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30.1 Introduction

To understand genetics of cancer and its proliferative nature remains the main
objective of current cancer research. Improved knowledge of cancer pathogenesis
results in an array of biomarkers to be used for diagnosis and treatment of the
disease. Molecular imaging is the visualization, characterization, and measurement
of biological processes at the molecular and cellular levels in a living system.
Molecular imaging techniques using radiotracers allow the demonstration of
functional or phenotypic changes associated with pathology in vivo, and the
characterization of both genotypic and phenotypic tumoral signatures.
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Positron  emission tomography/computed tomography (PET/CT) and
single-photon emission computed tomography/computed tomography (SPECT/CT)
have procured advances in research and clinical application of fusion imaging
unthinkable before, due to its simultaneous developments of new technologies,
acquisition and reconstruction parameters, and advanced quantitative methods to
measure absolute concentration of radiotracers related to the severity and/or pro-
gression of cancer.

The introduction of new hybrid imaging systems such as the digital PET/CT and
PET/MRI opened horizons for multimodality molecular imaging, more precise,
with simultaneous morphologic, functional, and molecular information of a living
system. Moreover, the combinations of anatomic and functional imaging modalities
hold further promise in basic medical research or in clinical medicine, especially in
the field of staging/restaging and follow-up of oncological diseases. These devel-
opments are paralleled by advances of biomolecules and particles that will provide
new agents useful for more than one imaging modality and will facilitate the study
of the same target by different imaging devices.

30.2 Technology and Probe Design

After the introduction of multimodality systems combining CT with SPECT and
PET that changed significantly the capabilities of stand-alone SPECT and PET,
fused functional and anatomic images have gained wide acceptance, becoming a
powerful clinical tool especially in oncology. With multimodality imaging the
research efforts were mostly focused on the integration of MRI with PET and
SPECT [46]. The recent introduction of digital detectors in PET/CT systems may
change the paradigm in hybrid imaging and may improve the diagnostic perfor-
mance in oncological and non-oncological diseases, such as neurodegenerative and
inflammatory processes [23, 40, 45].

30.2.1 SPECT/CT

New technologies have improved the performance of SPECT and SPECT/CT
beyond the technology invented by Hal Anger in 1957 [1]. The initial primary goal
of simultaneous SPECT and CT studies was to improve sensitivity and specificity
by the combination of coregistered anatomical and functional images and to
facilitate lesion localization and attenuation correction [39]. With the incorporation
of diagnostic CT, the clinical information from SPECT/CT has been significantly
improved. In consequence, guidelines of clinical practice and a number of clinical
protocols in cancer, especially in neuroendocrine and thyroid tumors, incorporate
SPECT/CT to facilitate precise diagnosis.

Involuntary motions because of cardiac contraction, respiration, or bowel
movement are common technical problems encountered in SPECT/CT. Respiratory
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motion results in inaccuracy of attenuation correction for lung tumors because of
eventual misregistration between emission and transmission data. Research efforts
developed methods for correction of respiratory motion effects, such as external or
internal devices that make possible to estimate respiratory motion gating emission
data and the adequate matching to CT cine data, or the use of modeling motion and
matching of CT data from a single CT and a respiratory-gated emission study.
Additionally, the development of new technologies such as dose modulation and
iterative reconstruction methods can help to reduce radiation dose [39].

The adoption of cadmium zinc telluride (CZT) detectors has impacted the design
of new SPECT/CT technologies, such as the adoption of solid-state reading sys-
tems. This includes pin diodes (PD), avalanche photodiodes (APD) including
position-sensitive devices (PSAPD), silicon photomultipliers (SiPM), and silicon
drift detectors (SDD) [31]. The collimator continues to be the main barrier to
SPECT/CT progress. Multipinhole collimators in combination with high intrinsic
resolution have demonstrated greater potential [31].

30.2.2 PET/CT

The introduction of combined PET/CT in 2001 opened a new era in the field of
nuclear and molecular imaging, improving the sensitivity and specificity of clinical
PET, and facilitating clinical acceptance and implementation of multimodality
imaging [6]. The combination of PET and CT into a single gantry has provided the
paradigm for multimodality imaging and has improved and simplified clinical
management of patients. Currently, PET/CT is a critical component in the diagnosis
and treatment management of oncologic and non-oncological diseases, being a
well-known useful in vivo noninvasive imaging tool to measure disease burden [43,
55, 75].

Continuing advances in PET technology include detectors with improved spatial
resolution, increased axial field of view (aFOV) with subsequent improvement of
sensitivity, faster and more efficient iterative reconstruction algorithms, and
improved signal-to-noise ratio by incorporating time-of-flight (TOF) information.
Additionally, on the CT field, the development of faster scanner multislice detectors
allows the implementation of new acquisition protocols. These evolution advances
also include significant changes in reconstruction softwares, integrating resolution
recovery with advance iterative techniques [62].

Recently, the introduction of the new generation of PET/CT based on the use of
digital detectors may improve detectability and result in enhanced diagnostic per-
formance. The higher detectability of the digital system lies in the different scin-
tillator element coupling technology. Until now, the conventional (analog) PET/CT
scanners have been mainly based on multiple scintillation crystals coupled to
multiple detectors, while in the digital PET/CT scanners each scintillation crystal is
coupled to a single detector. This 1:1 counting coupling of the digital systems
provides an enhanced time of flight (TOF) and lower dead time, as well as higher
timing and spatial resolution [17, 22, 47, 62]. These advantages of the digital
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system improve localization of the annihilation events, significantly influence
image quality, diagnostic confidence, and detection/characterization of small
lesions (subcentimeter) [23, 40]. Additionally, the smaller volume definition and the
improved lesion conspicuity and sharpness of digital system allow more accurate
tumor rendering over the analog PET/CT, facilitating radiotherapy planning,
prognostication, and treatment monitoring [45]. Therefore, clinical implementation
of digital PET/CT opens new perspectives in the assessment of tumor quantification
and characterization [40, 55].

In this scenario, digital PET/CT may bring new opportunities for personalized
nuclear medicine, as enhanced image quality can be used to optimize administered
radioactivity and/or scan duration. In clinical practice, such factors should be
considered especially in pediatric (low-dose radiation) or unstable patients (from
intensive care units) who cannot sustain long scanning periods [35, 42, 59]. Further
developments may include advances in timing resolution and the construction of the
first total-body PET/CT with an increase of the geometric coverage to encompass
the whole body, which may increase sensitivity by a factor of about 40 for entire
body and a factor of about 4-5 for a single organ [16, 55].

As it happens in SPECT/CT, motion between or during PET/CT studies poses
technical problems, with remaining uncertainties in the registration process. The
correction of respiratory motion effects, which may result in inaccuracy in atten-
uation correction for lung tumors, represents a challenge for PET/CT. Methods to
reduce the effect of respiratory motion include breath-hold during treatment,
“gating” in which the beam is turned on or off in synchrony with the respiratory
cycle and “tracking” in which the beam follows the tumor based on imaging
technology [7, 12, 14]. It has been shown that respiratory gating PET/CT is a valid
approach not only to improve quantification, detectability, and definition of
radiotherapy of moving lesions and organs, but to be applied routinely in most
PET/CT scans [26].

Accurate definition of the boundaries of active disease is of clinical relevance in
guiding biopsy sites and in planning surgery and radiotherapy fields. PET/CT
studies facilitate the correct anatomical delineation of 18F-FDG uptake optimizing
biopsy and improving the planning of surgical procedures [2, 25]. The better
delineation of tumor tissue by PET/CT has supported the implementation of this
multimodality system in radiation therapy planning of various tumors as non-small
cell lung carcinomas, head and neck tumors, and lymphoma [20, 27, 64].

30.2.3 SPECT/MRI and PET/MRI

Over the years, numerous working prototypes of PET/MRI systems have been
described and introduced [8, 33, 56, 62]. The combination of SPECT and PET with
MRI can be important in areas where this technique is the preferred anatomic
imaging modality. There are clear synergies between these modalities in areas
where, beyond anatomic landmarking, MRI can detect organ-specific abnormalities
and pathologies by spectroscopic quantification of concentrations of molecules.
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Moreover, the expected radiation dose for SPECT and PET/MRI is significantly
less than that for SPECT and PET/CT, which may be of importance in oncologic
patients that are followed with multiple studies to monitor disease progression and
response to therapy.

A potential limitation of MRI in multimodality imaging systems is that this
technique does not provide adequate information for attenuation correction of
emission studies, being a challenge to separate air and bone, and to measure the
variations of density in the lung. Attenuation correction based on MRI is an active
area of research, and its developments will be key for future clinical applications of
PET/MRI [30, 41, 44, 76].

To integrate SPECT and PET with MRI is a technical challenge because these
systems can interfere each other. Several prototypes have been designed and are at
various stages of development [48, 74]. Even if to merge the hardware of SPECT or
PET and MRI into a single device is limited by space, the principal challenge
derives from conventional PET detectors based on photomultiplier tubes (PMTs),
which do not operate properly in presence of the magnetic field of MRI. The
consequent mutual interference between both image modalities needs to be reduced
at maximum to provide high-quality studies, as much PET as MRI. PET systems
can interfere with MRI systems degrading the homogeneity of magnetic and
radiofrequency fields resulting in a loss of image quality with presence of artifacts.
On the other hand, the strong external magnetic field of MRI systems can interfere
with PET systems deflecting the normal trajectory of electrons into the PMTs, and
the radiofrequency field and the gradient system pulses can affect the electronic of
PET producing artifacts on image. To solve mutual interference between PET and
MRI, light fibers coupled to the scintillation crystals of PET detectors have been
used, with only the MRI elements remaining in the magnetic field and directing the
scintillations out of this field through light fibers. Scintillation crystals produce
several distortion and artifacts on MRI image, due to their different magnetic
susceptibilities compared with human tissue. The replacement of photomultipliers
tubes by solid-state scintillation detectors has been proposed and developed [71].
These detectors, based on avalanche photodiodes, have the advantage of being
insensitive to magnetic fields and can be directly connected to the scintillation
crystal block within the magnetic field using a short 1-2 mm light guide. In this
way, light loss is minimized and the conversion of light to electronic signals takes
place inside the MRI system, avoiding the use of optical fibers. Another advantage
of avalanche photodiodes is that these are smaller than PMTs allowing a design
with a fully integrated PET. This design has the advantages that no metallic
components are placed directly in the MRI field of view and that the short light
guides lossless light. The design of compact systems using solid-state light detec-
tors and based on superconducting magnet (split magnet) or on field cycling MRI is
a challenging task [15, 61].

The integration of PET with MRI is a promising hybrid imaging tool in many
aspects (including decreased radiation dose, improved motion correction, and the
convenience of a combined exam), but there are many obstacles that prevent
PET/MRI widespread worldwide (access, cost, speed, and familiarity). In this
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scenario, clinical PET/MRI systems are still relatively rare and therefore the precise
clinical patient’s benefit remains unclear. However, PET/MRI seems to be
promising in characterization of primary bronchogenic tumors, it fails to detect
small pulmonary nodules [29, 52, 53] as well as the determination of their extent
and metastases [52, 53, 57]. In the same line, PET/MRI seems also to be promising
in non-traumatic neurological disease (dysplasias, tuberous sclerosis, and temporal
lobe epilepsy) [9, 13, 50], detection and characterization of hepatic lesions [34], and
head and neck tumors [49]. Overall, PET/CT scanners are unlikely to be replaced
by PET/MRI in a short-term period [19].

30.3 Tracers

The clinical use of PET for diagnosis, staging, and characterization of tumors is
based on the assessment of increased metabolism as an important hallmark of
cancer. As most tumors display considerably increased glycolytic activity, uptake
and accumulation of 18F-FDG have been widely employed for tumor localization
and characterization and have been approved for clinical use in suspected or
existing cancers by most international health care regulatory agencies [73].

However, 18F-FDG has some disadvantages and limitations. Increased gly-
colytic activity is a relatively nonspecific and sometimes imprecise indicator of
malignancy mainly because increased 18F-FDG uptake is also observed in
inflammatory disorders and infections. 18F-FDG PET is less suitable for brain
tumors because of the high background in normal brain tissues. Relatively indolent
tumors, such as prostate cancer, low-grade lung adenocarcinomas, renal cell can-
cers, and mucinous neoplasms, are known to have generally low 18F-FDG uptake
[21]. Another tumor type with generally low uptake of 18F-FDG is the group of
neuroendocrine tumors [67]. Therefore, additional PET imaging tracers have been
developed, such as 68 Ga-labeled somatostatin analogs (68 Ga-SSA). Other new
tracers are in development, labeled with various isotopes such as 1241. 1241 is a
PET isotope with a favorable half-life of 4.2 days. It offers superior imaging
characteristics with enhanced spatial resolution and image sensitivity, and permits
the evaluation of in vivo iodine kinetics. Therefore, 1241 made it possible to detect
and scan thyroid cancer lesions with high sensitivity [36, 51].

68 Ga-SSA include several tracers sharing a similar structure
(68 Ga-DOTA-TOC, 68 Ga-DOTA-NOC, 68 Ga-DOTA-TATE) and bind, with
specific affinity, to somatotropin receptors which are frequently overexpressed in
neuroendocrine tumors (NETSs) [5]. Other tracers available for PET/CT included
choline labeled with 11C or 18F and PSMA labeled with 68 Ga or 18F for prostate
cancer. Choline is a water-soluble nutrient that is incorporated into cell membranes
as phosphatidylcholine. Radiolabeled choline is found in proliferating cells, such as
cancer and inflammation, and therefore may be less specific demonstrating modest
sensitivity [63]. PSMA is a transmembrane protein that is highly overexpressed in
prostate cancer cells. The recent development of small-molecule inhibitors (i.e.,
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68 Ga-PSMA-11 and 18F-labeled PSMA agents) that target the active substrate
recognition site of PSMA has demonstrated superior sensitivity even at very low
PSA levels with high background-to-tumor ratios [63].

PET compounds available for multimodality imaging also include those capable
to target specific key biologic processes in oncogenesis, such as proliferation
(18F-3-fluoro-3-deoxy-L-thymidine [18F-FLT]), hypoxia (18F-fluoromisonidazole
[18F-FMISO] and 18F-fluoroazomycin arabinoside [18F-FAZA]), angiogenesis
(18F-galacto-arginine-glycine-aspartic acid [18F-galacto-RGD]), and apoptosis
(124I- or 64Cu-Annexin V). Imaging of these biologic targets is expected to pro-
vide meaningful information for the selection and monitoring of targeted therapy in
individual cancer patients, facilitating personalized treatment of the disease.

18F-FMISO is a highly stable radiopharmaceutical directly derived from
misonidazole and has been extensively studied for regional mapping of hypoxia.
18F-FMISO shows high accumulation in hypoxic tissue which is proportional to the
hypoxic fraction of the tumor and allows identification of patients who may benefit
from changes in their therapeutic regimen as hypoxia has been identified as a major
adverse prognostic factor for tumor progression and for resistance to treatment. In
addition, such mapping of hypoxia can be used to guide intensity-modulated
radiotherapy [32, 65]. Clinical trials are being developed to further investigate the
feasibility and safety of individualized, hypoxia-adapted, radiotherapy.

The thymidine analog 18F-FLT, derived from the cytostatic drug azidovudine,
has been suggested for noninvasive assessment of cell proliferation. Hence, it
should provide valuable information for response assessment to tumor therapies,
and more could offer more specific tumor imaging than 18F-FDG. 18F-FLT is
taken up by cell by the same mechanisms as the nucleoside thymidine. This
transport step is facilitated by nucleoside transporters, especially by the human
nucleoside transporter 1 (hENT1). Once within the cell, 18F-FLT is phosphorylated
by the enzyme thymidine kinase 1 (TK1), which results in the intracellular accu-
mulation of the tracer. 18F-FLT PET has still seldom been used for tumor therapy
follow-up in clinical trials, in part due to limited knowledge of the factors deter-
mining 18F-FLT uptake and therapy-induced changes of its retention [54]. Labeled
amino acids have been used for the diagnosis of brain tumors, like 18F-labeled
fluoroethyltyrosine or 18F-fluorodihydroxyphenylalanine (DOPA) as well as
11C-methionine. 18F-fluoroestradiol has been used for the assessment of the
estrogen receptor status in breast cancer [18].

One of the primary goals in cancer research is to increase knowledge on genetics
of the disease and its proliferative nature. High-throughput gene-sequencing tech-
niques of the primary tumor or its metastases will allow genetic analysis of the
tumor on an individual basis. The integration of molecular imaging into clinical
routine and the combination with gene-sequencing techniques should be the goal
for the near future to provide a personalized medicine for most oncological patients
and not only for scientific purposes [18]. Along this line, non-somatostatin receptor
biomarkers overexpressed on the surface of malignant cell have been explored.
These are VPAC receptors, a family of 3G protein-coupled receptors located on the
plasma membrane of tumor cells that mediate the biological action of vasoactive
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intestinal peptide (VIP) and pituitary adenylate cyclase-activating polypeptide
(PACAP). These receptors are present on several common tumors, such as breast,
prostate, bladder, and colon, and VIP and PACAP can be labeled with 99mTc,
64Cu, and 68 Ga, with opportunities to image these oncologic diseases early and
specifically in the future [24, 37, 58].

Another exciting and challenging goal in cancer research is the possibility to
target intracellular biomarkers for diagnostic application. It has been demonstrated
that oncogene expression of tumoral cells is different from their normal cohorts.
Targeting specific oncogene mRNA copies with 99mTc, 64Cu, and 68Ga for
SPECT or PET in dividing cells may permit imaging of oncogene expression in
several tumors. This technique could be also useful to monitor effectiveness of
therapy, with assessment of the upregulation or downregulation of oncogene
mRNA copies and of proliferative tumoral status after treatment [10, 11, 38, 68-70,
72]. Other studies have examined the possibility to assess tumor suppressor gene
pS3 transcription in a cell or to determine the expression of Ki-67 protein as
proliferative index of tumoral cells [60, 66]. Currently, therapeutic approaches are
focused to block the division of cells, even if these approaches do not discriminate
between normal and cancerous cells. To increase cell specificity, antisense tech-
nology has emerged. It is based on the sequence-specific binding of an antisense
oligonucleotide to target RNA, preventing the oncogene mRNA translation and
modulating the oncogene expression involved in the pathogenesis of oncologic
diseases [28, 38]. Challenges to be resolved include in vivo stability, sequence
length, and poor uptake in malignant cells. For new targeted therapy approaches,
the identification of the correct concentration of therapeutic agent and its dose
schedule has to be investigated [3, 4].

Molecular PET imaging provides diverse structural and functional information
of drug development: drug distribution and concentration can be assessed using the
radiolabeled compound, thereby demonstrating that the compound reaches the
target and does not accumulate at sites of potential toxicities. The development of
new therapeutic antibodies which have been approved for the treatment of hema-
tologic malignancies and for solid tumors with good therapeutic results led to new
attempts of radiolabeling these promising therapeutic antibodies. Such a newly
developed tracer is 64Cu-DOTA-trastuzumab, which is a humanized monoclonal
antibody against HER2 that is widely used for treatment of HER2-positive breast
carcinomas. Another interesting newly developed tracer is Zr-89-bevacizumab,
which is a recombinant humanized monoclonal antibody that blocks angiogenesis
by inhibiting the VEGF-A. This approach may allow a noninvasive evaluation of
the antiangiogenic therapeutic result in patients with, for example, colorectal cancer
or breast cancer [18, 73].

The new technological achievements in both genomics and proteomics as well as
in the bioinformatics will allow a better understanding of the molecular mechanisms
of a cancer disease and will help to identify specific biomarkers for both diagnostic
and therapeutic purposes. The clinical use of the new hybrid scanners together with
the application of cancer-specific biomarkers will revolutionize treatment and open
new ways of individual treatment.
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Main existing PET tracers of 18F and of other positron-emitting radionuclides
available for multimodality molecular imaging and their biochemical process, mech-
anism of uptake, and localization are, respectively, shown in Tables 30.1 and 30.2.

Table 30.1 PET tracers of '*F: biochemical process, mechanisms of uptake and localization

Radiotracer

BE_FDG

8R_Fluoride

8F_Fluorocholine

3E_Fluoroacetate
'8E_Fluorothymidine

18R FMISO
18R_FES

8F_FDOPA
B8R EMT
BE_FCCA

18R _FB-
E[c(RGDyK)]2

'®E.Oligonucleotide
'SF-FHBG

18R _labeled PSMA

Biochemical
process
Glucose
Metabolism

Bone
metabolism

Membrane
Synthesis
Lipid
synthesis

DNA
synthesis
Hypoxia
Receptor
binding

AA transport
and

Protein
synthesis

Angiogenesis

Gene
expression
Membrane
antigen

Mechanism of uptake and localization

Facilitate diffusion via glucose transporters
Substrate for hexokinase in glucose metabolism
Incorporation in the hydroxyapatite crystals in bone

Substrate for choline kinase in choline metabolism

Acetate is activated to acetyl-CoA in both the cytosol and
mitochondria by acetyl-CoA synthetase

Substrate for thymidine kinase in DNA synthesis and
reflects tumor cell proliferation rate

Intracellular reduction and binding

Specific binding to estrogen receptors in breast cancer
Precursor for the synthesis of dopamine

Transport into the cells involves amino acid carrier
protein

Intracellular trapping involves protein synthesis or
transmethylation

Integrin receptors on endothelial cells of
Neovasculature

In vivo hybridization with mRNA Substrate to herpes
virus thymidine kinase

Binding sites for PSMA ligands

Table 30.2 PET tracers of positron-emitting radionuclides non-'®F: biochemical process,
mechanisms of uptake and localization

Radiotracer

150-Water

11 .
C-Choline

"C-Thymidine

Biochemical Mechanism of uptake and localization

process

Blood Freely diffusible across membranes
flow/perfusion

Membrane Substrate for choline kinase in choline metabolism
synthesis

DNA synthesis Substrate for thymidine kinase in DNA synthesis

and reflects tumor cell proliferation rate
(continued)
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Table 30.2 (continued)

Radiotracer Biochemical Mechanism of uptake and localization
process

%8Ga-DOTATOC Receptor binding  Specific binding to somatostatin receptor

%8Ga-DOTANOC (SSTR-II)

%8Ga-DOTATATE Specific binding to somatostatin receptor

(SSTR-IL 1IL, V)
Specific binding to somatostatin receptor
(SSTR-II)
!'C-| -methionine AA transport and | Transport into the cells involves amino acid
protein synthesis  carrier protein
Intracellular trapping involves protein synthesis or

transmethylation
1241.64Cy-#8y Labeled Binding to tumor | Specific binding to tumor-associated antigenic
Antibodies antigens binding sites
1241.%4Cu-Annexin V| Apoptosis Specific binding to phosphatidylserine
On cell membrane
%8Ga-PSMA-11 Membrane antigen Binding sites for PSMA ligands

30.4 Future and Conclusions

Molecular imaging employing multimodality systems will strongly influence the
practice of medicine in the next generations. Specific imaging biomarkers will be
developed to enable physicians to ensure better strategies of patient management, to
stratify cancer, and to perform personalized medicine. Smarter devices, coupling
different imaging modalities, with higher spatial resolution and greater sensitivity
will be developed, allowing the visualization of a cluster of cells in vivo. These
smart devices will use smart probes to target specific biologic phenomena that will
provide a true early diagnosis and will drive the design of therapy and the
assessment of its effectiveness. Even if PET/CT will ultimately replace SPECT/CT,
advances in instrumentation, CT technology, and development of radiotracers have
the potential to advance beyond its current level of performance. The horizon for
hybrid imaging lies in the development of new tumor-specific agents that can
improve oncologic clinical diagnostic and therapeutic applications.

In the near future, digital PET/CT may emerge as a powerful multimodality
technique in clinical oncology, offering considerable potential for imaging appli-
cations beyond simple correlation of functional and anatomic images. Future
developments should include the simultaneous acquisition of multifunctional data
with quantification of PET tracer accumulation. Finally, the use of imaging as a
surrogate endpoint requires demonstration of a significant relationship between
imaging results and clinical outcome. Cooperation with the pharmaceutical and the
instrumentation industry is needed to foster prospective randomized multicenter
trials that are mandatory to demonstrate the relationship between appropriate use of
multimodality imaging and better patient outcomes.
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