The IAEA, a department of the United 
Nations (UN), aims at promoting equal accessi-
bility to atomic energy for health in developed as 
well as in developing countries. Manufacturers 
included major companies producing diagnostic 
hybrid technologies (GE Healthcare Srl, Philips 
Spa, Siemens Healthcare Srl). The survey was 
based on a specifi c stakeholder questionnaire 
prepared to collect, analyze, and interpret the 
views of each target group. Each SWOT factor of 
every question was scored according to expert 
opinion. Users target group included 38 world-
wide distributed physicians (Fig.  18.1 ). Fifty- 
eight percent of the physicians were involved in 
clinical and research activities, whereas 42 % of 
the sample was involved only in clinical activi-
ties. At the time of the survey, about two-thirds of 
the physicians were working in public hospitals 
while 11 % were working in research institutes 
and 24 % in universities. Figure  18.2  shows the 
radar plot of the scores assigned by the experts to 
each element of the SWOT analysis. Tables  18.5 , 
 18.6 , and  18.7  show the mean value of the scores 
obtained by each survey question in the group of 
users, manufacturers, and decision-makers, 
respectively. The higher value indicates the one 

   Table 18.3    Questionnaire used by the stakeholder group of decision-maker in the survey on hybrid technologies   

 No.  Element  Strengths  Weaknesses  Opportunities  Threats 

 QC-01  Payback time and number of 
scan to achieve the breakeven 
point 

 QC-02  Cost of electric supply 

 QC-03  Cost of maintenance contracts 
and service disruption 

 QC-04  Installation costs 

 QC-06  Impact on the time required to 
defi ne the diagnosis 

 QC-08  Impact on the diagnostic 
performance (accuracy) 

 QC-09  Impact on the patient’s waiting 
list 

 QC-05  Hospital size and complexity 
of healthcare provided 

 QC-07  Size of the spaces to install 
hybrid scanner 

 QC-10  Training costs for technical 
staff 

 QC-11  Training costs for medical 
staff 

    Table 18.4    Categories covered by the survey on hybrid 
technologies explore the clinical, scientifi c, organiza-
tional, and economic impacts of hybrid modalities   

 No.  Category 

 1.  Clinical accuracy 

 2.  Comparison with existing modalities or clinical 
procedures 

 3.  Costs 

 4.  Future development 

 5.  Imaging quality 

 6.  Organization 

 7.  Patient’s comfort 

 8.  Radiation exposure 

 9.  Radiotracer availability 

 10.  Research opportunities 

 11.  Staff training and education 
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  Fig. 18.1    Worldwide distribution of stakeholders involved in the survey on hybrid modalities       
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  Fig.18.2    Plot of SWOT element as rated by stakeholders (* International Atomic Energy Agency)       
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Item Questions Strenghts Weaknesses Opportunities Threats

QU-01 Simultaneous scanning of structural and functional images 2.8 0.5 1.7 0.8

QU-02 2.8 0.3 0.3 0.1

QU-03 Image evaluation & interpretation 2.7 0.6 2.1 0.7

QU-04 Image quality 2.6 0.7 2.2 0.6

QU-05 Technical improvement for attenuation correction 2.5 0.7 1.6 0.9

QU-06 Research activities 2.4 0.6 2.2 0.8

QU-07 Technical improvement for Partial volume correction 2.3 0.7 2.0 0.8

QU-08 Imaging in children and young adolescents (PET/MR) 2.0 1.1 1.8 1.0

QU-09 Long work flow acquisition protocols (PET/MR) 0.2 2.6 0.1 0.0

QU-10 Patient disconfort (PET/MR) 0.2 2.5 0.0 0.0

QU-11 Imaging modality cost 0.7 2.1 0.7 1.5

QU-12 Implementation cost of new hybrid modality 0.6 2.0 0.6 1.8

QU-13 Radiotracers availability (other than 18F-FDG) 1.0 1.5 1.4 0.8

QU-14 Potential application or improvement of existing ones  in radioguided surgery 2.1 0.6 2.5 0.7

QU-15 Training for existing  medical staff 2.0 0.7 2.3 0.7

QU-16 Working in team with staff of different imaging units 2.1 0.7 2.2 1.1

QU-17 Training existing for technical staff 2.0 0.8 2.2 0.6

QU-18 Potential application or improvement of existing ones in emergency unit 1.3 1.2 2.0 0.9

QU-19 Technical improvement for motion correction (PET-MR) 0.6 0.1 1.8 0.1

QU-20 Academic education needs 1.6 1.5 1.6 0.6

QU-21 Imaging in women of reproductive age (PET/MR) 1.5 1.2 1.6 1.2

QU-22 Patients needing repeated scans 1.3 1.2 1.5 1.2

QU-23 Competition with established operating procedures 1.2 1.1 1.4 1.1

QU-24 Patient radiation exposure (PET/CT) 1.0 1.5 0.7 1.8
QU-25 Competition with emerging imaging modalities 1.2 0.7 1.2 1.7
QU-26 Competition with established imaging modalities 1.3 0.9 1.4 1.5

Patients' compliance (one-stop shop, duration of the examination) (PET/CT)

    Table 18.5    Results of the survey of hybrid technologies in the users group       

  Table shows the mean value based on the entire sample for each question and for each SWOT element. Higher score is 
showed in cyan. The possible answers ranged from 1 to 3 according to expert opinion (disagree = 1, neither = 2, agree = 3)  

Item Questions Strenghts Weaknesses Opportunities Threats

QC-01 Improvement of image quality 3.0 1.0 2.9 1.0

QC-02 Possible expansion of diagnostic field application 3.0 1.0 3.0 1.0

QC-03 Competition with established imaging modalities 3.0 1.3 2.8 1.3

QC-04 Selling modality 2.5 1.0 2.5 1.3

QC-05 Competition with emerging imaging modalities 2.5 1.3 2.3 1.8

QC-06 Competition with established operating procedures 1.8 1.0 1.7 1.0

QC-07 High development costs 1.0 3.0 1.5 2.0

QC-08 High acquisition cost of hybrid as compared to standalone modality 1.0 3.0 1.8 2.0

QC-09 High production costs 1.0 2.8 1.5 2.0

QC-10 Cost of maintenance contracts 1.0 2.8 1.3 2.0

QC-11 Installation costs 1.5 2.0 1.5 1.8

QC-12 Need to promote the new technology 2.3 1.0 3.0 1.3

QC-13 Potential cost reduction as result of technology diffusion 2.3 1.0 2.8 1.0

QC-14 Training for existing  medical staff 1.0 1.5 2.8 1.8

QC-15 Training existing for technical staff 1.0 1.5 2.8 1.8

QC-16 Costs of new modality advertisement 1.3 1.8 2.5 1.3

QC-17 Academic education needs 1.5 1.3 2.5 1.0

QC-18 Potential application or improvement of existing ones in emergency unit 0.8 0.5 1.0 0.5

    Table 18.6    Results of the survey of hybrid technologies in the manufacturers group       

  Table shows the mean value based on the entire sample for each question and for each SWOT element. Higher score is 
showed in cyan. The possible answers ranged from 1 to 3 according to expert opinion (disagree = 1, neither = 2, agree = 3)  
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selected by the majority of experts as the most 
relevant between SWOT factors (Tables  18.4 , 
 18.5 , and  18.6 ). In order to compare the positions 
of different groups of stakeholders, mean score 
values were stratifi ed by category and stake-
holder groups. This assessment includes all the 
categories identifi ed for the SWOT analysis and 
among them containing some questions common 
to all stakeholder groups. Table  18.8  shows the 
mean score of each category for each stakeholder 
group also using a color to indicate the SWOT 
class to which it has been allocated by the score 
reached. Interestingly, for all categories that 
include questions common to all groups of stake-
holder, the results are the same for the SWOT 
factor positioning and slightly dissimilar for 
the score obtained. By contrast, the category 
“Comparison with existing modalities for clinical 

procedures” which includes questions common 
to users and manufacturers diverge for position-
ing and rating.

18.6             Conclusion and Future 
Directions 

 SWOT analysis and stakeholder engagement are 
management techniques normally used to assess 
fi rm strategic position and planning investments. 
This analytical approach could also be useful in 
areas other than those it has already been proved 
useful. Hybrid molecular imaging is a continu-
ously evolving healthcare area with a high eco-
nomic and social impact where SWOT analysis 
could provide a useful tool for planning develop-
ment strategies. Preliminary obtained results 

Item Questions Strenghts Weaknesses Opportunities Threats

QC-01 Impact on the diagnostic performance (accuracy) 3.0 0.3 2.3 0.3

QC-02 Impact on Impact on the time required to define the diagnosis 3.0 0.3 2.3 0.3

QC-03 Impact on the patients waiting list 2.3 0.3 1.5 0.3

QC-04 Hospital size and complexity of healthcare provided 2.0 1.0 1.8 1.0

QC-06 Payback time and number of scan to achieve the breakeven point 0.5 3.0 0.5 1.5

QC-08 Cost of electric supply 0.3 2.5 0.5 1.0

QC-09 Size of the spaces to install hybrid scanner 0.3 2.5 0.3 0.8

QC-05 Cost of maintenance contracts and service disruption 1.0 2.3 1.0 0.8

QC-07 Installation costs 0.8 1.8 0.3 1.5

QC-10 Training costs for technical staff 0.3 1.0 1.8 0.8

QC-11 Training costs for medical staff 0.0 0.5 2.3 0.3

   Table 18.7    Results of the survey of hybrid technologies in the decision-makers group       

  Table shows the mean value based on the entire sample for each question and for each SWOT element. Higher score is 
showed in cyan. The possible answers ranged from 1 to 3 according to expert opinion (disagree = 1, neither = 2, agree = 3)  

Category Users Manufacturers Decision Makers Legend

Clinical and technological improvementa 2.6 3.0 3.0 Strenghts
Costsa 2.1 2.7 2.4 Weaknesses
Future developmenta 2.3 2.0 3.0 Opportunities
Staff training & educationa 2.1 2.6 2.0 Threats
Comparison with existing modalities or clinical procedures 1.5 2.6
Patient's comfort 2.6
Clinical accuracy 2.7
Research opportunities 2.4
Radiation exposure (PET/MR) 1.7
Radiation exposure (PET/CT) 1.8
Radiotracers availability 1.5

–
–
–
–
–
–
–

Organization –

–
–
–
–
–
–
– 2.3

   Table 18.8    Results of the survey of hybrid technologies in all groups of stakeholders       

  Table shows the mean score of the questions included in each SWOT category. The colors indicate in which area of the 
SWOT lies each category according to the experts’ assessment 
  a Questions common to all stakeholders  
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encourage to develop future research and appli-
cation in healthcare especially in those marked 
by the most rapid changes and higher costs as 
that of hybrid imaging modalities in which we 
have experienced this fi rst use of the SWOT anal-
ysis. In the future, this approach can also be com-
bined with a more sophisticated systematic 
analytical model, such as value analysis [ 16 – 20 ], 
aimed to reduce time and costs of the hybrid 
molecular imaging application.     
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19.1          Introduction 

 Imaging in general is currently playing a pivotal 
role in the clinical management of several serious 
diseases, either communicable or non- 
communicable, affecting the central nervous sys-
tem (CNS). Regarding nuclear medicine imaging 
specifi cally, it must be emphasised that dating 
back as far as the mid-1970s, great advances in 
our understanding of the physiology of the brain, 
both in health and in disease, were achieved 
thanks to the unique capability of radionuclide 
methods to explore functional aspects. 

 The investigations mentioned above are typical 
of radionuclide imaging of brain physiology and/
or of pathophysiologic changes based on proper-
ties that are intrinsic to functional imaging with 
nuclear medicine, which involves relatively non-
specifi c bulk processes, such as diffusion, mem-
brane permeability or electrostatic interactions. 

Functional imaging of the brain in the past was 
restricted to exploring diffusion, membrane per-
meability or electrostatic interactions using non-
specifi c tracers, thus receiving insight into 
physiology and/or pathophysiology. The advance-
ment in radiopharmaceuticals and instrumenta-
tion contributed to the enhanced understanding of 
the brain. The development of [ 18 F]FDG as an 
in vivo tracer of glucose metabolism marks the 
transition from classical functional radionuclide 
imaging to what is now called “molecular imag-
ing” – a new scenario at the intersection of molec-
ular biology and in vivo imaging, whereby 
radioactive tracers constitute new biomarkers of 
disease [ 1 ]. In the case of radionuclide imaging of 
the brain with single- photon emitters, the corre-
sponding link is represented by the development 
of receptor-specifi c tracers for the dopaminergic 
system, to be utilised mainly for the characterisa-
tion of patients with movement disorders [ 2 – 4 ]. 

 The area of molecular imaging has matured 
over the past decade and is still growing and 
evolving rapidly. Many concepts developed for 
molecular biology and cellular imaging have 
been successfully translated and applied to 
in vivo imaging of intact organisms. Molecular 
imaging enables the study of processes at a 
molecular level in their full biological context. 
Due to the high specifi city of the molecular 
readouts, the approach bears a high potential in 
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diagnostics. It is fair to say that molecular 
 imaging has become an indispensable tool for 
biomedical research, drug discovery and devel-
opment today. 

 Advances in the fi eld have paved the way 
towards considering nuclear medicine as a prime 
actor in precision/personalised medicine, addi-
tionally because of the unique possibility of 
using radionuclide imaging with certain diag-
nostic tracers to predict with great accuracy the 
clinical outcome of treatment with the same bio-
chemical agent labelled with an adequate parti-
cle-emitting radionuclide or simply with mass 
amounts of the cold, unlabelled drug (for 
instance, an antitumour chemotherapy agent or a 
drug utilised for treating patients with a certain 
degenerative CNS disease). 

 As a corollarium to the above considerations, 
most of the interest in these new avenues of tech-
nological development leading to better under-
standing and treatment of disease concerns 
oncological conditions. The underlying rationale 
is that the molecules of interest (either radiola-
beled or nonradioactive) interact with molecular 
species that are distinctly present or absent in a 
disease state, such as a mutated locus of DNA or 
its protein or RNA product, a gene product that 
has normal sequence and structure but is aber-
rantly expressed in a given tissue or the product of 
a transcriptionally normal gene whose structure 
or function has been modifi ed by abnormal RNA 
splicing or post-translational processing. Thus, as 
beautifully illustrated in an inspiring article by 
Britz-Cunningham and Adelstein [ 5 ], perhaps the 
defi nition “molecular targeting” is more suited 
than “molecular imaging” to identify the complex 
scenario in which nuclear medicine imaging takes 
on a primary role, in enabling the characterisation 
of disease states and the subsequent selection of 
the most adequate treatment according to the prin-
ciples mentioned above. The use of genomic and 
proteomic methods is expected to accelerate the 
transition to this new scenario for more general 
use in clinical medicine. 

 The combined approach as alluded to above, 
which is especially but not exclusively suited for 
applications in oncology, is now termed “ther-
anostics” and is providing important prognostic 

information not only on an individual patient by 
patient basis but also in the general process of 
developing new drugs for clinical use [ 6 ,  7 ]. 

 Concerning nuclear medicine, recent 
advances in knowledge of molecular biology 
have contributed to important technological 
improvements in imaging, more specifi cally 
hybrid imaging. Hybrid imaging is a procedure, 
whereby the combined clinical outcome of two 
sets of co- registered images (typically emission 
images such as those obtained with PET or 
SPECT and transmission images obtained with 
CT – and more recently also with the non-trans-
mission anatomic images provided by MRI) is 
far superior to the simple arithmetic sum of the 
two separate components (see Fig.  19.1 ). This 
process leads to improved characterisation – 
and hence better patient care – which is of para-
mount importance for brain tumours [ 8 ] as well 
as for degenerative CNS diseases such as 
dementias [ 9 – 11 ] and movement disorders 
among others [ 12 – 17 ].

   Functional imaging has transformed consider-
ably throughout the past decades, which is refl ec-
tive of the shift in the causes of morbidity and 
mortality worldwide, mainly attributed to chronic 

Diagnostic
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Hybrid imaging

Shifting the paradigm
from single- to multi-

modality approach for
synergy rather than

competition

Nuclear
medicine

Radionuclide
therapy

Interventional
radiology

  Fig. 19.1    Diagrammatic representation of the interaction 
and outcomes between radiologic imaging and nuclear 
medicine imaging as made possible by hybrid imaging that 
can be considered as the morpho-functional interface that 
not only leads to synergic diagnostic information but also 
has favourable consequences on planning and performing 
the therapy-related procedures traditionally included in the 
domains of radiology and nuclear medicine       
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and non-communicable diseases such as cardio-
vascular and neurological diseases and cancer. 
The vast and rapid research on the technology of 
hybrid imaging even increased the educational 
demands on the professionals involved [ 18 ]. 
Globalisation has brought forth increased efforts 
worldwide from experienced societies towards 
the harmonisation of procedures and the estab-
lishment of protocol guidelines and appropriate 
use of this modality, leading to increased sharing 
of information across all nations [ 19 ]. This indi-
cates global cooperative efforts from practitio-
ners and stakeholders in the fi eld to strengthen 
the speciality through the sharing of new infor-
mation, amidst the vast development. This 
dynamic medical speciality is highly technology 
dependent, and the appropriate practice of it 
greatly depends on a well-equipped facility with 
a highly skilled professional team of nuclear 
imaging professionals, technologists, radiochem-
ists and medical physicists. 

 One major stakeholder committed to provid-
ing countries with opportunities for access to 
hybrid imaging technologies and its applications 
is the International Atomic Energy Agency 
(IAEA). The IAEA provides opportunities to 
member states (MSs) who need support in devel-
oping their hybrid imaging capacities, through 
equipment acquisition and human resources 
development among many other areas of support. 
Through a streamlined process, the synergy 
between the IAEA and MSs ensures that this 
emerging nuclear technology is delivered appro-
priately and serves its purpose. 

 This chapter provides a brief background on 
the epidemiologic considerations of neurological 
diseases and the role of hybrid imaging within 
this context. It then continues to describe the edu-
cational challenges encountered with the intro-
duction of hybrid imaging within the standard 
nuclear medicine curriculum. It further explores 
the current state of implementing hybrid imaging 
technologies across major continents within the 
developing world and the associated challenges 
involved. Finally it provides an overview on how 
MSs can develop their hybrid imaging capacities 
from the perspective of the International Atomic 
Energy Agency (IAEA).  

19.2     Epidemiologic 
Considerations 
of Neurological Diseases 
and the Role of Hybrid 
Imaging 

 Disease considerations in neurology from the 
imaging point of view are brain tumours, infec-
tions, degenerative diseases and movement disor-
ders. The prevalence of most of these diseases is 
greater in countries with higher life expectancy at 
birth. Improvements in awareness and the ability 
to diagnose neurological conditions have reduced 
the underestimation of public health problems 
posed especially by degenerative CNS diseases, 
especially in low-income countries. Except for 
some brain tumours occurring in the paediatric 
age from 0 to 18 years of age, such as astrocyto-
mas, medulloblastomas, ependymomas and some 
forms of gliomas, they tend to occur more fre-
quently with increasing age. The pattern of 
increasing incidence in the ageing population is 
especially clear in the case of degenerative CNS 
diseases, typically dementias and movement dis-
orders [ 20 ]. 

 Nevertheless, as the low- and middle-income 
countries move towards higher levels on the lad-
der of socio-economic development, improve-
ments both in life expectancy and in the capability 
of recognising and reporting certain diseases lead 
to an increasing incidence and/or prevalence of a 
variety of diseases previously thought to consti-
tute public health problems only for high-income 
countries. Cardiovascular disease and degenera-
tive CNS diseases are good paradigms for this 
changing pattern. Concerning in particular CNS 
diseases, many previously unrecognised neuro-
logical disorders, which cause signifi cant disabil-
ity but not mortality, are emerging as priority 
health problems also in low- and middle-income 
countries. Estimates by the World Health 
Organization (WHO, Geneva, Switzerland) in 
conjunction with the Harvard School of Public 
Health (Boston, Massachusetts, USA) indicate 
that the neurological disease burden will con-
tinue to increase, with a projected 12 % increase 
from 2005 to 2030 in disability adjusted life 
years [ 21 ]; this is the result of a 62 % increase in 
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dementias and movement disorders (chiefl y 
Parkinson’s disease) and 20 % increase in cere-
brovascular diseases, despite a 57 % decrease in 
infectious diseases of the CNS. It is also esti-
mated that, by the year 2040, 71 % of all demen-
tia cases will be in the developing countries, with 
the highest growth projections for China and 
Southeast Asia (with a 300 % increase between 
2001 and 2040) versus a 100 % increase in devel-
oped countries [ 22 ,  23 ].  

19.3     Hybrid Imaging Modalities 
in Neurological Diseases 

 Leaving aside software-based co-registration of 
images obtained with different imaging equip-
ments (typically one set of CT and one set of PET 
images acquired with two separate scanners and 
at different times), current terminology of hybrid 
imaging intrinsically implies the use of an inte-
grated tomographic instrumentation that com-
bines in a single gantry both a functional detection 
system and an anatomical imaging system, such 
as PET with CT (PET/CT), SPECT with CT 
(SPECT/CT) and more recently PET with MRI 
(PET/MR). The purpose of using these combined 
instrumentations is to correct the emission data 
(PET or SPECT) for attenuation correction as 
well as to provide anatomic correlates for the 
functional, molecular-based imaging data pro-
vided by PET or SPECT. The clinical impact 
derived from the combination of molecular imag-
ing with anatomic imaging is clearly superior to 
the simple arithmetic sum of the two separate 
components, a feature that is especially important 
when investigating the CNS. The overall result 
translates into an added diagnostic value that has 
signifi cant impact on clinical management of 
diseases. 

 Depending on the radioactive moiety of the 
tracer employed to map the different functions of 
the brain for molecular imaging, tomographic 
imaging is obtained either with SPECT (for 
single- photon emitters) or with PET (for positron 
emitters). The scanners currently available for 
hybrid imaging are SPECT/CT, PET/CT and 
PET/MR (although in principle a hybrid SPECT/

MR scanner is technically feasible and putative 
imaging agents have been identifi ed for such a 
combined imaging approach [ 24 ]; nevertheless, 
this option is not seriously pursued). 

 At variance with vast clinical evidence dem-
onstrating the added value of SPECT/CT for 
whole-body examinations especially in the 
domains of oncology, cardiology and infectious 
diseases [ 25 ], there is little evidence that this 
hybrid imaging modality has a defi nite added 
value and a relevant clinical impact in patients 
with neurologic and psychiatric disorders [ 26 ]. 
Most of the experience with SPECT/CT applica-
tions for the CNS concerns the use of tracers of 
the dopaminergic system, typically  123 I-FP- 
CIT. In this case, it has been shown that CT-based 
attenuation correction yields a signifi cantly 
greater signal recovery (up to 33 %) than the 
commonly applied phantom-based Chang attenu-
ation correction [ 27 ]. This leads to improved 
semi-quantitative image analysis, therefore to 
greater accuracy in pathophysiologic measure-
ments, to increased confi dence in image interpre-
tation and ultimately to more appropriate 
diagnosis [ 28 ,  29 ]. Better diagnostic performance 
of SPECT/CT compared to stand-alone SPECT 
has also been proven when imaging brain tumours 
with  99m Tc-sestamibi [ 30 ]. 

 By far more extensive than with SPECT/CT is 
the clinical experience with PET/CT in the inves-
tigation of the CNS, either for brain tumours, for 
dementias or for movement disorders [ 31 – 35 ]. 
Finally, even though the overall volume of exam-
inations and of studies assessing clinical impact 
are currently still scarce because of the limited 
diffusion of such hybrid equipment worldwide, 
there is growing consensus that PET/MR imag-
ing is the optimal combination to explore the 
multifaceted functions and morpho-functional 
correlates of CNS diseases [ 36 – 41 ]. In fact, in 
these scanners the high potential of molecular 
imaging for exploring the CNS with radioactive 
tracers using PET is combined with the high ana-
tomic defi nition of MR imaging for the brain – 
coupled in turn with the possibility to explore 
some functional parameters linked to metabolic 
pathways within the CNS that are provided by 
both PET and functional MR. 
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 As recently pointed out elsewhere [ 42 ,  43 ], 
distribution and operation of hybrid imaging 
equipments are very heterogeneous worldwide, 
mostly because of large discrepancies occurring 
in health resources available in countries with 
dramatically different incomes across the world. 
Direct cost of the equipment per se grows almost 
exponentially from SPECT/CT (in the range of 
USD 550,000–800,000), to PET/CT (in the range 
of USD 1,200,000–2,500,000) and fi nally to 
PET/MR (in the range of USD 5,000,000–
6,500,000); for SPECT/CT and PET/CT, one of 
the main determinants of cost is the CT compo-
nent. In addition of such direct cost of the equip-
ment, there are other fundamental pillars on 
which to base the effi cient and cost-effective 
operation of a clinical hybrid imaging diagnostic 
centre, i.e. a reliable technical maintenance ser-
vice/assistance, a timely and reliable logistics of 
radiopharmaceuticals’ supply and the availability 
of proper human resources (which includes phy-
sicians specialised in diagnostic imaging, tech-
nologists, radiochemists/radiopharmacists, health 
physicists and other ancillary personnel). Prop-
erly addressing these requirements is taken for 
granted in most countries where nuclear medi-
cine is already deeply rooted in the medical com-
munity. However, such awareness is much lower 
in most of the developing/low-income countries, 
where health resources are in general poorer, and 
the predominant health priorities position nuclear 
medicine at a lower level in the range of the med-
ical needs to be addressed; this makes it diffi cult 
in these countries to operate nuclear medicine, 
therefore also hybrid diagnostic imaging, in a 
timely accessible, cost-effective and sustainable 
manner.  

19.4     Challenges in Education 

 Globalisation is a signifi cant phenomenon and 
has produced an impact in a multitude of 
aspects, including science and technology, 
worldwide [ 44 ]. Within these realms, the rapid 
introduction of newer technologies such as 
hybrid imaging in the fi eld of medical imaging 
has prompted a critical refl ection on the current 

and future educational and social implications 
and its affect within the society. 

 Professional societies and certifying bodies 
(national and regional) involved in hybrid imag-
ing (chiefl y those devoted to nuclear medicine 
and diagnostic radiology) have explored potential 
issues regarding education and accreditation 
issues, with the declared purpose of optimising 
achievement of the full diagnostic information/
potential offered by a hybrid imaging procedure 
(PET/CT, SPECT/CT, PET/MR) [ 42 ,  44 ]. 

 Although the primary purpose of using 
SPECT/CT, PET/CT or PET/MR is to derive 
clinically useful information based on molecular 
imaging (i.e. the nuclear medicine component of 
the examination – SPECT or PET), nevertheless 
the hybrid scanners currently available are 
equipped with a fully state-of-the-art CT or MR 
component. Regarding in particular PET/CT and 
SPECT/CT (by far the hybrid scans most fre-
quently and widely performed), even if the CT 
parameters employed for hybrid imaging are usu-
ally suboptimal in terms of kV and mA (and in 
general not using a radiologic contrast agent), the 
images obtained thereby can be considered of 
diagnostic quality. On one hand this feature 
makes it possible to detect previously unknown 
anatomic abnormalities that might have clinical 
relevance in addition to the purely metabolic/
functional information provided by molecular 
imaging (PET or SPECT) [ 45 – 52 ]. On the other 
hand, abnormalities of some clinical relevance 
detectable in the CT component of the hybrid 
scan might be missed by specialists in molecular 
imaging who have not received adequate training 
in cross-sectional anatomic imaging – a possibil-
ity that can be important from both the clinical 
and legal points of view. In this regard, there are 
relevant differences across the world regarding 
the education and practice of nuclear medicine/
hybrid imaging professionals [ 54 ]. 

 The choice is therefore left to the individual 
countries regarding the specifi c model of educa-
tion and training to be adopted, including com-
prehensive training in the two specialties (nuclear 
medicine and radiology), an adjusted period of 
training in the other specialty in addition to full 
training in the primary specialty (an option 

19 Worldwide Challenges and Opportunities of Hybrid Imaging



288

whereby the two specialties would be obtained 
over a shorter period as opposed to the simple 
arithmetic sum of the two separate specialties) 
and fi nally the inclusion of training in the form of 
a cross-over or integrated training programme. 
Careful educational policy prescription should be 
tailored in order to maximise the competencies of 
professionals who will use the hybrid imaging 
technology within the context of the clinical 
practice.  

19.5     Infrastructure of Hybrid 
Imaging in Different Regions 
of the World: Focus on Low- 
to Middle-Income Countries 

19.5.1     Africa 

 This region of the world is characterised by a 
very high degree of heterogeneity among differ-
ent countries concerning the healthcare infra-
structure in general, with obvious consequences 
for imaging and in particular for hybrid imaging. 
In this specialty, adequate coordination/synergy 
among several different players (dependable 
power supply, instrumentation, technical servic-
ing/maintenance, logistics of radiopharmaceuti-
cals’ supply, human resources, patients’ referral, 
healthcare coverage) must perform at a suffi -
ciently high level as to ensure regular and reliable 
operation of a centre delivering hybrid imaging 
services to patients and to the entire healthcare 
community at large. These requirements are met 
only in parts of Africa, in particular in those 
countries constituting the southern rim of the 
Mediterranean Sea (Egypt, Libya, Tunisia, 
Algeria, Morocco) and on the opposite side of the 
continent, South Africa. In terms of population, 
these countries altogether constitute only about 
20 % of the entire population of the African 
region. Therefore, approximately 80 % of the 
estimated 1.153 billion people living in Africa do 
not have adequate access to general nuclear med-
icine and hybrid imaging procedures and some-
times not even to basic diagnostic imaging 
modalities such as plain X-ray. Concerning 
radionuclide imaging, 18 African countries have 

only one nuclear medicine centre per country, 
often non-functional. 

 According to the latest estimates collected by 
the IAEA through various national and interna-
tional meetings, the overall nuclear medicine 
imaging equipment installed in Africa includes 
267 scanners, 219 of which are stand-alone 
SPECT gamma cameras, 16 are hybrid SPECT/
CT cameras and 32 are PET/CT installations. 
Concerning single-photon imaging, hybrid scan-
ners therefore constitute less than 7 % of the 
overall gamma cameras installed, and it is esti-
mated that they are mostly used for oncology, 
cardiology and infection localisation purposes 
outside the brain. 

 The vast majority of African countries do not 
have local/national training/residency pro-
grammes in nuclear medicine for physicians nei-
ther for technologists, nurses or medical 
physicists. Development of human resources is 
therefore based on training programmes of vari-
able duration offered by more advanced countries 
within Africa (e.g. Algeria, Egypt, South Africa, 
Tunisia) or outside Africa (usually in Europe or 
in some Middle East countries).  

19.5.2     Asia 

 The overall scenario of nuclear medicine imaging 
in Asia (excluding Australia and New Zealand) is 
on average more favourable than in Africa, 
although with a certain degree of heterogeneity 
among countries that have advanced levels of 
nuclear medicine operations (typically Japan, 
South Korea, Turkey), countries that have inter-
mediate – but gradually improving – levels (typi-
cally, India, China, Thailand and Vietnam among 
others) and countries that have low levels of 
nuclear medicine. Altogether, in the Asian region 
(which also includes the Middle East countries), 
there are close to 1000 PET/CT installations. 
Geographic distribution of these installations is 
nevertheless quite variable population-wise, the 
highest absolute number being found in Japan, i.e. 
a total of 500 PET/CT scanners for a total popula-
tion of over 126 million; this corresponds there-
fore to one PET/CT scanner every approximately 
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252,000 people. A similar scenario is seen in 
South Korea, with one PET/CT scanner every 
approximately 240,000 population. Intermediate 
scenarios are seen when the ratio of PET/CT 
installations to population remains within one 
scanner per million population, i.e. one every 
502,000 population in Kuwait, one every 547,000 
population in Singapore, one every 638,000 popu-
lation in Lebanon, one every 932,000 population 
in Israel and one scanner every approximately one 
million population in Turkey. On the other hand, 
in the majority of the countries in the Asian 
region, the number of PET/CT scanners installed 
is far below the ideal proportion population-wise, 
with a wide range of distribution parameters that 
can be grouped in values anywhere between one 
scanner every approximately 1.37–8.52 million 
population (Jordan, Mongolia, Syria, Saudi 
Arabia, United Arab Emirates, Thailand, China, 
Kazakhstan), one scanner every approximately 
11.55–26.69 million population (Vietnam, India, 
Philippines, Iran), one scanner every approxi-
mately 64.26–95 million population (Iran, 
Indonesia, Bangladesh, Pakistan) and fi nally no 
PET/CT scanner at all in the entire country 
(Nepal, Mongolia). 

 As far as SPECT/CT equipment is concerned, 
the recent trend to replace technically obsolete 
stand-alone SPECT gamma cameras with state- 
of- the art hybrid scanners is especially apparent 
in this region. In fact, SPECT/CT gamma cam-
eras currently constitute approximately 60 % of 
all operating single-photon scanners installed in 
Asia, in strong contrast with, e.g. less than 7 % 
for Africa. 

 The overall number of nuclear medicine spe-
cialists reported in the Asian region is close to 
7000, again with wide variations from country to 
country; in terms of absolute number, China 
comes fi rst with approximately 2830 nuclear 
physicians, followed closely by Japan (approxi-
mately 2650 nuclear physicians – but covering an 
overall population which is over tenfold smaller 
than that of China). All other countries lag behind 
these numbers, from approximately 400 nuclear 
physicians in India (with a total population which 
is virtually equivalent to that of China), to a 
 100–300 range in South Korea, Pakistan, Taiwan, 

Philippines and Bangladesh, between 40 and 80 
nuclear physicians per country (Thailand, 
Vietnam, Indonesia, Singapore), fi nally to single- 
digit numbers (Myanmar, Sri Lanka, Mongolia).  

19.5.3     Europe 

 According to a survey conducted by the European 
Association of Nuclear Medicine (EANM) in 
2012, the overall number of nuclear medicine 
centres/services in Europe is around 2000 – staff-
ing approximately 6400 specialists. Of interest to 
hybrid imaging, some nuclear medicine depart-
ments include among their staff specialists in 
radiology – with a steadily growing number from 
approximately 550 in 2006 to about 750 in 2012. 
Other professionals forming the nuclear medi-
cine staff include technologists (about 3400 in 
2012), medical physicists (about 900), radiophar-
macists (about 500) and nurses (about 1500) in 
addition to unspecifi ed ancillary staff (about 
1000 overall). 

 Of the 27 countries that provided this informa-
tion, nuclear medicine is independent from radi-
ology in 17 of them and belongs to radiology in 
6, and in 4 countries nuclear medicine is in a 
department other than radiology. Regarding post-
graduate education, in the majority of the 
European countries for which this information is 
available (19/27), nuclear medicine and radiol-
ogy do not have a common educational core 
curriculum. 

 According to consolidated data available 
through the EANM, equipment for hybrid 
 imaging installed up to 2012 included 684 
SPECT/CT scanners, 551 PET/CT scanners 
and 19 PET/MR scanners; these numbers have 
clearly increased since the date of the 2012 sur-
vey. Although the EANM does not make avail-
able the country-by- country data, the general 
picture can perhaps be put into perspective con-
sidering an approximately even distribution of 
hybrid scanners throughout all nuclear medi-
cine centres. In this regard, the average number 
of nuclear medicine centres in Europe on a 
population basis is about 4 per million popula-
tion (with minor variations among high-income 
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countries); nevertheless, large discrepancies 
emerge among different countries with differ-
ent income levels, from the lowest level of less 
than 1 centre per million population in some 
low-income countries to the peak value of 16 
centres per million population (to be found in 
Greece, although this is probably linked to the 
large number of small nuclear medicine centres 
operated on a mere subsistence level). It is also 
to be noted that approximately 75 % of all 
gamma cameras installed between 2011 and 
2013 are hybrid SPECT/CT (data supplied by 
the some manufacturers: GE Healthcare, 
Siemens, Philips).  

19.5.4     Latin America 
and the Caribbean 

 Although the practice of nuclear medicine in the 
Latin American and the Caribbean region has 
grown considerably in the last decade, there 
exists a high degree of heterogeneity among dif-
ferent countries – and sometimes even within any 
given country. Detailed information on the over-
all status of hybrid imaging in this region has 
been published very recently [ 43 ] and data were 
extracted from that publication that are relevant 
to hybrid imaging, concerning both technology 
and human resources. 

 Offi cial records show that in this region there 
are overall 1141 nuclear medicine centres, 
Brazil and Mexico (the two countries with the 
largest population size) accounting for more 
than half of the total number of nuclear medi-
cine centres in Latin America and the Caribbean. 
On the other hand, Haiti has no nuclear medi-
cine at all. The average number of nuclear medi-
cine centres on a country-by-country basis is 
about 1.4 per million population across the 
entire region, therefore much lower than the 
corresponding fi gure in Europe (approximately 
4 per million population); besides the case of 
Haiti, 9 out of the 21 countries in Latin America 
and the Caribbean region have less than 1 
nuclear medicine centre per million population, 
while in 7 countries (Argentina, Brazil, Chile, 
Colombia, Mexico, Panama, Uruguay), this 

ratio approaches 2 nuclear medicine centres per 
million population (the highest value, 7.3, seen 
in Argentina). The SPECT/CT scanners consti-
tute about 10 % of all the SPECT gamma cam-
eras installed in this region; the highest absolute 
numbers are seen in Brazil (with 30 hybrid scan-
ners) and Mexico ( n  = 25), followed by Argentina 
( n  = 8) and Chile ( n  = 6); there is currently a high 
replacement rate in the region, with an increas-
ing number of hybrid SPECT/CT scanners [ 42 , 
 43 ]. Regarding PET/CT, the total number of 
installed scanners is 161, again the highest num-
bers seen in Brazil ( n  = 68) and Mexico ( n  = 35), 
followed by Argentina ( n  = 23), Chile ( n  = 10) 
and Colombia ( n  = 9). So far, there is no infor-
mation on any PET/MR scanner already 
installed in this region, although some projects 
are under way. 

 As to the human resources, there are almost 
1300 specialists in nuclear medicine in the 
Latina American and Caribbean region. 
Accredited training programmes for nuclear 
medicine conferring a nuclear medicine spe-
cialty are available in Argentina, Brazil, Chile, 
Colombia, Mexico, Peru, Uruguay and 
Venezuela. Nevertheless, there are wide varia-
tions among the different countries regarding 
duration of the programme (from 2 to 4 years) 
and total independence of the nuclear medicine 
specialty or affi liation as a subspecialty with 
either internal medicine or radiology (or part of 
a broader programme in radiation oncology, as it 
occurs in Venezuela).   

19.6     Opportunities to Improve 
the Status of Hybrid Imaging 
in Developing Countries: 
IAEA Perspective 

 The IAEA is a specialised and independent 
organisation related to the United Nations family 
and is primarily concerned with the promotion 
of the peaceful use of atomic energy to peace. 
The IAEA reports its activities and governance 
to the UN General Assembly and Security 
Council [ 53 ]. As of February 2013, it has 164 
member states. Its mandate lies in the Article II 
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of the Statute of the IAEA drafted in 1956 which 
states that:

  The Agency shall seek to accelerate and enlarge 
the contribution of atomic energy to peace, health 
and prosperity throughout the world. It shall 
ensure, so far as it is able, that assistance provided 
by it or at its request or under its supervision or 
control is not used in such a way as to further any 
military purpose. [ 53 ] 

   The objective of this mandate is to ensure that 
all agency activities supporting education and 
training are provided to member states (MSs) in a 
more integrated, consistent and optimised man-
ner. This is achieved through improved coordina-
tion, cooperation, sharing of knowledge and 
experience and assisting concerned MSs in their 
efforts to build national capacity and to provide 
state-of-the-art education and training that meets 
their needs and priorities at national, regional or 
global levels. 

 Ever since its fi rst inception, the IAEA has 
perceived the need to homogenise this diversity 
through inputs from professional organisations 
and international organisations [ 54 ,  55 ] and is 
carrying on initiatives specifi cally designed to 
fulfi l this purpose [ 56 – 60 ]. Concerning in par-
ticular hybrid imaging, one should consider the 
requirements that must be met in order to ensure 
proper operation and self-sustaining manage-
ment of such imaging procedures in such a 
manner that they would translate into clinical 
benefi t to patients and into overall improvement 
in the healthcare system, thus providing the 
added value over single modality that the syner-
gic effect of multimodality hybrid imaging is 
expected to induce. Besides obvious infrastruc-
ture factors that include both instrumentation-
related parameters and logistic organisation, 
strong determinants in this process include the 
human resources (see Fig.  19.2 ), particularly 
the need to defi ne new paradigms in education 
and training of medical and technical person-
nel, as well as the overall healthcare scenario 
that has to do with interaction between nuclear 
medicine staff (and also the diagnostic imaging 
staff at large) on one side and other specialties 
on the other side, such as neurology, cardiol-
ogy, oncology, etc.

   This undertaking is refl ective of the current 
state of affairs or sociopolitical climate in the 
MSs, that is, there is acceptance of the country 
for the need to improve their nuclear technolo-
gies, existing or not, which is expressed in their 
respective country programme framework sub-
mitted to the IAEA. These technologies are 
therefore neither forced nor imposed upon any 
MS by the IAEA but are in fact a refl ection of the 
need to build or improve the state of practice of 
these technologies, perhaps as a result of globali-
sation and the increasing necessity to address 
global health issues more effectively. The intro-
duction of hybrid imaging technologies as a vital 
tool in the management of patients justifi es inclu-
sion of this technology within the countries’ 
health frameworks wherein the IAEA can play a 
pivotal role in providing opportunities to MSs in 
realising their goals. 

 Activities are coordinated by the Nuclear 
Medicine and the Diagnostic Imaging Section at 
the Division of Human Health, which is part of 
the IAEA’s Department of Nuclear Sciences and 
Applications, in collaboration with the IAEA’s 
Department of Technical Cooperation. Through 
programmatic activities and national, regional or 
interregional technical cooperation projects, MSs 
engage in the development of hybrid imaging 
technologies in their countries. The ultimate goal 

Prerequisites
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  Fig. 19.2    Main determinants for the successful imple-
mentation of hybrid imaging programmes in the medical 
community and in the healthcare system at large (see text)       
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is to assist member states to build and maintain 
competent and sustainable human resources and 
institutional capacity matched to their current 
and future needs related to the peaceful use of 
atomic energy, in this case, the use of hybrid 
imaging modalities. The development of nuclear 
technologies as requested by developing MSs are 
carried out with the support of the IAEA, mainly 
as capacity building activities through the pro-
curement of instrumentation and human resources 
development in the form of coordinated research 
projects, scientifi c visits, fellowships and further 
education mechanisms in the fi eld of nuclear 
technology. With technical cooperation mecha-
nisms alone, an approximate 54 million US dol-
lars were allocated for capacity building in 
nuclear medicine (including hybrid imaging 
technologies) for over 180 projects in the past 
decade [ 57 ]. Projects are refl ected within the 
country programme framework and are proposed, 
and these refl ect mostly the effect of globalisa-
tion and its themes in the fi eld of nuclear 
technology. 

19.6.1     Equipment Procurement 

 The long-term objective of the IAEA projects in 
nuclear medicine (including hybrid imaging) is 
to provide human resource capacity building 
through education and training activities. In the 
case of some less-developed countries where 
nuclear medicine infrastructure is not well estab-
lished, support through the procurement of 
appropriate equipment and its maintenance is 
also provided. This is refl ected in the distribution 
of the budget wherein procurements account for 
nearly three-fi fths of total disbursements, and 
human resource expenditures including fellow-
ships, training courses, expert missions and sci-
entifi c visits account for a little over two-fi fths of 
the total [ 57 ]. Major equipment such as SPECT/
CT, PET/CT and related devices are mainly pro-
cured through cost sharing basis between the 
IAEA and the recipient country, belonging to the 
low- and middle-income range.  

19.6.2     Coordinated Research 
Projects 

 The IAEA is also committed to promote research 
using hybrid imaging technologies in neurode-
generative disorders or topics of recent relevance 
to MSs. Through a mechanism called coordi-
nated research projects (CRPs), collaborative 
prospective researches between developed and 
low-middle-income countries are initiated in 
order to foster exchange of scientifi c data 
between MSs. This is articulated in the Article 
III of the IAEA’s statute mandates that the IAEA 
should encourage and assist research on the 
development and practical application of atomic 
energy and its applications for peaceful purposes 
throughout the world and foster the exchange of 
scientifi c and technical information and 
exchange of scientists for peaceful uses of 
atomic energy [ 53 ].  

19.6.3     Training Courses, Fellowships 
and Scientifi c Visits 

 The IAEA is also committed to provide learning 
opportunities to MSs through the mechanism of 
fellowships and scientifi c visits and training 
courses. Live educational events ranging from a 
minimum of 5 days are organised within the the-
matic programme of regional or interregional 
training courses or workshops. Within the scope 
of the role of hybrid imaging technologies in 
neurodegenerative disorders, these training 
courses provide a comprehensive live educa-
tional opportunity for participants, usually 
delivered via lectures and case discussions. 
Hands-on activities can be organised through 
fellowship and  scientifi c programmes wherein 
individuals nominated by the eligible MS can 
gain from on-site visits to high-level institutions 
(university or hospital) and learn how the tech-
nology is utilised on-site. These visits or train-
ings can range from a minimum of 5 days to 
several months or years depending on the spe-
cifi c needs of the MS.  
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19.6.4     Advocacy and Outreach 
Publication/Guidelines 

 The IAEA promotes advocacy in the appropri-
ate use of hybrid imaging technologies through 
several mechanisms. Through guidelines and 
technical documents published by the IAEA and 
experts in the fi eld, MSs can remain updated on 
latest developments in the fi eld of hybrid imag-
ing and can use this information to implement 
the technology in their respective country, by 
translating these guidelines into policy prescrip-
tions and eventually adopting the technology for 
their use. Similarly, expert missions (EM) can 
be organised by the IAEA to MSs, wherein 
experts and IAEA offi cers can offer direct 
advice on developing the technology to several 
MSs. The reports generated by these missions 
can then guide the stakeholders in the careful 
planning or interventions needed to introduce 
hybrid imaging modalities in their respective 
countries.   

    Conclusion 

 Hybrid imaging and its applications in neuro-
degenerative diseases have evolved rapidly 
throughout the last decade. Epidemiologic 
considerations of neurological diseases and 
the role of hybrid imaging should be under-
stood in order to provide an in-depth per-
spective in applying these technologies to the 
current practice. With globalisation, educa-
tional challenges are being encountered with 
the introduction of hybrid imaging within the 
standard nuclear medicine curriculum. Aware 
of the crucial changes infl uencing the social 
and technological sphere on the use of hybrid 
imaging technologies, the IAEA provides 
support and opportunities through several 
mechanisms in order to promote capacity 
building in member states. Through appro-
priate guidance from the IAEA, MSs can 
take full advantage of implementing hybrid 
imaging technologies in their healthcare 
system.     
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20.1          Introduction 

 Molecular imaging (MI) is a diagnostic modality 
allowing the in vivo assessment of biological pro-
cesses in normal and pathological conditions. 

 MI is based on the capability of a procedure to 
“follow” a molecular process using a labeled 
tracer detectable by an external probe. 
Theoretically, MI is feasible with computed 
tomography (CT) using iodinated tracers, mag-
netic resonance imaging (MRI) using paramag-
netic labels, ultrasounds (US) with microbubbles, 
optical imaging (OI) using fl uorescence, and 
nuclear medicine utilizing radiotracers. Being 
mandatory, to avoid an alteration on the system to 
be studied and/or toxicity, the administration of 
amounts of tracer in the order of pico/n moles, 

this possibility is only feasible at present with OI, 
NM, and, more rarely, MRI. Nevertheless, 
because fl uorescent tracers cannot be imaged 
when they are deep, for the low/absent penetra-
tion of light photons through the matter, at the 
present MI in humans has to be intended preva-
lently as a prerogative of nuclear medicine, being 
rare the clinical diffusion of procedures based on 
OI and MRI. 

 MI is widely recognized as a tool which has an 
impact on the physician’s intention to treat in 
oncology, neurology, and cardiology and in all 
the other fi elds of clinical interest. In the last 
decade, MI diagnostic potential was further 
strengthened by the availability of hybrid modali-
ties able to couple functional (PET or PET) and 
structural (CT or MRI) modalities in the same 
scanner. Hybrid imaging offers several advan-
tages for patients, health-care system, and care-
givers. These include the availability of a single 
image containing structural and functional infor-
mation and the opportunity to perform one-stop 
shop scan in full diagnostic modality. At the same 
time, the use of hybrid imaging (HI) is growing, 
driven by the scientifi c data that are accumulating 
on the potential clinical benefi ts and the progres-
sive reduction of acquisition costs. Despite 
hybrid imaging has witnessed unprecedented 
change since the early 2000s, the risk deriving 
from extra patient’s exposure to ionizing radia-
tion and the overall acquisition and management 
costs are limiting the use of these modalities. 
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 This book is designed to provide base infor-
mation on stand-alone and hybrid modalities to 
support strategic planning. Its content will also 
be of interest to government agencies aimed at 
promoting health care, patients, and industries. 
Several relevant issues are examined in the study 
including clinical need, impact on patient, educa-
tional need for medical staff and technicians, and 
hospital investment.  

20.2     Clinical Context 

 A growing body of evidence and guidelines sup-
ports the use of PET imaging in the diagnosis of 
neurological diseases [ 1 ]. PET/CT combines 
functional and structural information into a sin-
gle image which is reported to improve diagnos-
tic accuracy and clinical outcome [ 2 ]. 

 The added value of CT component of PET/CT 
in oncology has been extensively evaluated. PET/
CT as compared with PET or CT alone is reported 
to improve diagnostic accuracy in lymphoma; in 
lung, colorectal, and head and neck cancers [ 3 –
 5 ]; and in a variety of tumors such as melanoma; 
esophageal, thyroid, and gastrointestinal stroma 
tumors; and sarcoma [ 6 ,  7 ]. The signifi cant 
increase of diagnostic accuracy of hybrid sys-
tems, as compared to stand-alone scanners, is 
estimated between 5 and 10 % on average over all 
cancers [ 1 ,  8 ]. 

 Although the role of brain PET imaging in 
dementia disorders [ 9 – 11 ], neuro-oncology [ 12 –
 14 ], epilepsy [ 15 ,  16 ], and movement disorders 
[ 17 – 20 ] has been established, data on the added 
value of combined PET/CT examinations is still 
under debate. 

 Due to the possibility of combining anatomi-
cal, functional, metabolic images and multipa-
rametric images, PET/MRI scanner has the 
potential to become the latest frontier in multi-
modality imaging. At present there is not 
enough evidence to suggest clinical setting 
other than for the brain, but given the reduced 
exposure of the patients, it could be useful in 
younger adults, in nononcologic diseases, and 
for multiple repeated scans, having been already 

individuated a favorable fi eld of utilization in 
regions as pelvis and head and neck, in which 
PET/MRI takes advantage of the superiority of 
MRI with respect to CT in evaluating lesions in 
these districts [ 21 ].  

20.3     SWOT Analysis 

20.3.1     Methods 

 SWOT analysis was used to identify strengths 
and weaknesses (SW) of hybrid imaging, as 
well as opportunities and threats (OT). To apply 
the SWOT a survey has been conducted with 
the aim of defi ning the most relevant factors 
infl uencing the use of hybrid modalities. The 
target group of this survey was composed of 
four group stakeholders involved at different 
levels with stand- alone and hybrid imaging. 
The panel of stakeholders consisted of users, 
decision-makers, promoters, and manufactur-
ers. The survey was based on a specifi c stake-
holder questionnaire prepared to collect, 
analyze, and interpret the views of each target 
group. Each SWOT factor of every question 
was scored according to expert opinion. Users 
included 38 worldwide distributed physicians 
(Fig.  20.1 ). In clinical and research activities, 
93 % of the physicians were involved, whereas 
5 % of the sample was involved only in research 
activities and 2 % in clinical work alone. At the 
time of the survey, about two-thirds of the phy-
sicians were working in public hospitals, while 
11 % were working in research institutes and 
24 % in universities. Decision-makers consisted 
of ten general managers of public institutions 
aimed at the production of health services for 
clinical and research purposes. Promoters 
included the International Agency of Atomic 
Energy (IAEA). The IAEA, a department of the 
United Nations (UN), aims at promoting equal 
accessibility to atomic energy for health in 
developed as well as in developing countries. 
Manufacturers included three of the major 
companies producing diagnostic hybrid tech-
nologies (GE, Philips, Siemens).
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20.3.2        Results 

 The overall panel included 52 experts from dif-
ferent countries. Figure  20.2  shows the radar plot 
of the scores assigned by the experts to each ele-
ment of the SWOT analysis. The survey high-
lighted some key elements across all the groups 
of stakeholders. Table  20.1  shows higher-scored 
factors of each SWOT class as rated by the 
experts. These elements were considered of par-
ticular interest by the experts and therefore repre-
sent in their opinion the main strengths and 
threats of multimodal imaging technologies. 
Because of this, the elements considered most 
important as a result of the total scores assigned 
by experts, they are individually discussed in the 
following paragraphs.

20.3.3         Major Strengths 

20.3.3.1     Simultaneous Scanning 
of Structural and Functional 
Images 

 Hybrid systems provide functional and anatomi-
cal images in the same scanning session and 
patient position therefore limiting the drawbacks 

of software-based image registration [ 22 ]. 
Multimodality imaging allows the two images to 
be acquired with the same geometry and body 
position with minimal delay between the two 
studies and without the need for external refer-
ence markers. After acquisition, images are recon-
structed with the same consistency, realigned and 
fused to generate a new image overlaying PET 
and CT data.  

20.3.3.2     Improvement of Image 
Quality 

 Together with physiological, paraphysiological, 
and pathophysiological variations, physical fac-
tors as scattered photons [ 23 ], patient motion 
[ 24 ], attenuation of photons [ 25 ], and partial 
volume effect [ 26 ] may contribute to degrade 
image quality and reduce the accuracy of quan-
titative measures. Among them, tissue photon 
attenuation is one of the most important factors 
which contributes to depleting the image qual-
ity. The availability of CT images for attenua-
tion correction (AC) of the PET images 
eliminates the need of an additional transmis-
sion scan [ 27 ,  28 ]. CT-based attenuation correc-
tion provides CT-measured attenuation 
correction factors which are noiseless compared 

  Fig. 20.1    Worldwide distribution of stakeholders involved in the survey on hybrid modalities       
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  Fig. 20.2    Radar plot of SWOT element as rated by stakeholders (*International Atomic Energy Agency)       

   Table 20.1    Summary of higher-scored items of each SWOT factors according to experts’ opinion   

 SWOT class  Users  Manufacturers  Decision-makers  IAEA a  

 Strengths  Simultaneous scanning of 
structural and functional 
image 

 Improvement 
of image 
quality 

 Impact on the diagnostic 
performance (accuracy) 

 Image quality 

 Weaknesses  Scan time (PET/MR) PET 
attenuation correction in 
PET/MR modality 

 High 
development 
costs 

 Payback time and number 
of scan to achieve the 
break-even point 

 Patient radiation 
exposure 

 Opportunities  Imaging in women in 
reproductive age, children, 
and young adolescent and 
serial scan (PET/MR) 

 Need to 
promote the 
new 
technology 

 Training of medical staff  Technical 
improvement for 
attenuation 
correction 

 Threats  Patient radiation exposure  Production 
costs 

 Installation costs  Imaging in women 
in reproductive age, 
children, and young 
adolescent and serial 
scan (PET/CT) 

   a International Atomic Energy Agency  
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to those measured with external  radionuclide 
sources. Therefore CT-based AC infl uences 
image quality and both absolute and relative 
quantifi cations in cerebral PET [ 25 ,  29 ,  30 ]. 
Avoiding transmission scan, the overall scan-
ning time and patient exposure signifi cantly 
decrease. Different authors reported whole-
body scanning times decrease by at least 40 % 
and patient radiation exposure reduction by 
about ~0.5–1.6 mrem [ 29 ].  

20.3.3.3     Impact on Diagnostic 
Performance 

 Multimodality CT or MR-based imaging pro-
vides the anatomical template in which to local-
ize the normal or pathological functional 
fi ndings, thus allowing a more accurate image 
interpretation [ 2 ] and therefore offering to clini-
cians with a more accurate evaluation of disease 
which affects patient management [ 31 ]. In the 
diagnosis of head and neck cancer, as well as in 
many other fi elds, the evaluation of PET/CT as 
compared to PET and CT separately was reported 
to improve image interpretation and diagnostic 
accuracy [ 32 ].   

20.3.4     Major Weaknesses 

20.3.4.1     Scanning Times 
 Multimodality PET/MR research acquisition 
protocols may take as long as 60–90 mins. This 
makes the use of PET/MR in a clinical setting 
hardly imaginable. Unlike CT, the MR compo-
nent of a multimodality scanner provides a 
higher number of pulse sequences than CT 
whose potential use may further increase 
acquisition time [ 33 ,  34 ]. Since a PET scan 
lasts 15 min, with a 60-min multimodality pro-
tocol, the PET would work only about 25 % 
compared to 75 % of the MR. This proportion 
tends to worsen with MR acquisition time 
increase. To be cost-effective in a clinical set-
ting, the acquisition protocols should be com-
pleted within 1 h at the most [ 33 ]. Moreover 
the long acquisition time increases both the 
patient discomfort and probability of move-
ment artifacts.  

20.3.4.2     PET Attenuation Correction 
in PET/MR Modality 

 While added clinical added value of PET and 
MR simultaneous acquisition is still under evalu-
ation, some relevant pitfalls in oncologic whole-
body imaging are emerging. Many of them are 
dependent on an inaccurate MR-based attenua-
tion correction [ 35 ]. The development of 
MR-based attenuation correction method is the 
real challenge of PET/MR imaging and is the 
main problem to address to obtain qualitatively 
and quantitatively accurate PET images [ 36 ]. 
Attenuation correction map in PET/CT hybrid 
modality is derived from CT scan by converting 
Hounsfi eld units to μ values for 511 keV photons 
using linear calibration curves [ 37 ,  38 ]. In PET/
MR, attenuation maps cannot be calculated start-
ing from MR signals because there is no linear 
correlation between proton density and magneti-
zation relaxation properties and tissue attenua-
tion. The majority of existing approaches 
consists in segmenting the tissues on the base of 
MR signal intensity and then assigning to each 
of them the corresponding tissue attenuation 
coeffi cient [ 39 – 41 ]. This approach was fi rstly 
proposed for brain studies and then modifi ed for 
whole-body application [ 42 ]. Different segmen-
tation approaches have been proposed so far to 
segment the MR images. Among them, the most 
used were atlas-based, template-based, direct 
segmentation approaches and sequence-based 
methods [ 42 – 46 ].  

20.3.4.3     Patient Radiation Exposure 
 The growing spread of multimodality scanners 
using both X-rays and radiopharmaceuticals 
undoubtedly contributes toward clinical benefi ts 
and increased patient dose exposure. It is widely 
recognized that the CT portion of PET/CT 
results in additional radiation to the patient [ 47 ]. 
Based on phantom studies, the typical radiation 
dose from the CT with a hybrid PET/low-dose 
CT scan ranged from 1.3 mGy at the center of 
the phantom to 5 mGy at the surface compared 
to the 20 mGy for a typical diagnostic quality 
CT scan [ 48 ]. Effective dose for CT examina-
tions is typically higher than the majority of 
other diagnostic imaging modalities [ 49 – 51 ]. 
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However, the extra radiation exposure cannot 
cause deterministic effects, but in patients 
undergoing multiple studies, the stochastic 
effects could be signifi cant [ 50 ]. 

 It has to be pointed out that a dose reduction, 
determined through hardware, software, or modi-
fi ed procedures, represents one of the most rele-
vant improvements achievable using the last 
commercial CT scanners. 

 Further studies are needed to clarify whether 
the high radiation exposure associated with the 
CT component of a hybrid scanner is acceptable 
given the potential benefi ts associated with mul-
timodality approach.   

20.3.5     Major Opportunities 

20.3.5.1     PET/MR Imaging 
in Radiation- Sensitive 
Populations 

 Despite the clinical setting of multimodality, 
PET/MR imaging is not yet defi ned; the reduced 
patient dose exposure resulted from a non-x-ray- 
based multimodality scanner is one of the main 
recognized advantages. In some specifi c clinical 
settings, the availability of a multimodality scan-
ner able to reduce the patient effective dose could 
be useful. These pathological conditions include 
children, young adults, and patients undergoing 
multiple imaging sessions. A possible cost- 
effectiveness could be reached also in women 
during pregnancy, in cases in which a clinical 
indication strongly supports the use of a PET 
study. Therefore, particularly in patients more 
sensitive to radiation, the overall radiation expo-
sure dose could be kept as low as reasonably 
achievable [ 52 ]. 

 Similarly a clinical justifi cation, based on a 
more favorable cost-effectiveness, may be found 
in patients suspicious for a nononcologic dis-
ease. In particular PET/MR is preferred in 
patients with chronic infl ammation, in which 
many follow- up studies may be requested to 
defi ne extension, severity evolution, and activity 
of the disease. 

 In brain studies PET/MR was proposed for the 
high anatomical quality and metabolic assessment 

[ 53 ]. PET/MR provides a sophisticated multimo-
dality scanner to trace molecular events with the 
best possible anatomical detail [ 54 ]. In neuro-
oncology as well as in neurodegenerative dis-
eases, PET/MR has been proposed as the latest 
frontier of neuroimaging for its ability to fi nely 
delineate structural details, thus facilitating the 
identifi cation of PET activation sites [ 55 ]. 

 In oncology settings, whole-body diffusion- 
weighted and metabolic images can be com-
bined, thus avoiding radiation exposure from CT 
[ 56 ,  57 ]. Authors reported no signifi cant differ-
ences between PET/CT and PET/MR for detec-
tion of malignant lesions. Moreover they found a 
strong correlation between the mean standard-
ized uptake values measured by both imaging 
modalities [ 56 ]. 

 PET/MR scanners deliver a lower dose than 
that released by PET/CT modality thus allowing 
to study patient populations at greater risk of 
dose exposure. These are the reasons why this 
key element of SWOT was chosen by almost all 
stakeholders as one of the major opportunities of 
this imaging technology.  

20.3.5.2     Educational Needs 
 Multimodality imaging scanners require both 
physicians and technicians trained in both 
modalities. Unfortunately, there are neither 
common laws nor common guidelines in this 
regard. Therefore, to meet the need of training 
on multimodality scanner each country has 
adopted its own strategy. Although there are 
some differences between the training strate-
gies, all are characterized by the need to provide 
nuclear medicine trainees some radiology skills 
and vice versa. As a result of the different train-
ing strategies adopted by various countries, the 
level of training is unbalanced across the states. 
In order to overcome these differences, the need 
for more consistent cross-training of hybrid-
imaging physicians and technologists should be 
addressed by changes in government regula-
tions and training curricula [ 58 ]. This element 
was considered an opportunity of continuous 
improvement for the staff working with hybrid 
technologies. It has to be noted that in most 
countries a different specialization is requested 
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to report nuclear medicine or CT studies, while 
a specifi c specialization is not needed for the 
evaluation of a MR scan. It means that a nuclear 
physician cannot report alone a PET/CT study, 
when CT is used as “full diagnostic procedure,” 
as in the case of contrast- enhanced CT (CECT). 
Conversely a PET/MR may be analyzed 
“legally” only by a nuclear physician, although 
a professional expertise is mandatory either in 
nuclear medicine or in MR evaluation.   

20.3.6     Major Threats 

20.3.6.1     PET/CT Imaging 
in Radiation- Sensitive 
Populations 

 The association between increased exposure to 
radiation for diagnosis purposes and risk of solid 
cancer in specifi c target populations has been 
reported by several authors [ 59 – 61 ]. These popu-
lations include children, young adults, pregnant 
women, and patients undergoing multiple scans 
or suspicious for nononcologic diseases. 

 In children and young adults, the number of 
CT performed has increased rapidly between 
1996 and 2005 and then slightly declined after 
2007. In children under 5 years, the number of 
CT scans performed in the United States has dou-
bled while for those between 5 and 14 years has 
tripled [ 59 ]. The risks of developing solid tumors 
linked to the radiation load increase were higher 
in younger patients and in girls than adults. 
Moreover, the risks of solid cancer were greater 
for patients who underwent abdomen and pelvis 
CT imaging than for those examined in other 
anatomical regions [ 59 ,  61 ]. 

 In pregnant women the gestation period 
between the 8th and the 15th week is the most 
sensitive. Below the threshold of 100–200 mGy, 
deterministic effects such as abortion, abnormal 
growth, congenital malformations, and neuro-
cognitive defi cits are unlikely [ 62 ]. At the expo-
sure dose of 50 mGy, the risk is reported to be 
negligible [ 63 ]. In women exposed to radiologi-
cal examination at standard diagnostic dose, the 
risk of carcinogenesis is mildly higher than in 
the general population [ 64 ,  65 ]. Considering the 

possible effect of radiation on fetal development, 
X-ray-based imaging procedures should be 
avoided or limited to selected cases. 

 In patients candidate to multiple scans, the 
dose-exposure load increases signifi cantly 
depending on the number of performed imaging 
procedures. In children with Hodgkin’s disease 
(HD) and adults with non-Hodgkin’s lymphoma 
(NHL), patients undergo several PET/CT imag-
ing procedures. Due to multiple radiation expo-
sure, the effective dose grows rapidly in 
malignant lymphoma patients [ 66 ]. As a result of 
effective dose increase, HD children and NHL 
adults showed only a mild increase of radiation-
induced death that justifi es the examination but 
suggests especially careful regard when treating 
children [ 66 ]. 

 PET/CT scan delivers higher doses than that 
released by stand-alone PET and PET/MR 
modality. Considering the most recent pub-
lished papers, it is easy to understand why this 
element has been reported by all stakeholders 
as a weakness or increased threat of CT-based 
multimodality. In these modalities it is possible 
to reduce the overall adsorbed dose paying 
attention to both CT imaging protocol and 
administered radiopharmaceutical activity 
without reducing image quality and the impact 
on patient care [ 67 ]. Therefore it is a priority to 
plan appropriate strategies to reduce the effec-
tive dose in order to reduce the number of radi-
ation-induced tumors. This approach should be 
applied to all patients paying more attention to 
the most sensitive ones. A similar strategy has 
to be adopted also in patients in which a nonon-
cologic disease is suspected, mainly when the 
analysis of pelvis and abdomen is included in 
the evaluation.  

20.3.6.2     Acquisition Costs 
 Multimodality imaging scanners have a high 
structural and organizational impact. The 
 structural impact is due to the resources for sys-
tem acquisition and for structural changes 
needed to house the new technology. The organi-
zational impact is due to the need to involve new 
highly qualifi ed professionals as physics and 
engineers. The PET/MR overall costs are much 
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higher compared to PET/CT. Depending on 
manufacturers acquisition, costs of PET/MR 
scanners may vary between €3.800.000 and 
about €5.000.000. Maintenance costs per year 
are around 10 % of the system costs. Such a large 
investment needs a high productivity in terms of 
number of diagnostic procedures performed to 
reach the break-even point. While PET/CT is 
recommended by several clinical guidelines in 
the diagnosis of various oncology and neurology 
diseases, PET/MR has only a few possible clini-
cal indications and at present has not yet entered 
into any clinical guideline. These are the main 
reasons that made these the major threats partic-
ularly for the decision-makers.    

20.4     Clinical Impact 

 The clinical value of a diagnostic procedure 
depends more than on its capability alone, on the 
comparison with alternative techniques answer-
ing to the same question. Further indications 
may be achieved when it is possible to add com-
plementary data to diagnosis, as in the case 
wherein an information better connectable with 
prognosis or with the therapeutic strategy may 
be acquired. 

 When many alternatives are available in defi n-
ing the diagnostic course, being achievable a 
similar information through different techniques, 
the choice has to be done on the basis of the cost- 
effectiveness ratio that has to be calculated con-
sidering many issues involving either the 
diagnostic or the therapeutic strategy. 

 At fi rst, it has to be remembered that  primum 
non nocere (fi rst do no harm) , i.e., that each 
diagnostic information has to be acquired in the 
presence of the minimum possible risk and never 
running an unjustifi ed hazard. In this context, it 
has to be pointed out that, although techniques 
utilizing ionizing radiations, such as CT and 
nuclear medicine, are affected by the negative 
charge of the stochastic (low) probability to 
determine a cancer, many other even greater 
risks may be associated with diagnostic proce-
dures outside of nuclear medicine. In particular, 
while there are no absolute contraindications 

against radionuclide examinations, which can be 
performed in all the subjects in the presence of a 
clinical justifi cation, it is possible to die after the 
administration of contrast media and may be 
absolutely contraindicated to carry out an MR 
study in individuals with pacemakers and/or 
metallic components or a CECT in patients with 
a renal failure. Furthermore a greater risk may be 
determined by associated practices, as stress 
tests and narcosis, or by issues, particularly criti-
cal in emergency, as the duration of the examina-
tion or the incapability to immediately activate 
resuscitation maneuvers. Nevertheless the great-
est risk in diagnosis is the mistake, dependent on 
an unsatisfactory sensitivity and/or specifi city. 
In this sense techniques allowing an improve-
ment in diagnostic accuracy may acquire a favor-
able cost-effectiveness ratio, mainly because of 
signifi cant advantages which may be produced 
on patient’s fate and in defi ning the best thera-
peutic strategy. 

 An improvement in diagnostic accuracy may 
also play an important role in reducing costs, 
which have to be calculated on the whole diag-
nostic and therapeutic course and not on the price 
of each procedure. For example, the adoption of 
PET/CT in staging of patients with lung cancer 
may increase the number of subjects correctly 
undergoing surgery with respect to stand-alone 
CT; at the same time, a staging procedure could 
be performed in a shorter period, also reducing 
hospitalization times. 

 In the defi nition of a cost-effectiveness, other 
relevant issues are connected with many other 
factors such as epidemiological conditions, 
favoring different choices in diverse contexts 
and local skills and supporting a preference for 
the procedure in which are locally involved 
more expert professionals, availability, age, and 
level of performance of equipments. Very 
important in clinical decisions is the accessibil-
ity to the examination, mainly dependent on 
waiting lists and therefore on the diffusion of 
the procedure. 

 For the reasons reported above, the choice of a 
diagnostic technique has to be done on the basis 
of many motivations that have to be calibrated 
either at general or local level. For example, 
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although MR, performed without ionizing radia-
tions, shows a slightly better sensitivity in detect-
ing breast lesions with respect to mammography 
(Mx), it cannot be used as fi rst-line procedure in 
screening of breast cancer because it is scarcely 
diffuse, is operator dependent with a too low 
number of expert executors and evaluators in the 
local territory, and has a higher cost unjustifi ed 
by the substantially overlapping diagnostic accu-
racy respect to Mx. Similarly, in the evaluation of 
cerebral diseases, although with the presence of 
ionizing radiations, CT has to be preferred in 
emergency with respect to MR, being faster, 
more easily performable, and at a lower cost, fur-
thermore requiring less frequently narcosis. 
Moreover, a brain CT, being many of nervous 
cells perennials and therefore not subjected to 
mutations by rays, determines a lower rate of 
cancers associated with radiations with respect to 
a CT performed on pelvis. 

 Being this book dedicated to a SWOT analysis 
concerning hybrid imaging, at this point we 
focalize our attention in this fi eld, starting with 
two statements already conclusive, i.e., which 
will be not be further discussed: (1) there is no 
doubt that PET/CT is preferable with respect to 
stand-alone PET, as it appears evident from the 
fact that in the commercial market hybrid 
machines are only available today; (2) SPET/CT 
is better than SPEt alone, but it didn’t reach yet a 
value able to allow a complete replacement of 
SPET, also because gamma cameras continue to 
maintain a favorable cost-effectiveness in many 
cases, supporting their acquirement. As further 
demonstration, being cardiology still one of the 
major applications of traditional nuclear medi-
cine, the industry has produced and continues to 
invest in dedicated cardiac SPET, not associated 
with CT. It means that, although the acquirement 
of a SPET/CT is strongly suggested, it may be 
not considered mandatory or always a priority in 
all the departments. 

 Conversely, the open question mark in the 
fi eld of a SWOT analysis concerning hybrid 
machines is on the clinical impact of PET/MRI 
with respect to PET/CT to justify its acquisition: 
a contribution in answering to this question is one 
of the main aims of this book. 

20.4.1     Which Institution Could 
Be Interested to Acquire 
a PET/MRI Scanner? 

 In this volume we focused our attention on a 
comparison at cerebral level, i.e., in the fi eld in 
which PET/MR may more easily demonstrate a 
superiority with respect to PET/CT. Nevertheless, 
before comparing separately both hybrid systems 
in neurology and in whole-body applications, we 
want to try to answer to this relevant question: 
which institution could be today interested to 
acquire a PET/MRI scanner, considering its 
higher cost and the greater complexity with 
respect to PET/CT? 

 Our opinion is supported by data acquired in 
the SWOT analysis in which positive answers 
given by scientists/clinicians, with open minds to 
the future, are counterbalanced by the prevalence 
of weaknesses, mainly intended as acquisition 
and maintenance costs, and reported by decision- 
makers, answering on the basis of pragmatic 
opinions embedded in the present. Interestingly 
producing companies and promoting agency 
gave higher scores to related opportunity factors, 
demonstrating a “practical” interest in the diffu-
sion of PET/MR, which justify a strong economi-
cal investment by industries.  

20.4.2     PET/MRI and Research 

 What is already clear today is that PET/MR may 
be advantageous in research centers, in which it 
may optimize/complement the information 
achievable with PET/CT or open new fi elds of 
research, impossible or more diffi cult for its com-
petitor. In this context, only at dawn in the pres-
ent, the highest improvement with PET/MR 
could be achieved when the third eye will be 
“routinely” open [ 66 ], i.e., when PET/MR will be 
used acquiring simultaneously functional data 
obtained by PET together with morphostructural 
and functional information achievable with 
MRI. In fact, the golden added value of PET/
MRI in the hybrid machine is the feasibility of 
fMRI, i.e., the possibility to create an interaction 
between metabolism/receptors/hypoxia, and so 
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on, which can be studied by PET and neo- 
angiogenesis/neural connections/biochemical 
issues, and so on, evaluable by MR. 

 In this way, new stimulating fi elds of research, 
with a hopefully fast application in the clinical 
practice, could be opened in oncology, in neuro-
psychiatry, and for many other applications. As an 
example in oncology, a better defi nition of the 
relationship between neo-angiogenesis and 
metabolism could allow the achievement of com-
plementary data reliably defi ning tumor response 
to new therapeutic strategies. This indication 
could be immediately clinically relevant, because 
the RECIST, radiological method actually used in 
oncologic protocols, is unable to evaluate a tumor 
response to drugs not determining a reduction in 
tumor size. Similarly, in neuropsychiatry it is pos-
sible to individuate with PET/MR sub- centimetric 
alterations in structures neurologically connected 
with areas of dysmetabolism [ 68 ], evaluating 
through a tractography performed with diffusion 
tensor imaging (DTI) the connection with areas of 
altered metabolism, as seen by FDG, or of patho-
logical deposits, using amyloid radiotracers. 

 Both the examples reported above are very 
effective in demonstrating that PET/MR could 
reach in the very near future a relevant impact in 
the health-care system. In fact, a reliable and 
early evaluation of tumor response may produce 
huge savings in spending for drugs; furthermore 
correctly individuating patients who may benefi t 
from expensive medical treatments; at the same 
time the number of individuals subjected to 
unjustifi ed toxicity, because they are nonre-
sponders, may be signifi cantly reduced. With 
respect to the neuropsychiatric example, PET/
MR could earlier individuate and stratify patients 
with dementia, as those with Alzheimer’s dis-
ease, diagnosed when affected with mild cogni-
tive impairment (MCI): in this way, strategies 
allowing substantial savings for the health-care 
system could be adopted.  

20.4.3     PET/MRI in the Clinical Arena 

 To determine a fast diffusion of PET/MR sys-
tems, it is important to justify their utilization 

more than in the research fi eld, which offers the 
prospect of juicy fruits tomorrow, in the clinical 
arena today. 

 In this context, a major advantage, as clearly 
reported in previous chapters, is dependent on the 
lower dosimetry determined by the absence of 
ionizing radiations, over those issued by positron 
emitters, unlike what happens with CT. As it is 
well known, ionizing radiations may determine a 
risk of cancer which increases with the dose. 

 The benefi t associated with PET/MR may 
play an important role in three different 
scenarios:

    (1)    Individuals with a higher risk of cancer 
because of the age, including pediatric 
patients and pregnant women. It is interest-
ing to note that, in the presence of a strong 
clinical justifi cation, contraindications actu-
ally proposed in infants and in pregnancy 
could be overcome in case an acceptable 
cost-effectiveness can be reached, also reduc-
ing radionuclide’s dose.   

   (2)    Populations with a benign pathological con-
dition, including patients with infl ammatory/
infective diseases or with a low probability of 
cancer, as it happens in differential diagnosis 
of subjects with single pulmonary nodules.   

   (3)    Patients undergoing serial scans. The prefer-
ence for a procedure at a lower dosimetry, 
supporting the choice of PET/MR in the fol-
low- up of oncologic patients in which the 
evaluation of a tumor response is requested, 
becomes almost “mandatory” in younger 
patients with chronic infl ammation, as those 
with Crohn’s disease, in which an FDG scan 
is requested to evaluate disease’s activity 
during follow-up.     

 In the clinical arena, waiting for a wider and 
routinely reliable diffusion of PET/MR proce-
dures utilizing also fMRI, most of the advantages 
of PET/MR with respect to PET/CT may be 
derived from the almost historic comparison 
between CT and MRI alone. 

 As it is well known, the most important fi eld 
in which MR manifests a superiority with respect 
to CT is the brain and in previous chapters areas 
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in which PET/MR could consequently be pre-
ferred to PET/CT are individuated. In this con-
text, major advantages seem identifi able in 
demyelinating diseases and in pathological con-
ditions characterized by the presence of sub- 
centimetric alterations or by pathological changes 
not determining signifi cant variations in tissue 
density. In this sense, clinical applications for 
PET/MR could be mainly found in groups of 
patients as those affected with dementia, move-
ment disorders, or pituitary microadenoma. 

 With respect to a whole-body evaluation, it 
has to be pointed out, as discussed in previous 
chapters, that PET/MR is negatively affected by 
technical problems, as those associated with a not 
yet standardized attenuation correction and with 
a greater duration of the examination, determin-
ing either a discomfort for the patient and arti-
facts, as those of movement. In this sense, 
although a whole-body PET/MR scan may be 
performed in an acceptable time [ 34 ], major 
advantages are achievable when the evaluation is 
requested at “regional level,” being also achiev-
able a multiparametric analysis. This evaluation 
may be particularly effective in districts with a 
complex anatomical organization, as head and 
neck, in which a pathological involvement of 
structures, as nerves and vessels, adjacent to a 
mass has to be very precisely individuated. 
Similarly a signifi cant improvement may be 
obtained in pelvis, where pathological changes 
frequently do not result in structural variations of 
density, creating therefore problems at CT. At the 
present useful clinical indications may be already 
achievable mainly in this group of patients as 
those with prostate cancer or pelvic tumors and in 
head and neck region [ 69 ]. Not yet defi ned at the 
moment is the role in breast cancer, being PET/
MR a promising tool for an earlier diagnosis of 
local relapse. 

 Other fi elds of application of PET/MR could 
be stimulated by a wider diffusion of PET radio-
tracers beyond FDG, but it is too early to evaluate 
their clinical application, but in prostate cancer 
where the most diffuse radiotracer is already 
radio-choline. 

 Only by way of example of possible perspec-
tives associated with easily available radiotracers 

will it be interesting to refer to PET/MRI with 
 18 F-fl uoride (NaF). Its applications could defi ne 
new indications in oncology, as in patients with 
lung cancer in which bone metastases could be 
found either by NaF, when osteoblastic, or by 
MRI, when exclusively intramedullary. A further 
exciting fi eld of application, which has to be veri-
fi ed on the basis of a wide clinical experience, 
could be found in the evaluation of active athero-
sclerotic plaques, in which the NaF’s uptake has 
been demonstrated [ 70 ]. It has to be reported that 
for this indication interesting perspectives are 
also connected with PET/MR with FDG [ 71 ].   

20.5     Final Comment 

 The future of PET/MR could be extremely bright 
in a health-care system without economical prob-
lems, being already now identifi able many moti-
vations justifying its diffusion either in research 
or in the clinical practice. Unfortunately, being in 
the present, an age in which there are limited eco-
nomical resources, the acquirement of a PET/MR 
system has to compete with many alternatives, 
fi rst of all the consolidated favorable experience 
with PET/CT which present major advantages 
such as (1) lower cost, (2) easier management, 
(3) higher number of expert readers, and (4) 
radiological culture, mainly based on a morpho-
structural evaluation. 

 In our opinion there are already fi elds in which 
PET/MR may reach a cost-effectiveness justify-
ing its acquirement in a limited number of spe-
cialized institutions. 

 At fi rst, PET/MR is certainly a very effective 
tool in evaluating cerebral diseases, with a 
major improvement achievable when fMRI will 
be more frequently applied in the clinical prac-
tice. Interestingly the “cerebral fi eld” is advan-
taged by the shorter time of evaluation with 
respect to a whole-body scan, determining fea-
sibility for a multiparametric analysis, being 
also practically absent two major problems 
associated with PET/MR: attenuation correc-
tion and movement artifacts. Conversely, when 
a whole-body study is requested, the longer 
time of acquisition acts against the possibility 
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of acquiring a comprehensive study, being also 
present technical problems, which have not yet 
been solved in the routine practice. A major 
improvement could be obtained either increas-
ing the speed of the whole-body scan, working 
either on hardware or software, or defi ning 
“segmental procedures,” in which it is possible 
to dedicate more time to the region really 
important for the clinical question, renouncing 
to an optimal whole-body information, if not 
requested. It is interesting to note that the tech-
nological evolution requested by hybrid MR is 
having a relevant impact also on PET technol-
ogy. At the present are already available detec-
tors with higher sensitivity with respect to the 
traditional ones, allowing a higher sensitivity 
and previously unreachable performances, 
mainly when a TOF acquisition using a fully 
digital system is available. 

 It has also to be pointed that at the present 
PET/CT maintains a superiority with respect to 
PET/MR in oncology in detecting pulmonary 
metastases. A technical or procedural improve-
ment in MR, also associated with the adoption of 
functional techniques or of contrast media, could 
give a further support to the defi nition of a more 
favorable cost-effective ratio with respect to PET/
CT also in this particular aspect. 

 Finally, it is clear that the major determinant 
against a wide diffusion of PET/MR equipments 
is the unsatisfactory economical condition of the 
health-care system that acts against investments 
in high-cost technologies. The road to change 
this opinion is very long and has to be based on a 
cultural revolution; the best way to optimize the 
health-care balance is in targeted cuts, which 
may produce funds for new investments. 

 Hybrid machines, and between them PET/
MR, may increase diagnostic accuracy. Therefore 
they can optimize the choice of therapeutic strat-
egies, reducing unjustifi ed surgery or useless 
toxic and expensive therapies. They may earlier 
diagnose diseases, as dementia, creating condi-
tions favorable to a signifi cant reduction of costs 
associated with millions of patients affected with 
these pathologies. They may better defi ne activ-
ity in patients with chronic diseases, in which a 
therapy can be activated only in cases when it is 

really useful. Briefl y, hybrid machines and in par-
ticular PET/MR may act in the direction of tai-
lored medicine, a context where each patient 
could be treated with the best therapy, individu-
ally defi ned. 

 In this new scenario, a health-care system 
could improve remaining sustainable through 
investments in new technologies, if a cultural 
revolution having at the center of the new uni-
verse no longer structural data but functional/
molecular information will be applied.     
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