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Abstract

Patient management in oncology increasingly relies upon imaging for diagnosis, response
assessment, and follow-up. The clinical availability of combined functional-anatomic imaging
modalities, which integrate the benefits of visualizing tumor biology with those of high-resolution
structural imaging, revolutionized clinical management of oncologic patients.[1-6] Conventional
high resolution anatomic imaging modalities such as computed tomography (CT) and magnetic
resonance imaging (MRI) excel at providing details regarding lesion location, size, morphology,
and structural changes to adjacent tissues; however, these modalities provide little insight into
tumor physiology. With the increasing focus on molecularly targeted therapies, imaging
radiolabeled compounds with positron emission tomography (PET) and single photon emission
tomography (SPECT) are often used to provide insight into a tumor's biologic functions and its
surrounding microenvironment. Despite their high sensitivity and specificity, PET and SPECT
alone are substantially limited by low spatial resolution and inability to provide anatomic detail.
Integrating SPECT or PET with a modality capable of providing these (i.e. CT or MR) maximizes
their separate strengths and provides anatomic localization of physiologic processes with detailed
visualization of a tumor's structure. The availability of multi-modality (hybrid) imaging with PET/
CT, SPECT/CT and PET/MR improves our ability to characterize lesions and to affect treatment
decisions and patient management. We have just begun to exploit the truly synergistic capabilities
of multi-modality imaging. Continued advances in instrumentation and imaging agent
development will improve our ability to noninvasively characterize disease processes. This review
will discuss the evolution of hybrid imaging technology and provide examples of its current and
potential future clinical uses.
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Multimodality imaging: the best of both worlds

While taken for granted in current medical practice, advanced imaging is a relatively recent
adjunct to medical and surgical therapies. Plain film x-ray and planar gamma scintigraphy
have been routinely available only in the last century, and volumetric imaging modalities
(PET, SPECT, CT, MR) became available in the 1970's. Each modality has its own strengths
and limitations; in general, these technologies can be separated into anatomic and functional
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imaging. Anatomic imaging technologies (CT and MR) provide unparalleled structural
detail, while functional modalities (PET and SPECT) provide insight into biologic
behaviors. [2, 7-8]

CT was developed by Hounsfield et al in 1967, driven in part by the improvement in
computer processing power along with volumetric x-ray imaging. Using available
computing technology, CT generated high resolution three dimensional reconstructions of
patient anatomy using multi-plane x-ray imaging and mathematical computer image
reconstruction algorithms. Non-specific iodinated contrast agents are routinely used to
visualize blood flow and washout, often delineating areas of abnormal enhancement and
uptake which can be used as a surrogate for neoplasm or infection/inflammation.[9-11]
Improvements in camera technology such as helical and multi-detector CT (MDCT) yielded
even higher spatial resolution with shorter scan times (albeit with higher radiation doses).
[12-13] Improvements in software enables volumetric reconstructions and surface rendering
of specific organs extending the utility of the volumetric data acquired, as exemplified by
CT imaging of the gastrointestinal tract.[14]

Despite the exquisite anatomic details CT provides, it imparts little to no information
regarding functional or metabolic activity of tissues. Malignant potential is construed from
lesion size, and distortions and displacements of normal tissue. As a result, benign and
malignant lesions can overlap in appearance.[11] Early metastatic lymph nodes are often too
small to be accurately characterized by CT, resulting in frequent false negative results. Post-
surgical changes can distort normal anatomy and may change the structure and morphology
of the anatomy sufficiently to mask remaining tumor; these findings on CT can incorrectly
suggest areas of abnormal growth or disguise areas of true malignant disease.[8]

Functional information from the biodistribution of radiolabeled drugs or other ligands can be
obtained with nuclear imaging; however it characteristically results in noisy images that are
low in spatial resolution and comparison with anatomic images is often necessary to
interpret the results. Only a small portion of the emitted photons are used to construct the
image because most of the photons are never detected. The emitted photons must first
traverse heavy lead parallel collimators which only allow photons emitted perpendicular to
the camera face to interact with the imaging crystal. Additionally, only photons within a
specified energy range, characteristic of the isotope used, are accepted for final image
construction to decrease photons scattered from other collimators or through tissues.
Clinically useful isotopes emit at least one gamma ray (typically ~59 to 364KeV) that can be
“stopped” and detected by the gamma camera’s crystal. The development of single photon
emission tomography (SPECT), in which planar gamma images are obtained in multiple
planes/projections, came on the heels of the development of X-ray CT. The SPECT images
are reconstructed to produce a volumetric image with spatial resolution of ~7.5-10 mm.

Another technology used for radiotracer imaging is positron emission tomography (PET).
Radionuclides that decay with positron emission, such as Fluorine-18, Carbon-11,
lodine-124 and Oxygen-15, can be imaged with a PET scanner, which provides higher
spatial resolution (2-5mm for clinical scanners).[15] The emitted positron quickly
encounters an electron, resulting in an annihilation reaction in which two photons each with
energy of approximately 511 keV are produced with trajectories approximately 180 degrees
opposite to each other. While limited-quality imaging of positrons can be performed using
SPECT with ultra-high energy collimators, the PET camera was specifically developed to
take advantage of the physical characteristics of positron emitters. By only accepting
“coincident” photons, i.e. those that hit opposite sides of a ring detector within nanoseconds
of each other, and also are approximately 180 degrees apart, heavy collimation is no longer
needed to obtain for high resolution images; thus greatly increasing sensitivity. The added
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ability to correct for soft tissue photon attenuation effects, by mathematically integrating a
sequentially acquired transmission image, allows for absolute quantification of the
radioactivity within a given region of interest. If the specific activity of the radiotracer is
known (mCi/ug) then the concentration of the administered compound delivered to the
tissue can be determined. [2, 4, 8, 16-17]

Despite the higher resolution of PET images compared with gamma scintigraphy, and its
ability to measure isotopes with high sensitivity and specificity down to 100 picomolar
concentrations,[18] these images still lack spatial resolution compared with imaging
modalities such as CT and MRI.

The benefits of hybrid (simultaneous or sequential multi-modality imaging on a single
instrument) have been discussed in the medical literature as early as the 1960s[7]. Attempts
to visually co-localize lesions to identify the anatomic location of radiotracer uptake proved
cumbersome and less than ideal as discrepancies in patient position, patient motion, and
imprecise alignment were encountered as the patient moved between two different
machines.[2, 4, 6-7, 19]

Software fusion algorithms were developed to permit registration and overlay display from
independently acquired images with increasing accuracy and precision.[20] Such algorithms
proved to be most useful and accurate in cerebral imaging as the brain is clearly defined and
rigidly fixed within the skull, which is used as the primary registration object. This method
was less successful in whole body imaging where landmarks are sparse, surface markers are
of limited value because of intrinsic motion of visceral organs, the requirement for non-rigid
registration capabilities exists and, often, the mutual image information on which to base a
registration is lacking.[21-25] As a result of these limitations, the hardware fusion option of
combining anatomic and functional imaging into the same gantry in the form of PET/CT
was proposed and implemented. An additional benefit of the in-line CT is that it can be used
for attenuation correction as well as anatomic localization, with a CT transmission scan
acquisition time of <1min compared with ~12 minutes for a conventional transmission scan,
which rotates a radioactive source around the patient.

With the increasing clinical utilization of F-18 fluorodeoxyglucose (FDG) PET in oncology,
came the demand for more accurate anatomic localization of foci of increased radiotracer
uptake. Townsend, Nutt, Beyer and coworkers are credited with developing the first hybrid
PET and CT scanning equipment in the late 1990s. After receiving an NCI grant in 1995, the
first prototype was built and put into clinical use for oncologic imaging at the University of
Pittsburgh Medical Center in 1998, where it operated until 2001. On this instrument, 300
patients with a range of oncologic diagnoses were imaged.[26] Results from this prototype
helped to stimulate further development and construction of combined PET/CT scanners.
[26-28] Most commercial whole body PET scanners now come with an integrated CT
scanner.

Though PET/CT is currently more widely used than SPECT/CT, some of the earliest
attempts to obtain functional and anatomic information from a single device were obtained
with SPECT technology. In 1988, Butler et al used SPECT, and a separate Gadolinium-153
source to obtain emission and transmission data on a 99mTc-macroagreggated albumin
perfusion study to verify proper positioning of an arterial catheter during chemotherapy
administration. Acquiring both sets of information improved spatial localization as well as
attenuation correction and demonstrated the promising clinical applications of anatomically
mapping scintigraphic activity in one session.[29]

Hasegawa and colleagues were pioneers in combining SPECT and CT into a single
modality.[30] By 1999, the first commercially available SPECT/CT camera was developed,
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incorporating a low energy transmission CT for localization, and SPECT functional images
in one system.

Despite more limited clinical use of SPECT/CT, due in part to longer scan times and lack of
reimbursement, compared with PET/CT, evidence of improvement in patient care and
management has been described. Recent studies have demonstrated increased accuracy and
reporter confidence with SPECT/CT compared with SPECT alone.[31-32] In these studies,
improvements in lesion localization occurred in greater than 40% of patients. The use of
both traditional and novel PET and SPECT imaging agents has allowed for visualization of
biologic processes ranging from glucose metabolism to bone remodeling and angiogenesis.
Research on radiotracers has brought into focus the necessity of understanding the interplay
between physical characteristics of the radiolabeled drug and the target being imaged.
Currently, molecular imaging research is focused on developing new radiotracers for both
SPECT/CT and PET/CT technology, with an eye toward the of clinical utilization PET/MR
and SPECT/ MR, which can provide metabolic and anatomic information with less ionizing
radiation. Table 1 contains a listing of selected PET and SPECT imaging agents discussed in
this review.

Clinical Examples
Bone imaging with PET/SPECT/CT

99mMTc-Methyl-diphosphonate (MDP)—Bone scans commonly utilize planar gamma
camera technology. They consist of whole body bone scintigraphy with 9MTc labeled
methylene diphosphonate (®MTc-MDP, t;/, = 6h) for detection of bony metastases. (Figure
1a) 99MTc hydroxymethylene diphosphonate (*9™TC-HDP) is very similar and often is used
for the same purpose. 99MTc is the most frequently used nuclear medicine isotope due to its
desirable imaging properties and can be generated on-site from its parent atom, %Mo (ty; =
67h). It should be noted that there have been several worldwide shortages of %Mo, which is
generated in a limited number of medical nuclear reactors worldwide. In the 1970s 9°™T¢
was successfully chelated to polyphosphates and pyrophosphate for skeletal imaging, and
quickly became one of the most frequently performed nuclear medicine procedures.[33-35]
The pyrophosphate compounds were soon recognized to be inferior to the diphosphonates as
imaging compounds, and subsequently 99MTc -MDP, demonstrating the best clearance
qualities of these diphosphonates, became the gold standard for bone scintigraphy. [33-35]

Whole body bone scintigraphy with®™MTc compounds (BS) is routinely used in patients with
a known primary cancer, as skeletal involvement occurs in 30-70% of all patients with
cancer. BS has high sensitivity in detecting metastatic foci even in lesions with as little as a
5-10% bone loss. In contrast, plain radiography often requires more than a 50% destruction
of bone for a lesion to be detected.[36] The sensitivity of BS is 62%-100%, depending on
the nature of the lesion, with osteolytic lesions representing the lower end and osteoblastic
lesions representing the higher end of the sensitivity range.[37] Planar imaging is efficient,
but SPECT, especially with CT, has been found to more precisely localize bone lesions.[38]
This is particularly true in the spine, where vertebral body uptake can be indicative of
malignancy or degenerative bone disease.[38] SPECT can overcome some of the difficulties
found with planar scans and also can help to differentiate overlapping structures; however,
anatomic modalities such as CT are still often needed to confidently localize skeletal areas
of abnormal uptake.[39]

SPECT/CT image fusion demonstrated improvement over planar BS and SPECT alone in
both sensitivity and specificity. Additionally, diagnostic accuracy and certainty increased
significantly with hybrid imaging. A decrease in equivocal lesions was found by Zhao et
al[40] and Helyar et al[41]. In a study by Strobel et al, diagnosis was made in 100% of cases
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on SPECT/CT fusion compared to 86% and 64% when using SPECT or CT alone,
respectively.[42]

Sodium Fluoride (*8F-NaF) Bone Scanning—Advances in PET/CT have not only
spurred research into novel, more specific radiotracers, but have also stimulated renewed
interest in those which had fallen out of use because of challenges in technology. A good
example of this is sodium fluoride, 18F-NaF, identified nearly 50 years ago as a radiotracer
for bone imaging.[43] This agent shows high and rapid bone uptake and clearance from
other body compartments and yielding high quality, low background images within one hour
after injection..[33, 44] 18F-NaF which is minimally bound by proteins in the serum, has a
highfirst pass extraction rate at physiologic blood flow, and demonstrates preferential uptake
in areas of actively mineralizing bone.[45]

Though available for patient use in the 1970s after approval by the FDA, 18F-NaF did not
gain clinical momentum since PET scanners were not yet prevalent and imaging this
compound on SPECT cameras proved suboptimal. Also, in the 1970s, %°™-Tc bone agents
became readily available as they could be compounded using “kits” in on-site
radiopharmacies. In contrast, 18F-NaF is cyclotron generated with a 110 minute half-life
and, at the time,, its distribution was not economically viable. Recent shortages of 9MTc,
advances in PET scanning equipment and the commercial availability of 18F have driven a
renewed interest in 18F-NaF as a feasible bone imaging agent.[44] In 1984, the FDA

listed 18F-NaF as a discontinued drug but made it available under “Investigational New
Drug” (IND) status. More recently, the NCI has filed a New Drug Application (NDA) which
was approved by the FDA, making this agent available for use in patients for clinical
management.[46]

Effective February 26, 2010 the Center for Medicare and Medicaid Services (CMS)
announced that 18F NaF PET imaging used to “inform initial treatment strategy (PI) or
subsequent treatment strategy( PS) for suspected or biopsy proven bone metastasis” are
covered, when performed in the context of a clinical study. [47]

Because of the increased resolution, sensitivity and specificity of PET/CT compared with
that of SPECT/CT, abnormal areas of 18F-NaF uptake are more readily apparent than

with 99MTc-MDP. In some groups of patients, such as those with metastatic prostate cancer,
it is expected that metastatic disease can be detected much earlier with 18F-NaF PET than
with conventional bone scans. However, similar to 2°™Tc-MDP, 18F-NaF uptake alone will
not differentiate between benign and malignant disease; thus, the CT component of the study
is critical to distinguish the cause of increased uptake. [46]

Recent studies have compared 99™Tc bone agents with 18F-NaF in patients with both benign
and malignant bone lesions; a review of these by Grant et al. in 2007 found 18F-NaF PET
imaging is more accurate than planar imaging or SPECT for lesion characterization and
localization in both malignant and benign lesions. (Figure 1) Additionally, 18F-NaF PET/
CT reduces length of study scan time, and improves clinic workflow and convenience to the
patient. More recently, studies have compared 18F-NaF PET/CT scanning for bone disease
with 99MTc-MDP in patients with hepatocellular carcinoma suspected of having bony
metastases. The study found that the 18F-NaF had better sensitivity and specificity for
detecting bony lesions, specifically primarily osteolytic lesions. The authors also found an
increase in accuracy by PET/CT with 18F-NaF compared with 9MTc-MDP (95.7% vs.
75.4%, respectively, P=0.0001) and a significant correlation between prognosis and bony
lesions found on 18F scan; such a relationship was not found with 9MTc-MDP.[48] Similar
results were found in patients with non-small cell lung cancer.[49] This increased accuracy,
along with the current availability of PET/CT technology in a range of clinical settings and
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the relative ease at producing 18F, indicate this technology will become increasingly
incorporated into routine clinical use.[33]

Tumor Imaging

18F_Fluorodeoxyglucose (18F-FDG)—BYy far the most frequently used PET agent for
oncology, the glucose analog formally known as 2-[fluorine-18] fluoro-2-deoxy-D-glucose
or more informally as 18F-FDG [50] has been extensively dicussed elsewhere, therefore,
only a cursory discussion will be made here. 18F-FDG was first described as a potential
tumor biomarker in 1980, after several years use as a brain imaging agent.[51] 18F-FDG
accumulates in tissues with high metabolic activity as a result of trapping within the cell.
Although 18F-FDG is transported into the cell as if it were glucose via the GLUT 1
transporter, unlike glucose, it is blocked from further phosphorylation. Normally, glucose is
phosphorylated to glucose-6-phosphate by hexokinase, an enzyme up-regulated in malignant
cells [16, 51-52]. Therefore, the elevation of hexokinase drives increased uptake of both
glucose and 18F-FDG by tumor cells. PET imaging with 18F-FDG allows the non-invasive
detection of abnormal metabolic activity in malignancies; a feat that is not achievable with
conventional anatomic scanning.

18F_FDG PET has had extraordinary clinical reach, with a contribution unmatched by any
other functional imaging modality to date.[53] It has been used in the diagnosis, treatment
planning, monitoring of treatment response, and follow-up for recurrence after treatment in
many oncologic disease processes.[1-3, 5-6, 8-9, 16] A recent review of the literature
regarding the use of 18F-FDG PET found its use most clinically effective in staging non-
small cell lung carcinoma, restaging Hodgkin's lymphoma, detecting solitary pulmonary
nodules, and staging or restaging colorectal carcinoma.[54] However, since its widespread
introduction, it has found utility in virtually every tumor type for at least one application.

Combining 1F-FDG PET with CT has led to an improvement of accuracy averaging about
10-15% compared with PET alone.[44] Such benefits have been described in patients with
head and neck, thyroid, breast, lung, and Gl tract carcinomas, tumors of unknown primary
origin, melanomas and also lymphomas.[5, 44]

Despite the improved sensitivity and specificity of 18F-FDG PET localization, a number of
limitations have emerged. 18F-FDG is taken up at a higher rate by malignant tissue;
however, it is not specific for tumor cells. Indeed, other processes which result in increased
metabolic activity, such as inflammatory and infectious states are avid for 18F-FDG, thus
leading to false positives (Figure 2). Normal tissues can also take up or accumulate 18F-FDG
including bowel, bladder, muscle, and brown fat, all of which can demonstrate higher-than-
background activity.[11] Furthermore, 18F-FDG has low sensitivity for tumors of low grade,
low glucose uptake and size <1cm.[50] Some malignant tumors do not readily

metabolize 18F-FDG, including bronchioloaveolar carcinoma,[55] NETSs, renal cell
carcinomas and localized prostate cancer.[56] Additionally, in organs with high 18F-FDG
excretion such as the bladder and kidneys, significant background activity limits evaluation
of lesions in those tissues. As a result, other PET agents have been evaluated for use in
oncology.

Somatostatin receptor imaging

Neuroendocrine tumors (NET) are a varied group of neoplastic lesions which arise from
neuroendocrine cells of the lung, thymus, pancreas, Gl tract, adrenals, and skin, and thus, are
an extremely heterogeneous group of cancers.[57] They do share common characteristics,
namely their origin from cells with a neuroendocrine function that take up and decarboxylate
amines. The term APUD (amine precursor uptake and decarboxylation) cell was coined for
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these neuroendocrine cells by Pearse in the 1960s.[58-61] More specifically, they originate
from embryonic neural crest cells, and their varied location within the body is attributable to
anatomic structures arising from the embryonic foregut, midgut, or hindgut. A feature
common to some, but not all, NETS is the expression of somatostatin receptors (SSTRs),
particularly SSTR-2, SSTR-5 and to a lesser extent SSTR-3. This characteristic has been
exploited for their diagnosis and treatment.[62—63]

Because they can be found in many locations throughout the body and often present with
clinical symptoms at a relatively small size, NETSs are difficult to locate using anatomical
imaging techniques. Functional imaging, using a variety of SPECT compounds, has played a
large role in the diagnosis and characterization of these tumors. By primarily targeting
somatostatin receptors commonly expressed on these tumors,[57] SPECT agents targeting
somatostatin receptors have been developed, including 111In-diethylenetriamine pentaacetic
acid (DTPA)-pentreotide (Octreoscan®), and more recently 9MTc-ethylene diamine N,N'-
diacetic acid/hydrazinonicotinamide (EDDA/HY NIC)-tyr3-octreotide.[64—65], and ®8Ga-
DOTA-Tyr(3)-octreotide or octreotate. Though %9™Tc is a better SPECT agent than 1111n,
and initial results from small studies using *™Tc-EDDA/HYNIC-TOC show promising
results, 111In-DTPA-pentreotide is the standard agent in clinical use today.[64]

Practice guidelines for imaging of NETs with 111In-DTPA-pentreotide have been published
by the Society for Nuclear Medicine and European Association for Nuclear Medicine. They
describe the use of this agent in NETs including, but not limited to, those tumors of the
adrenal medulla, merkel cell of the skin, gastropancreatic system, and pituitary. It has been a
helpful imaging tool in other malignancies as well, such as melanomas, small cell lung
carcinomas, and carcinoid tumors.[66-67] A dose of 6 mCi of 111In-DPTA-pentetreotide is
suggested, and use of SPECT/CT is highly recommended.[64] (Figure 3)

While not yet FDA approved, small clinical studies have shown 58Ga- octreotide derivative
4,7,10-tetraazacyclo-dodecane-N,N’,N"”,N” -tetraacetic-acid-D-Phe1-Tyr3-octreotide
(DOTA-TOC), a PET radiotracer, to be superior to SPECT imaging agents 111In-DPTA-
pentetreotide [68], and 123I-metaiodobenzylguanidine (MIBG; a.k.a. iobenguane or
Adreview).[69]. 58Ga is a positron emitter obtained from a %8Ge/%8Ga generator (half-life,
270.8 days). Disappointingly, 88GaDOTA TOC PET/CT, showed no advantage over
conventional imaging in monitoring response to peptide related radionuclide therapy (using
either 0Y-DOTA-TOC or 177LLu-DOTA-octreotate). [70]

18F_FL T—[18F]-3"-fluoro-3'-deoxy-L-thymidine (FLT) is a fluorinated thymidine analog
that accumulates in highly proliferating cells.[71-73] Originally, non-radioactive FLT was
developed as an anti-viral therapy in HIV infection but proved too toxic. However,it is safe
in the microdoses used for clinical imaging.

Thymidine is incorporated into DNA as one of the four basic nucleosides (adenine thymine,
cytosine, guanine). Initial studies with 11C-thymidine demonstrated more rapid declines in
uptake after cancer therapy than with 18F-FDG scans.[74-76] However, the short half-life
of 11C (720min) and its rapid metabolism in vivo limited its use to research settings;
subsequently, labeling the thymidine analog fluoro-L-thymidine (FLT) with 18-F was
undertaken.[71] Once it is transported into a cell, it is phosphorylated via thymidine kinase
-1 and becomes trapped intracellularly. While, for the most part, it is not incorporated into
DNA, the regulation of thymidine kinase-1 is closely related to cell proliferation status; cells
in the G1 to S phases of the cell cycle demonstrate up to 20-fold higher rates of TK-1
activity compared to cells in GO or the onset of G1.[77] FLT is useful because it reflects
cellular proliferation as determined by proliferating cell nuclear antigen (PCNA) and Ki-67
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score. A detailed description of the cellular retention of FLT via the purine salvage pathway
is reviewed by Salskov et al.[73]

Because of FLT's specificity for cellular replication, its most promising use lies as an
imaging agent, to characterize tumors and predict their response to therapy.[78] However,
compared with 18F-FDG, 18F-FLT has a lower uptake by tumor cells since not all cells are
in an active replication stage.[73, 78] 18F-FLT demonstrates physiologic accumulation in
liver and bone marrow in higher amounts than 18F-FDG. While 18F-FLT is less sensitive
than 18F-FDG for tumor detection, it can add specificity, as it does not show high uptake in
inflammatory tissues, a limitation of 18F-FDG (FIGURE 4). As the prevailing dogma
predicts highly proliferating cells to be more sensitive to the effects of cytotoxic therapies,
determining which tumors are highly proliferative prior to therapy may help with the
selection of therapy. [77]In some tumors,18F-FLT uptake has been shown to decrease even
before physical changes in lesion size can be measured, and before a decrease in 18F-FDG
PET is seen.[77] This decrease was found to correlate with decreased malignant cellular
proliferation. 18F-FLT has also been evaluated across a wide range of primary tumors,
including lung, breast, brain, colon, esophageal, and head and neck malignancies as well as
lymphoma, melanoma, and sarcoma.[73, 78] With the exception of one trial involving
patients with rectal cancers, the decrease in 18F-FLT activity after beginning chemotherapy
regimens was predictive of tumor response.[77] As noted recently by Del Vecchio et al, the
initial post-therapy FLT scan must be performed early in the regimen in order to reflect the
true anti-proliferative effects of the treatment. [77] Due to its limited ability to stage tumors,
especially compared with 18F-FDG PET, 18F-FLT has been suggested as an important
adjunct, but not a stand-alone modality, for oncologic imaging. Further applications of FLT
include investigations into the assessment of tumor aggressiveness and patient response to
therapy.

Imaging Tumor Angiogenesis

Tumor cells generate factors to promote neo-vascularization for continued survival and
growth. In fact, without angiogenesis, tumors stop growing both in vitro and in vivo at a
diameter of 2-3mm.[79] Thus, angiogenesis has been vigorously investigated in order to
understand the mechanisms involved and to exploit them for cancer therapy.

The first commonly used targeted antiangiogenic drug, the monoclonal antibody
bevacizumab, which targets the vascular endothelial growth factor (VEGF), was approved in
2004. Since then, additional small molecule inhibitors of angiogenesis have been clinically
approved including sorafenib and sunitinib.; these agents are directed against VEGF and
platelet-derived growth factor (PDGF) receptors.[18, 80] These agents work in a cytostatic
rather than cytotoxic manner[18], and thus, present difficulty when evaluating patient
response to therapy using the gold standard of tumor volume change on CT or MRI. Anti-
angiogenic therapies will not necessarily result in a marked tumor volume reduction on
conventional imaging; therefore, imaging agents targeting the angiogenesis pathway may be
valuable in predicting and monitoring patient response to treatment. There are numerous
competing technologies for measuring angiogenesis. These include dynamic CT, MRI and
microbubble enhanced ultrasound. However, these methods are indirect measures of
angiogenesis, measuring parameters such as blood flow and permeability rather than
angiogenesis itself.

The ability to label specific molecular angiogenic markers with trace amounts of
radionuclides is a very promising molecular imaging method. A variety of targets have been
identified for PET imaging of angiogenesis including o3 integrin, VEGF and VEGFR
ligands, matrix metalloproteases, and hypoxia factors.[77, 81] Integrins are a group of 24
membrane proteins that function as endothelial cell adhesion molecules involved in cellular
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attachment and migration to the extracellular matrix.[82—83] Some tumor cells over-express
integrins, which appear to have a role in promoting cellular migration and metastases. The
integrins are comprised of two non-covalently linked subunits, a and B, and this
heterodimeric structure forms a protein expressed at the cell membrane.[77, 81-83] a3
integrin is the most extensively studied of the family, and it is up-regulated significantly in
tumor vasculature but not in normal endothelium.[84-88] Crystallography structure has
identified the amino acid sequence arginine-glycine-aspartic acid (RGD) as the common
binding motif to a, 3 integrin. To date, many conjugates with this sequence have been
prepared and labeled for optical imaging, MRI, SPECT, and PET. 18F, 64Cu, and %8Ga have
all been attached to RGD analogs to bind to ayf3 integrin.[82-83, 89] The first integrin
imaging agent used in humans was 18F-galacto-RGD, which demonstrated good tumor
uptake with low tumor to background ratios and rapid clearance from non-tumor tissue.[89-
92] Uptake of 18F-galacto-RGD correlates with microvessel density.[93] Numerous studies
have demonstrated the ability of 18F-galacto-RGD to bind to ayBs3 integrin to image tumor
vasculature. Little correlation is seen between 18F-FDG and 18F-galacto-RGD signal,
indicating distinct information is being provided by each tracer.[92] Unfortunately, the
synthesis of 18F-galacto-RGD is complex and is not widely transferrable to the clinical
setting. Thus, other radiolabeled compounds targeting the RGD binding pocket are under
development. Figure 5 shows a PET/CT image of 18F-Fluciclatide, a small fluorinated
peptide containing the RGD sequence.

ayP3 integrin expression is not limited to tumor endothelial cells [92-93] and has also been
identified in wound healing, rheumatoid arthritis, and other inflammatory states.[94] Thus,
research into integrins specifically expressed on activated endothelial cells, such as agfq, has
been actively pursued.[93] Additionally, integrin targeted-agents coupled to nanoparticles
are being investigated as they do not extravagates from vessels, thereby facilitating imaging
of only the vasculature and providing a better measure of the angiogenesis network.[83]
These nanoparticle agents are being developed with an eye toward multimodality imaging
techniques, as small molecules, such as 18F-galacto-RGD, are restricted by limited
conjugation sites and binding affinity interference; these problems can be overcome by
utilizing the large surface area of nanoparticles.[82]

Future of multimodality imaging

MR/PET imaging—When compared with CT, MR provides superior soft-tissue contrast
and imposes no ionizing radiation. It can also provide some functional information through
use of MR spectroscopy, diffusion imaging and perfusion imaging. For combined functional
scanning with PET, however, the software registration problems discussed earlier also apply
to registering PET and MR images acquired on separate machines. Additional challenges in
registering these two separate modalities arise from a smaller field of view, which provides
less data and less mutual information (i.e. bony anatomy) with which to perform the
registration, and the non-isometric pixel size of MR data. The best chance of achieving a
good software-based registration of PET/MR would result from registering the smaller field
of view MR to CT slices from a similar field of view from the PET/CT study, which would
then put the MR into the same “imaging space” as the PET. Development of such software
based registration is exceedingly difficult when imaging organs without intrinsic contrast on
CT (i.e. the prostate). FIGURE 6 depicts a software based registration of a prostate MR to

a 11C-acetate PET/CT. Due in part to anatomic distortion of the prostate by the MR
endorectal coil, an issue not present with PET/CT, and the mobility of the prostate within the
pelvic cavity, only the initial rigid registration between the MR and a limited field-of view
extract of the transmission CT could be automated. The final rotation and translation
adjustment had to be performed manually based on visual assessment. Attempts to
automatically register the MR directly to the whole body transmission CT or to the 11C-
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acetate PET emission scan directly failed due to lack of mutual information between the
studies. It is in such applications, where the high soft tissue contrast of MR is needed to
localize the functional activity identified on PET, that a combined PET/MR scanner would
have the highest impact.

Numerous technical challenges faced the development of a combined PET/MR as the
magnetic field of the MRI made PET scanning with conventional cameras impossible.[95]
Moreover, the proximity of the PET instrumentation disturbed the magnetic field
homogeneity of the MR interfering with image quality. The magnetic field required
numerous PET camera electronic and hardware changes in order to maintain functionality.
In an integrated system, where the PET camera resides within the MR camera, the maximum
bore size may be reduced and there are substantial increases in scattered and random
coincidences due to the presence of MR hardware (RF coils) in the field of view.

While this would not be a problem with a sequential design, in which the patient is scanned
on each separate modality “sequentially” using the same imaging bed[96] without re-
positioning, any design will reduce the quantitative capability of the PET camera as MR data
consists of proton densities and magnetic relaxation times with no information about photon
attenuation. [97]

Instead of directly measuring photon attenuation as with CT, the attenuation correction with
MRI is obtained using segmentation of air, soft tissue and/or bone and then using pre-
calculated density measurements to estimate attenuation; however this inevitably results in
non-uniform results throughout the field of view. Work to reduce the quantitative
degradation by improving the attenuation correction algorithms is ongoing. {Catana, 2011
#205;Schulz, 2011 #204} The most notable problem with PET/MR devices is their cost,
which essentially combines the cost of a full MR with a full PET scanner. Additional
drawbacks include increased imaging times of MR compared to CT.[98] Additionally, the
inability to image patients with contraindications to MR or of wide girth due to a smaller
field of view further limits this modality. Another major challenge is the lack of
technologists who are trained in both modalities. However, the advantages are also clear.
The ability to simultaneously image by MR and PET will mean better localization of PET
signal and reduced overall scanning times for patients who require both an MR and PET.

Marsden and Cherry developed the first simultaneous PET/MR for animals (Shao et al
1997), demonstrating the feasibility of the method. This was followed by the development of
a dedicated brain clinical PET/MR scanner. More recently, whole body clinical PET/MR
systems have been produced. Figure 7 With simultaneous acquisitions of PET and MR data,
MR's ability to monitor motion (without ionizing radiation) can be exploited to improve
PET. For instance, it may be possible to obtain data regarding the direction and magnitude
of patient motion occurring during the PET acquisition {Catana, 2011 #205} (i.e. breathing),
to accurately localize counts that would otherwise be blurred across the path of motion.

Despite its current limitations and expense, the development of combined PET/MR scanners
will continue as such technology opens new vistas for molecular imaging.

PET/CT and SPECT/CT technologies have had a far reaching influence on diagnosis,
management, therapy monitoring, and prognosis in oncologic disease; they provide more
personalized care to patients, improve treatment decisions and help to decrease the cost of
medical care in many situations. It is expected that PET/MR will continue this trend.
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In recent years, knowledge about cellular processes resulting in cancer has dramatically
expanded. New targets for therapy, clinical monitoring and patient management have
emerged as a consequence. At the same time, great strides are being made in developing
highly specific imaging probes. This is stimulating the development of new imaging
technology, including hybrid scanning technology. These new targeted probes may be used
in concert with new drugs to accelerate the approval process and select patients for the most
appropriate therapy. The ability to combine the sensitivity and specificity of PET with the
anatomic resolution of CT has proven invaluable, with documented gains in accuracy. In the
future the fusion of any two or more modalities should be possible including SPECT, PET,
MR, or even ultrasound. Thus, the future of hybrid imaging remains bright and will
hopefully prove useful in the management of patients with cancer.
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Figure 1.

77 year old male with prostate cancer: a. Anterior planar gamma camera image acquired 3-
hours post injection of 12mCi 2°™Tc-MDP; b. Anterior coronal Maximum pixel Intensity
Projection (MIP) PET emission scan acquired 2-hours post injection of 5.1 mCi Nal®F; c.
Anterior MIP of the transmission CT. Noted improved spatial resolution on the PET image,
with better visualization of the skull lesion (open arrow) and L1/2 degenerative disc disease
(solid arrow). Even the calcification of the femoral arteries (arrows) is visualized on the PET
image. Careful correlation with the transmission CT is needed to determine etiology of focal
uptake.
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FIGURE 2.

37 yo, male with history of Large B-cell lymphoma in small bowel extending to posterior
bladder. Residual pelvic residual mass was seen after chemotherapy which shows high 18F-
FDG uptake (a) SUV 10.4, and no significant 18FLT uptake (b) SUV 2.2. Biopsy revealed
fibrosis/chronic inflammatory changes in an enterovesicular fistula.
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Figure 3.

66 year old female with tumor induced osteomalacia. Row (a) displays SPECT images
(axial, sagittal, and Maximum pixel Intensity Projection (MIP)) obtained 4-hours after the
injection of 6.5mCi 111In- DPTA-pentreotide; row (b) displays the transmission CT from
that study; row (c) displays PET scan acquired 1-hour post injection of 14.4mCi of 18F-
FDG. The intense focal uptake in the distal left arm (cross hairsc and solid arrow) on

the 111In- DPTA-pentreotide SPECT images, which corresponds to faint soft tissue
calcifications on the transmission CT, shows only mild uptake on the 18F-FDG PET images.
(Open arrow indicates injection site)
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Figure 4.

Comparison of PET/CT scans of the same patient with abdominal lymphomas using the
tracers 18F-FDG (a,b,c) and 18F-FLT (d,e,f) (MIP (a,d), coronal fused (b,e) and axial/axial
fused views (c,f))
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Figure 5.

18F_Fluciclatide PET (a,d) and PET/CT (b,c) scan of a patient with metastatic melanoma
using (axial (a,b) and coronal (c,d)). Note the specific localization of tracer uptake to the left
shoulder. The remaining tracer distribution is physiologic.
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Figure 6.

55-year-old male with prostate cancer. Axial T2-weighted MRI (a) demonstrates a low
signal intensity focus in the left apical gland peripheral zone (white arrow), which
shows 11C-Acetate uptake in the axial PET/CT image (black arrow) (b). Software based
fused 11C-Acetate PET/MR image (c) better localizes the tumor focus (white arrow).
Corresponding pathology slide shows a Gleason 3+4 tumor lesion in the left apical
peripheral zone (inked in green) (d).
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Figure 7.

Whole body PET MR performed on the Siemens whole body mMR MR/PET scanner ~4
hours following administration of 3.3mCi of 18F-NaF in a 63 year old patient with prostate
cancer (Gleason 3+4). This study shows increased bony turnover in the mid-T-spine (SUV
=29.7) in a location consistent with degenerative change. No bony metastatic disease was
detected. Whole body coronal STIR MR sequence is shown.
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Table 1
Type Clinically Available Research Use Only
General Tumor Imaging BE-FDG BE-FLT
Somatostatin receptor Imaging 11n-DTPA-pentreotide 9mTc-EDDA/HYNIC-TOC

131|-metaiodobenzylguanidine (MIBG)
123]-MIBG (iobenguane/Adreview)

88GaDOTA TOC

Bone imaging

%mTe MDP
18F-NaF

Angiogenesis

18F-galacto-RGD
18E-Fluciclatide
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