Chapter 5
Application of Functional Molecular Imaging
in Radiation Oncology

Sarwat Naz, Murali C. Krishna, and James B. Mitchell

Abstract Molecular imaging of tumors is rapidly gaining momentum as a tool
with the capacity to improve cancer treatment. It has the potential to provide more
precise diagnosis of cancer, improve radiation treatment planning, and monitor
response to treatment as the treatment progresses. Noninvasive imaging platforms
reporting on molecular, biochemical, metabolic, and physiological parameters cou-
pled with existing high-resolution anatomical modalities hold the promise of pro-
viding clinicians with information regarding the biology of the tumor in the context
of its anatomical location. The basic principles of established and emerging molecu-
lar imaging techniques as applied to radiation oncology are reviewed highlighting
advantages and limitations. The application of molecular imaging monitoring
normal tissue responses as well as tumor may provide a means to determine more
precisely a therapeutic ratio of different experimental radiation or chemoradiation
approaches.
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Introduction

Radiation therapy is an effective non-invasive cancer therapy approach that can be
administered to patients repetitively over a few to several weeks. Each year approxi-
mately 60 % of cancer patients, in the United States are given radiation therapy for
definitive treatment, for palliation of symptoms, or as an adjunct to surgery or che-
motherapy. A continuing challenge in the field of radiation oncology is to improve
the therapeutic ratio, which is the balance of biological effectiveness of treatment
and severity of treatment-related side effects on normal tissue. A major objective in
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radiation oncology is to accurately delineate tumor volume and thereby, when pos-
sible, minimize radiation exposure to normal tissues. In the past decade, substantial
technological progress in radiation oncology has achieved remarkable success in
radiation dose delivery with high geometric precision. This has been possible with
the introduction of stereotactic radiotherapy, radiosurgery, intensity-modulated
radiotherapy (IMRT), and three-dimensional planning of brachytherapy. Computer-
optimized intensity-modulated radiation therapy (IMRT) allows achieving high
radiation doses to the primary tumor while limiting the dose to radiation-sensitive
normal tissues adjacent to the tumor. Despite the advancement in accurate delivery
of high-dose radiotherapy, overall survival rates of some specific tumors have not
significantly improved. There are several reasons behind this including intrinsic and
acquired resistance of tumors mediated through genetic and phenotypic tumor het-
erogeneity and influence of the tumor microenvironment. Several clinical trials con-
ducted using targeted therapies have demonstrated the existence of genetic and
phenotypic tumor heterogeneity [1]. As a result, patients with similar tumor types
exhibit differential responses to the same therapy. Genetic heterogeneity in a tumor
can arise from the clonal expansion of aggressive and therapy-resistant cancer cells
combined with spatial heterogeneity arising from variety of stresses imposed by the
tumor microenvironment. These changes within a tumor can lead to regional differ-
ences in stromal composition [2], oxygen consumption and hypoxia [3, 4], glucose
metabolism [4], and varied gene expression [5]. Consequently, subregions within a
given tumor exhibit spatially distinct patterns of blood flow [6, 7], vessel permeabil-
ity [8], cellular proliferation [9], cell death [10] and other related features. Spatial
heterogeneity is observed between different tumors within individual patients
(intertumor heterogeneity) and within each lesion in an individual (intratumor het-
erogeneity) patient. To overcome these barriers, additional approaches are war-
ranted to quantitatively estimate the exact tumor volume and the extent of phenotypic
tumor heterogeneity for effective delivery of ionizing radiation.

One approach to quantitatively extract information pertaining to tumor heteroge-
neity is the development and introduction of molecular imaging methods. Functional
molecular imaging is a noninvasive approach providing visual and quantitative
information about a disease process. In addition, it can be combined with diagnostic
imaging modalities to provide spatial orientation that may provide molecular, bio-
chemical, or physiological information unique to the tumor or region within the
tumor. It is anticipated that such information will be of paramount importance in
diagnosis, staging, and selection of tailored treatments and assessment of treatment
response. Likewise, alterations in these functional endpoints may also prove useful
in monitoring and predicting toxicities in treated normal tissues. Not only can these
imaging modalities help to define a more precise “gross tumor volume” (GTV) but
also can aid in establishing a “biological target volume” (BTV). The biological
target volume represents a subregion within a given tumor with specific characteris-
tics such as hypoxia [I11]. Given the accuracy of modern radiation delivery
instrumentations, such tumor volumes that are resistant to radiation could be
given extra dose of radiation, thus enabling the concept of “dose painting” or “dose
sculpturing” to be founded on firm biological and physiological rationale [12].
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Combining functional molecular imaging with standard or experimental treatment
approaches holds the promise to help clinicians rapidly assess the effectiveness of
an existing or new therapy in individual patients and help abandon ineffective treat-
ments at an early stage.

The emergence of functional molecular imaging modalities coupled with the
availability of an expanding array of molecular probes is beginning to augment the
role of molecular medicine in the treatment of cancer [13]. In this chapter, we briefly
outline the basic principles of the different imaging modalities and discuss func-
tional molecular imaging techniques to study functional characteristics of tumor
mainly tumor glucose metabolism and hypoxia, application of molecular imaging in
chemo-/radiotherapy planning, dose painting, and monitoring treatment response.
We aim to discuss the limitations and challenges associated with individual imaging
methods in preclinical and clinical setup. Lastly, we give an overall perspective on
the future direction of this immensely growing field and its impact on image-guided
radiotherapy.

Principles of Established and Emerging Advanced Molecular
Imaging Technology

Medical imaging began with radiography after the discovery of X-rays in 1895 by
Wilhelm Roentgen, a German professor of physics. X-rays were put to diagnostic
use very early, before the dangers of ionizing radiation were discovered. Since then,
imaging human diseases has advanced unprecedentedly. Various molecular imaging
techniques exist at preclinical and clinical stages including magnetic resonance
imaging (MRI), X-ray computed tomography (CT), positron emission topography
(PET), ultrasound, and optical approaches. In this chapter, we describe specifically
two widely used approaches, namely, MRI and PET, to image malignancies.

CT Imaging

X-ray computed tomography (CT) is a technique for visualizing interior features
within solid objects. CT images can be generated by rotating a low-energy X-ray
source and detector around the subject to acquire a series of projections. These pro-
jections are then used to construct a three-dimensional image. Contrast in the
CT-generated image arises because of differential tissue absorption of X-rays. The
main advantages of CT imaging are high spatial resolution (0.5-2.0 mm), fast
acquisition time, simplicity, availability, and excellent hard-tissue imaging. CT
imaging is being combined with PET, where it provides an anatomical context to the
relatively low-resolution PET image. In the clinic, the fusion of X-ray CT and PET
images has led to improvements in tumor detection.
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Radionuclide Imaging

Radionuclide molecular imaging mainly includes positron-emitting tomography
(PET) and single-positron emission CT (SPECT) imaging. Due to their high sensi-
tivity and quantitative nature of acquiring images, radionuclide molecular imaging
has played a significant role in advancing the preclinical and clinical studies [14].
We highlight some preclinical and clinical studies that have confirmed the feasibil-
ity of using radionuclide molecular imaging in cancer [15, 16].

PET and SPECT

Positron-emitting tomography (PET) and single-positron emission CT (SPECT)
imaging are radionuclide-imaging techniques, which provide relatively low-
resolution images of injected probe molecules that have been labeled with positron-
emitting (PET) or y-emitting isotopes (SPECT). The sensitivity of PET is in the
picomolar range, facilitating investigation of biological processes without any
adverse pharmacological effects from the labeled probe molecule, namely, !'C, 1O,
18F, and I [17]. PET can accurately assess the functional and biochemical pro-
cesses of the body’s tissues, before any detectable anatomical or structural changes
have occurred. In the clinic, PET has been crucial for cancer detection and staging,
as well as evaluation of response to therapy. An important advantage of PET over
SPECT is that positron-emitting isotopes can be substituted for naturally occurring
atoms in the probe compound without any effect on probe function. Over the past
decade, with the progress of molecular biology and radiochemistry, a variety of PET
tracers have been developed with high specificities and affinities. Several PET trac-
ers have been characterized for their application in functional imaging of tumors
preclinically and clinically. Among several PET radiotracers used for cancer imag-
ing, 8F-FDG is the most widely used and acceptable PET tracer. PET imaging lacks
anatomical parameters to identify molecular events with accurate correlation to ana-
tomical findings, and this disadvantage has been compensated by merging PET
imaging with either CT or MR. PET/CT imaging can help to differentiate neoplastic
areas with hypermetabolic activity within the surrounding normal tissue (Fig. 5.1)
[18]. PET has become extremely useful to delineate the GTV for radiotherapy plan-
ning and monitoring treatment response.

Like PET, SPECT has also been extensively employed in the clinic. In general,
SPECT isotopes have long half-lives, whereas PET isotopes have relatively short
half-lives. Commonly used isotopes for SPECT imaging include [!!'In] indium and
[""Lu] lutetium. Most importantly, SPECT can distinguish among different
radioisotopes based on the isotope-specific energies of the emitted photons. There-
fore, it is possible to image different targets simultaneously using SPECT [19]. In
recent times, application of SPECT imaging in the clinic is less compared to MRI,
PET, and ultrasound.
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Fig. 5.1 PET images differentiate neoplastic areas with hypermetabolic activity from within the
surrounding normal tissue. (a) CT image, (b) PET image, and (c) fused PET/CT image. The teal
color marks the gross tumor volume (GTV) as determined from PET image. Modified and adapted
with permission [18]

MRI

In modern times, magnetic resonance imaging (MRI) has become a highly versatile
imaging and diagnostic tool [20]. The technique was developed in the early 1970s
and led to a Nobel Prize in Physiology and Medicine to Paul Lauterbur and Peter
Mansfield in 2003. MRI involves the detection of nuclear spin reorientation in an
applied magnetic field [21]. Compared to CT imaging, MRI has several advantages,
such as high temporal and spatial resolution, excellent tissue contrast and tissue
penetration, no ionizing radiation, capability of serial studies, and simultaneous
acquisition of anatomical structure and physiological function [22]. The intensity of
the MR image depends mainly on four parameters: nuclear density; two relaxation
times, called T1 (T1 relaxation time is a time constant in which the nuclei align in a
given magnetic field) and T2 (T2 is the time constant for loss of phase coherence of
excited spins); and motion of the nuclei within the region of interest (ROI). As the
nuclear density increases, increasing numbers of nuclei align with the magnetic
field, producing a proportionately intense MR signal [21]. Abnormal soft tissue can
be better differentiated through measurement of these four parameters compared to
any other previous described techniques. MRI-based high soft-tissue contrast allows
the assessment of extent and spread of disease, which ultimately can influence radi-
ation treatment volumes [23]. In addition, spatial orientation of the MR image can
be performed in any plane, because of the feasibility of manipulating the magnetic
field gradients. These inherent advantages of MRI make it a useful imaging method
for the evaluation of neurological, musculoskeletal structures, cancer diagnosis, and
radiotherapy treatment planning [24-28]. For brain metastases, MRI is much more
sensitive than CT, particularly at identifying small lesions (<0.5 cm) [29]. The abil-
ity to visualize tiny lesions prevents patients from aggressive definitive-intent local
therapies and allows these lesions to be targeted by stereotactic radiosurgery, which
can be delivered with submillimeter accuracy. Additionally, MRI is used for treat-
ment planning in gastrointestinal [30], genitourinary [31, 32], head and neck [33],
gynecologic [34], and sarcomatous tumors [23]. By attaching paramagnetic labels
to appropriate targeting ligands, MR signal intensity and contrast can be modulated
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to directly or indirectly obtain functional information of the labeled target, for
example, '"H MRI of tissue water protons can be used to indirectly image membrane
receptors, such as ERBB 2 (also known as HER-2) on breast cancer cells [35], the
integrin av33 on endothelial cells [36-38], and the phospholipid phosphatidylserine
on the surface of apoptotic cells [39, 40]. MR image resolution in vivo at the single
cell level is currently not possible; however, it is possible to image the presence of
single cells using iron oxide-based nanometer or micrometer-sized particles. The
effect of these particles on the surrounding magnetic field extends beyond the
boundaries of the cell enabling imaging of single cell [41]. This technique has been
used to track implanted stem cells in the brain and spinal cord [42, 43], to monitor
T-cell trafficking in immunogenic tumors [44, 45], and to image the location of
implanted dendritic cells in the clinic [46].

Imaging of Tumor Metabolism

In recent years, molecular imaging of tumor metabolism has gained considerable
interest. Several preclinical studies have indicated relationship between activation
of various oncogenes and alterations in cellular metabolism, now considered as one
of the hallmarks of cancer [47, 48]. In normal mammalian cells under aerobic con-
ditions, mitochondria oxidize pyruvate to CO, and H,O while generating energy
equivalents. Conversion of glucose to lactic acid even in the presence of oxygen is
termed as aerobic glycolysis and frequently noticed in malignant cells. Otto Warburg
first reported this phenomenon at the beginning of the twentieth century as a specific
metabolic abnormality of cancer cells, commonly known as “Warburg effect.” He
hypothesized that cancer arises from a defect in mitochondrial metabolism leading
to aerobic glycolysis [49]. Over time studies conducted in human and rodent glioma
cells exhibited high or moderate susceptibility to inhibitors of oxidative phosphory-
lation, and glioma cells exhibiting high glycolytic phenotype oxidized pyruvate and
glutamine even when glucose levels were found to be low [50]. These experimental
data suggested that a mitochondrial defect is not a prerequisite for the genesis of
cancer and in a strict sense disproved Warburg’s hypothesis. Nevertheless, several
studies have confirmed frequent overexpression of glucose transporters and glyco-
lytic enzymes in malignant tumors including brain, head and neck, breast, and pros-
tate cancer indicating altered glucose metabolism [51, 52].

BF-FDG PET/CT

BE-fluorodeoxyglucose (FDG) is the most commonly used and the only oncologic
PET tracer approved by the Food and Drug Administration (FDA) for routine clini-
cal monitoring of tumor glucose metabolism. More than 90 % of oncologic PET
imaging is performed by FDG-PET due to the increased metabolism of glucose by
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most of the solid tumors including the lung, colorectal, esophageal, stomach, head
and neck, cervical, ovarian, breast, melanoma, and most types of lymphomas. In
addition to diagnosis, staging, restaging, and monitoring response to cancer treat-
ment, FDG-PET can be useful for selection or delineation of radiotherapy target
volumes. FDG-PET has been used as a dose-painting target for sub-volume boost-
ing and thus guiding radiotherapy planning. The use of FDG-PET for radiotherapy
planning purposes has shown increasing importance, as more and more radiation
oncologists believe that target volume selection and delineation can be adequately
performed using FDG-PET in certain cancer types such as non-small cell lung car-
cinoma (NSCLC) stage N2-N3 patients [53]. In head and neck squamous cell carci-
noma (HNSCC), methodological studies have shown that the use of pre-radiotherapy
using FDG-PET led to a better estimate of the exact tumor volume, as defined by the
pathologic specimens, compared with CT and MRI. Interestingly, when validated
segmentation tools were used, the mean FDG-PET-based GTV was consistently
smaller than the GTV defined from morphologic imaging in all investigated tumor
locations and at all-time points during radiotherapy (Fig. 5.2a) [12, 56, 57].
BE-FDG PET/CT is also increasingly used for monitoring tumor response after
completion of therapy as demonstrated for malignant lymphoma lung, colon, and
breast cancer [58]. An example from a lymphoma patient shown in Fig. 5.2b dem-
onstrates that high metabolic activity (measured by high uptake of FDG) of the
tumor before the therapy had reduced after the therapy (indicated by reduced FDG
uptake), indicating the efficacy of the treatment [54]. Persistently increased FDG
uptake after treatment is also associated in predicting a high risk for early disease
recurrence and poor prognosis. In patients with Hodgkin’s disease and aggressive
non-Hodgkin’s lymphoma, 8F-FDG PET showed very promising results for assess-
ing tumor response early in the course of therapy. This study included 260 patients
with Hodgkin’s lymphoma and utilized '®F-FDG PET before and after two cycles of
chemotherapy to monitor tumor response. The 2-year progression-free survival for
patients with positive PET results after two cycles of chemotherapy was 13 %,
whereas it was 95 % for patients with a negative PET scan. In a univariate analysis,
the treatment outcome was significantly associated with PET response after two
cycles of chemotherapy and various well-known clinical prognostic factors such as
stage and the international prognostic score (IPS). In multivariate analyses, how-
ever, only positive PET results after two cycles of chemotherapy turned out to be
significantly correlated with patient survival (P<0.0001). These data indicated that
tumor response in '8F-FDG PET after two cycles of chemotherapy is a stronger
predictor of patient outcome than the IPS and other well-established clinical prog-
nostic factors [59]. The results from this study concluded that '*F-FDG PET appears
to be the single most important tool for risk-adapted treatment in Hodgkin’s lym-
phoma [59]. The ability of ¥F-FDG PET to predict tumor response early in the
course of therapy as in the case of Hodgkin’s lymphoma offers the opportunity to
intensify treatment in patients who are unlikely to respond to first-line chemother-
apy. Conversely, treatment could be shortened in patients who show a favorable
response after two cycles of chemotherapy. This is of particular interest in Hodgkin’s
lymphoma, since chemotherapy combined with radiotherapy can cure most of the
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Fig. 5.2 (a) An example showing application of FDG-PET over conventional CT and MRI
(T2-weighted sequence). A patient with right-sided hypopharyngeal squamous cell carcinoma
received concomitant chemoradiotherapy. Images were obtained using intravenous contrast
CT, MRI (T2-weighted sequence), and FDG-PET before treatment (upper panel) and at the
end of weeks 3 and 5 of 30 Gy and 50 Gy radiation dose, respectively (lower two panels).
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Fig. 5.2 (continued) FDG-PET imaging depicted the most pronounced decrease in tumor volume
post therapy compared to CT or MRI. Modified and adapted with permission from [12]. (b) FDG-
PET-based imaging to determine response to chemotherapy. (a) High FDG-PET uptake of 2-['*F]
fluoro-2-deoxy-p-glucose (FDG) in a patient with lymphoma arrowed before (a) and reduced
uptake after (b) drug chemotherapy, seen in the tumor and brain. Modified and adapted with per-
mission from [54]. (¢) Application of '®F-FDG-PET to assess complete metabolic response. PET/
CT image of 52-year-old women diagnosed with stage IVA squamous cell cancer of the cervix. (a)
Sagittal (top) and transaxial (bottom) CT (left), fused PET/CT (middle), and PET (right) images
taken at the initial stage demonstrate high '®F-FDG uptake within the cervical mass. (b) Sagittal
(top) and transaxial (bottom) CT image (left), fused PET/CT (middle) image, and PET (right)
image taken 3 months after concurrent radiotherapy clearly showing resolution of cervical mass
with mild or diffuse uptake of "*F-FDG within the cervix, depicting complete metabolic response.
Adapted with permission from [55]

patients but also puts them at increased risk for secondary malignancies and other
serious long-term complications, such as infertility and cardiopulmonary toxicity.
Focal ®F-FDG uptake after chemo- or radiotherapy has been shown to be a strong
prognostic factor. In one of the largest prospective studies published so far, Schwarz
et al. [55, 60] prospectively performed *F-FDG PET in patients with cervical can-
cer treated by chemoradiotherapy. Post therapy '"F-FDG PET (2—4 months later)
showed a complete metabolic response (Fig. 5.2¢) in 70 % of the patients, a partial
metabolic response in 16 %, and progressive disease in 13 % of patients. The 3-year
progression-free survival rates of these patient subgroups were estimated to be
78 %, 33 %, and 0 %, respectively (P<0.001) [55, 60]. Another application of '8F-
FDG PET could be in deciding sub-volumes within tumor or lymph nodes that
demonstrate high metabolic activity and therefore represent high-risk lesions to be
selectively treated with an increased radiation dose. Several studies in rectal and
lung cancer have shown that FDG-PET allows selective boosting of hypermetabolic
areas. For example, in a study conducted in patients with small-cell lung cancer,
FDG-PET-based radiation planning for mediastinal lymph nodes changed the radio-
therapy field in 24 % of the patients [61]. In patients with head and neck cancer, the
radiation boost dose was markedly elevated and directed at the tumors with the
highest FDG-avidity, and the adverse treatment-related effects remained limited [62].
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Despite its great clinical utility, FDG-PET has a few limitations. The technique has
lower sensitivity for slow growing, metabolically less active tumors (such as pros-
tate, thyroid, and neuroendocrine tumors), and high levels of uptake in some normal
tissues, such as the brain, that can make quantification of tumor uptake specifically
difficult. Accumulation of PET tracers in infiltrating inflammatory cells, which also
show high glycolysis, might give false-positive results and limit the sensitivity of
the technique for detecting tumor response to treatment [63].

Hyperpolarized Metabolic MR

Hyperpolarized '*C MRI is an emerging molecular imaging technique that can pro-
vide unprecedented gain in amplifying signal intensity. This technique can be used
to monitor uptake and metabolism of '*C-labeled endogenous biomolecules such as
glucose, pyruvate, fumarate, etc. [64, 65]. The degree and magnitude of the increase
in sensitivity of biomolecules depend on the extent of polarization achieved, the T1
relaxation time of the agent, the delivery time, and the MR imaging methods
employed. The polarization of '*C at a magnetic field strength of 3 T is calculated to
be 2.5 ppm. Consequently, biological molecules enriched with '*C suffer from poor
sensitivity because of a lower magnetic moment, lower polarization, and reduced
concentrations compared to tissue water proton (in range of a few mM versus 80 M
for water 'H). As a result of these differences, ~ four orders of sensitivity difference
for '3C-containing molecules compared to water protons need to be bridged to
implement metabolic imaging using endogenous organic molecules. Increasing the
polarization (fraction of molecules with nuclear spins emitting signal) needs to be
increased significantly. Among the various methods used to enhance the polariza-
tion of nuclei, dynamic nuclear polarization (DNP) technique has so far been the
most successful for in vivo applications [64—66]. In DNP, the higher polarization of
a molecule with an unpaired electron spin is transferred to nuclei such as 'H, *C,
5N and "F, etc. Firstly, for a molecule to be sufficiently polarized with long signal
decay, it should possess a carbon site with long intrinsic T1 that can be enriched in
BC (e.g., carbonyl or carboxylic acid). Introducing deuterium in aliphatic carbons
has been shown to be very amenable. Secondly, the molecule should be able to form
ahomogenous glassy solid formulation with the paramagnetic agent as when frozen
it must ensure polarization transfer from the electrons to nuclei. Thirdly, upon dis-
solution the loss of polarization should be marginal and not significantly high.
Fourthly, the chemical shifts of the injected molecule and products should be clearly
distinct. Lastly, the molecule should not exhibit any associated side effects when
injected as a bolus at the required doses (typically approx. 0.1 mmol/kg body
weight). Pyruvate labeled with *C in the C-1 position satisfies all the prerequisite
conditions listed above for a polarized agent. Hyperpolarization of pyruvate is
achieved by mixing *C-labeled compounds with an electron paramagnetic agent
(EPA), e.g., OXO-63. The mixed entity is then placed in a 3.35-T magnetic field,
cooled to ~1 K, and microwaves are used to transfer polarization from the electron
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Fig. 5.3 Representative images of hyperpolarized '*C pyruvate (¢) and lactate (d) in a C6 glioma-
bearing animal before (top) and 96 h after radiotherapy (bottom). ACSI dataset is shown in (a). The
chemical shift images were superimposed on grayscale T1-weighted proton images (b) for ana-
tomical reference. The lactate signals, in the false color images, were normalized to the maximum
pyruvate signal in each dataset. The lactate signal was reduced following exposure to 15-Gy radia-
tion [67]. CSI chemical shift imaging

spin of the EPA to the '*C nuclei of the biomolecule [66]. Once the polarization is
achieved, the sample is rapidly dissolved with hot, sterile water and neutralized to
physiological pH, temperature, and osmolality. Hyperpolarized '*C pyruvate can be
intravenously injected where it metabolized in tissues to various metabolites such as
bicarbonate, lactate, and alanine depending on the dominant metabolic pathway in
the tissue of interest in vivo. The conversion of pyruvate to each of these metabolites
can be imaged using chemical shift MRI or MR spectroscopic imaging (MRSI). The
data acquisition utilizing hyperpolarized pyruvate is very rapid, approximately 60 s
for [1"13C] pyruvate at 3 T. Several studies have shown the preclinical application of
using hyperpolarized pyruvate [64, 65]. Studies examined hyperpolarized '*C pyru-
vate and lactate in a C6 glioma-bearing animal before radiotherapy (Fig. 5.3b—d,
top) and 96 h after radiotherapy (Fig. 5.3b—d, bottom). Comparison of spectra from
tumor voxels with those on the contralateral side of the brain indicated high lactate
signal in the tumor than in the brain (Fig. 5.3a). '*C chemical shift images acquired
following intravenous injection of hyperpolarized [1'3C] pyruvate into rats with
implanted C6 gliomas showed significant labeling of lactate within the tumors but
comparatively low levels in the surrounding brain. Labeled pyruvate signal was
observed at high levels in blood vessels above the brain and from other major vessels
elsewhere but was detected at only low levels in the tumor and in the brain [67, 68].
The ratio of hyperpolarized '*C label in tumor lactate compared with the maximum
pyruvate signal in the blood vessels was decreased from 0.38 to 0.23 (a reduction of
34 %) by 72 h following whole-brain irradiation with 15 Gy (Fig. 5.3) [67]. Further
studies in a transgenic adenocarcinoma of the mouse prostate (TRAMP) model
demonstrated elevated levels of hyperpolarized [17°C] lactate in tumor, with the
ratio of [1°C] lactate/[1""*C] pyruvate being increased in high-grade tumors and
decreased after successful treatment (Fig. 5.4) [69]. The preclinical studies using
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Fig. 5.4 Hyperpolarized *C metabolic images of a TRAMP mouse. Upper: representative ana-
tomical image (a) and hyperpolarized *C lactate image (b) following the injection of hyperpolar-
ized [1-"*C] pyruvate, overlaid on T2-weighted 'H image. Middle: hyperpolarized *C spectra of
primary prostrate and metastatic tumor regions. (¢) Lower: 3D MRSI depicting markedly elevated
lactate in the high-grade primary tumor compared with the low-grade tumor. This study demon-
strated application of hyperpolarized MRSI imaging of lactate-pyruvate ratio as a biomarker for
the assessment of radiation therapy response [67]. Ala alanine, Lac lactate, Pyr pyruvate
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hyperpolarization of pyruvate has now advanced to human clinical trials. The first
human translation of hyperpolarized technology was successfully demonstrated in
patients with prostate tumor [70]. In brief, the study imaged 31 untreated patients
diagnosed with localized prostate cancer, where 23 patients had Gleason score of 6,
6 patients with Gleason score 7, and 2 patients with Gleason score 8. The initial
phase 1 of the study evaluated the safety, feasibility, and tolerability of injected
hyperpolarized [1-'3C] pyruvate. The study indicated no dose-limiting toxicities
associated with hyperpolarized [1-'*C] pyruvate. In addition, the median time taken
for the dissolution of the agent to delivery into patient was 66 s. The 'D dynamic
MRSI data obtained showed higher [1-'3C] lactate signal coming from tumor, and
no detectable [1-13C] lactate signal came from the area which did not had tumor. The
study confirmed correlation between the high lactate signals with prostate cancer
grade. In conclusion, the study successfully demonstrated safety, tolerability, kinet-
ics of hyperpolarized pyruvate delivery, and imaging hyperpolarized '*C metabo-
lism (Fig. 5.5). In the future, more studies will be designed utilizing hyperpolarized
[1-13C] pyruvate in larger cohorts of patients with different tumor types to firmly
acknowledge the correlation with tumor grade and changes with therapy.

Imaging Cellular Proliferation

Measures of tumor cell proliferation can help to assess the degree of tumor aggres-
siveness. Several in vitro biomarkers and assays have been developed to estimate
tumor proliferation correlating its aggressiveness and stage. However, conventional
anatomic pathology is limited in its ability to quantify the rate of cellular prolifera-
tion and requires invasive biopsies making it difficult to obtain over time from dif-
ferent metastatic lesions of the patient. Therefore, efforts have been taken to develop
imaging modalities to noninvasively measure and quantify the rate of cell prolifera-
tion. Noninvasive imaging to estimate the rate of tumor cell proliferation has focused
on the application of PET in conjunction with tracers for the thymidine salvage
pathway of DNA synthesis. A tracer of thymidine has great implications, as it is the
only pyrimidine or purine base unique to DNA, thereby measuring only the DNA
synthesis. In the clinics, 3-deoxy-3-['*F]fluorothymidine (FLT) is the most widely
used PET tracer to noninvasively measure tumor proliferation. The principles and
application of FLT/PET imaging-based radiotherapy planning and tumor response
are covered comprehensively in the section on clinical imaging and radiotherapy
(see Chap. 9). Here we discuss application of spectroscopy-based imaging involv-
ing magnetic resonance spectroscopy imaging (MRSI) to measure cellular prolif-
eration and its application in radiotherapy.
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Fig. 5.5 Representative image showing 2D '*C dynamic MRSI data. Images are from a represen-
tative patient with a current PSA of 3.6 ng/ml, who had biopsy-proven prostate cancer in the left
apex (Gleason grade 3+4) and received the highest dose of hyperpolarized [1-*C] pyruvate
(0.43 ml/kg). (a) A focus of mild hypo-intensity can be seen on the T2-weighted image, which was
consistent with the biopsy findings. (b—d) 2D localized dynamic hyperpolarized [1-'*C] pyruvate
and [1-BC] lactate from spectral data that were acquired every 5 s from voxels overlapping the
contralateral region of the prostate (furquoise), a region of prostate cancer (yellow), and a vessel
outside the prostate (green). The dynamic data were fit as described previously [71]. Data taken

with permission from [70]

MRSI

MRSI combines the ability of spectroscopy to acquire a large volume of metabolic
information, with the ability of imaging to localize information spatially. Although
phosphorus (*'P) and carbon (*C) MRSI are possible, proton (‘H) MRSI is the tech-
nique most often used in clinical settings. On 'H MRSI, tumor spectra contain
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resonances from metabolites such as taurine, total choline (choline, phosphocholine,
and glycerophosphocholine), total creatine (phosphocreatine and creatine), pyruvate,
and lactate.

Among the hallmarks of cancer described by Hanahan and Weinberg, elevated
choline metabolism resulting in the accumulation of choline containing compounds
such as choline, phosphocholine, and glycerophosphocholine (together represented
as tCho) is recognized as an important hallmark, which is amenable for in vivo
detection, by MRSI. Studies have shown that malignant transformation rather than
just rapid proliferation as the reason for the increased accumulation of tCho is mak-
ing this a very specific MRI-based imaging biomarker for proliferation [72, 73].
Tumor microenvironmental features such as hypoxia and acidotic extracellular con-
ditions have also been associated with elevated tCho [74]. Several clinical studies
already support the strength of monitoring tCho in detecting malignancies and pre-
dicting survival. Numerous multi-institutional clinical studies are examining the
utility of MRS to detect tCho to aid in the diagnosis and treatment response
monitoring.

Imaging Tumor Microenvironment

Tumors survive obtaining oxygen and nutrients passively up to a size of ~2-3 mm?.
For further growth, they invoke neo-angiogenesis to grow new blood vessel net-
work, commonly known as tumor vasculature. While in normal tissue, the angio-
genesis processes are tightly regulated resulting in a physically robust vascular
network functioning well to deliver oxygen and nutrients, the tumor vascular net-
work is aberrant and not well organized and functions abnormally resulting in a
marked heterogeneity in perfusion. As a consequence, tumors exhibit hypoxia and
acidotic environments. These are two common features characterizing the tumor
microenvironment. Imaging techniques, which can obtain information pertaining to
the tumor microenvironment, such as tumor oxygen status, perfusion, and tumor
pH, will be useful in both diagnoses and treatment planning.

Development of hypoxia in the tumor microenvironment is highly dynamic pro-
cess resulting in alterations in cellular metabolism and proliferation. Typically,
focal areas of hypoxia are observed in many solid tumors (mainly in the core of the
tumor). Tumors exhibit high proliferation ability, and one of the direct conse-
quences of unregulated cellular growth results in a greater demand of oxygen (as
well as other nutrients) for energy metabolism. However, unlike normal cells,
tumor cells rapidly adapt to hypoxic microenvironment by slowing their growth
rate, inhibiting apoptosis, switching mitochondria respiration to glycolysis, stimu-
lating growth of new vasculature (neo-angiogenesis), and promoting metastatic
spread. Several preclinical and clinical studies have shown that hypoxic tumors
also have elevated expression of key transcription factors notably hypoxia-induc-
ible factor (HIF) expression [75]. A number of hypoxia-related genes, downstream
transcription factors, and signaling molecules are also found to be responsible for
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the genomic changes within the tumor. Some of the most commonly associated
molecular changes associated with tumor hypoxia include elevated expression of
endothelial cytokines such as vascular endothelial growth factor (VEGF) and sig-
naling molecules such as IL-1, tumor necrosis factor alpha (TNF-a), transforming
growth factor beta (TGF-f), and loss of p53 expression [76]. Increased glycolysis
observed in most hypoxic cells leads to accumulation of lactate in the microenvi-
ronment resulting in reduced glycolytic activity and increased acidosis (reduced
pH) [77]. These changes arising from hypoxia create an environment conducive for
tumor progression and development of metastases as well as therapy-resistant
clones [77, 78]. Most chemotherapeutic drugs act by inhibiting tumor growth, but
when a tumor becomes hypoxic, cells enter a resting phase in their cell cycle and
tend to become refractory to these cytotoxic agents. The hypoxia-induced meta-
static phenotype is also a contributing factor for the disappointing success of much
acclaimed anti-angiogenic therapy. Ionizing radiation is an alternative and effective
strategy for killing proliferating cells because the radiation field is homogenous and
the killing effect of radiation is independent of vascular delivery. However, radio-
biologists have long recognized negative influence of hypoxia on response to radia-
tion therapy as the cytotoxicity of ionizing radiation depends on the level of
intracellular O,. Gray made this observation over 50 years ago that about a three
times higher dose of radiation is required to kill hypoxic cells over well-oxygen-
ated cells. Thus, the presence of tumor hypoxia can compromise the effectiveness
of radiation treatment.

Another key characteristic of tumor hypoxia is that it is heterogeneously distrib-
uted and its dynamics keeps changing over time and with therapy [79]. The blood
supply of a malignant tumor is thought to be suboptimal as its vasculature network
is immature, leaky, and randomly distributed making it chaotic. This chaotic micro-
vasculature of tumor tissue leads to two types of hypoxia, which can be defined as
either diffusion limited or perfusion limited. The first, also known as chronic
hypoxia, is the consequence of proliferating cells exceeding the oxygen capacity of
the newly formed vascular network. This is because the newly synthesized micro-
vasculature is often insufficient in providing the normoxic microenvironment in the
distant tumor areas resulting in diffusion-limited hypoxia [78]. Tumor cells exposed
to acute hypoxia have easier access to the blood circulatory system, as they are
thought to be nearer the blood vessels. These tumor cells may therefore have greater
perfusion limited hypoxia or acute hypoxia, resulting from the structural and func-
tional abnormalities in the newly formed vasculature with poor or insufficient blood
supply. Subsequently, this leads to an unstable blood supply to the core of proliferat-
ing tumor cells producing intermittent hypoxia. This form of hypoxia is often char-
acterized by rapidly fluctuating oxygen concentration [78]. The relevance of cycling
hypoxia in tumor radiobiology and/or conferring radio resistance has been studied
using animal models [80, 81]. There are few studies showing evidence of the exis-
tence of cycling hypoxia in human tumors. One such study conducted by Pigott
et al. examined blood flow in various superficial human tumors, using implanted
laser Doppler flow probe. In around 50 % of the lesions examined, fluctuations in
the flux of red blood cells were observed to be more than a factor of 1.5 correlative
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to cycling hypoxia measured in animal models [82]. Another study conducted by
Janssen et al. in head and neck cancer patients detected cycling hypoxia by immu-
nohistochemistry [83]. However, all these indirect approaches to assess cycling
hypoxia in human tumors are invasive and could not firmly establish any correlation
between the overall oxygenation state of the tumors and the incidence of cycling
hypoxia.

Methods for Evaluating Hypoxia

Clearly, the ability to identify and quantify tumor oxygenation status and energy
metabolism has far-reaching implications in a wide range of medical settings. Most
importantly, a clinically useful assay to measure hypoxia, firstly, must be able to
distinguish normoxic regions from the ones that are hypoxic at a level relevant to
tumor oxygen partial pressure (pO,) falling in the range of 5-15 mmHg. The ability
to simultaneously image tumor oxygenation and metabolic profile can profoundly
guide future therapies involving inclusion of radiosensitizers, hypoxia-directed
cytotoxins, oxygen-enhanced gas mixtures such as carbogen (a mixture consisting
of 95% oxygen and 5% carbon dioxide) [84], and hypoxia-activated prodrugs.
Non-toxic prodrugs that generate active species in hypoxic tissue by selective bio-
reduction have now reached advanced clinical trials. Such hypoxia prodrugs mainly
include tirapazamine [85], PR104 [86], and TH-302 [87]. In the early 1990s,
hypoxia measurements were achieved by implanting properly calibrated, oxygen-
sensitive electrodes (Eppendorf pO, histograph) which directly measured pO, in
units of mmHg [88]. This technique had several practical disadvantages. It is limited
to tumors that the probe can be easily accessed, and its invasive nature can cause
tissue damage. However, this approach is still in use in the clinic. Other approaches
such as immunohistochemistry of tumor tissue using extrinsic hypoxia-specific bio-
marker such as pimonidazole and intrinsic hypoxia biomarker such as carbonic
anhydrase IX (CAIX), VEGF receptor expression, and glucose transporter 1 (Glutl)
are utilized to measure hypoxia [89]. These biomarker signatures show poor prog-
nosis and are correlative to the extent of tumor hypoxia. However, the drawback of
this approach is that it requires a biopsy, which is challenging and sometimes is not
possible. Serum markers have also been evaluated to measure tumor hypoxia but
with less success [90, 91]. Furthermore, sampled biomarkers are not able to evaluate
spatial heterogeneity, which is often relevant to overall response and is essential for
defining a radiation treatment field. Notably, all the above methods do not provide
the longitudinal monitoring of hypoxia as the measurement is restricted to only a
smaller sub-volume of a tumor. Noninvasive approaches have been instrumental in
allowing serial imaging of hypoxia quantitatively and provide valuable information
about cycling nature of hypoxia in both space and time. PET hypoxia imaging is
noninvasive and routinely used in clinic. Due to the clinical significance of hypoxia
imaging, an increasing number of hypoxia PET tracers are available and are being
evaluated in the clinical setting. The first radionuclide detection of hypoxia in
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tumors was reported using '“C-misonidazole autoradiography [92]. Subsequently,
two main tracer classes have been developed to specifically study hypoxia
with PET. These tracers are '®F-labeled 2-nitroimidazole derivatives, such as
[F]-fluoromisonidazole (['*F]-FMISO), [18F]-azomycinarabinoside ['*F]-FAZA,
[18F]-fluoroerythronitroimidazole ['*F]-FETNIM, and Cu-labeled diacetyl-bis (N*-
methylthiosemicarbazone) analogues. Among all these tracers, 'SF-FMISO is the
lead candidate and most extensively studied 2-nitroimidazole-based radiopharma-
ceutical PET tracer in the clinics. Clinical application of 'SF-FMISO in radiotherapy
planning and dose painting of different solid tumors is well described in Chap. 9.
Despite its potential clinical application, ®F-FMISO imaging in rectal cancer was
shown to be compromised by high nonspecific tracer accumulation in normoxic tis-
sue [93]. Several other techniques to measure tumor hypoxia quantitatively and
noninvasively are in preclinical development, namely, Overhauser MRI (OMRI),
electron paramagnetic resonance imaging (EPRI), and '°F MRI. Electron paramag-
netic resonance (EPR) predominantly measures interstitial hypoxia. We describe
here highly promising hypoxia imaging modalities that have gained immense atten-
tion in both preclinical and clinical setting.

DCE-MRI

Dynamic contrast-enhanced MRI is a powerful MRI technique to examine tissue
perfusion profiles. It involves collecting a series of images rapidly following a bolus
intravenous administration of the T1 contrast agents, typically gadolinium com-
plexes. Following the bolus administration, these agents localize in the extravascu-
lar-extracellular space and are gradually cleared. The time-intensity features from
these rapidly acquired sequences of images allow the determination of the micro-
vasculature of the tumors. DCE-MRI has been applied for over a decade to extract
functional information regarding the peripheral vascular system such as blood vol-
ume, blood flow, vascular permeability, as well as distribution volume and available
interstitial space for the contrast agent. DCE-MRI acquires serial MR images
before, during, and after the administration of an intravenous contrast agent such as
low molecular weight, gadolinium-based (Gd-DTPA) contrast medium. DCE-MRI
has grown with the development of anti-angiogenic and neoadjuvant strategies for
treating cancer. Angiogenic inhibitors are known to reduce both the number of ves-
sels (particularly non-functional vessels) and their permeability, which can be quan-
titatively imaged using DCE-MRI. In cervical cancer, DCE-MRI was shown to
measure tumor hypoxia in good correlation to Eppendorf oxygen electrode and was
an independent predictor of tumor recurrence and death than clinically accepted
prognostic factors (e.g., stage, lymph node status, and histology) [94]. Newbold
et al. demonstrated a statistically significant correlation between various dynamic
contrast-enhanced MR imaging parameters [95], particularly K" (which repre-
sents the permeability of blood vessels) and pimonidazole staining (an exogenous
marker for hypoxia). DCE-MR imaging of head and neck squamous cell carcinoma
and rectal cancer also has been used to successfully predict treatment response to
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chemoradiation therapy [96, 97]. DCE imaging also offers an exciting opportunity
to predict the extent of normal tissue function post radiation. Radiation treatment
can lead to vascular damage such as vessel dilation, endothelial cell death and apop-
tosis, microvessel hemorrhage, and eventually vessel occlusion affecting organs
such as the brain, liver, and rectum [98-100]. Risk of damaging the normal tissue
thereby hinders increasing the radiation dose for better tumor control or even cure.
DCE-MRI can be used for early monitoring of vascular response to radiation treat-
ments and predict the outcome of organ function after therapy, thereby selecting the
patient who is resistant to radiation for higher dose, potentially leading to a better
chance of tumor local control and better overall therapeutic outcome. DCE-MRI/CT
thus offers promise of early assessment of tumor response to radiation therapy,
opening a window for adaptively optimizing radiation therapy based upon func-
tional alterations that occur earlier than morphological changes and enhancing
radiotherapy therapeutic ratio. Although holding great promise, to date DCE-MRI
and CT have yet to qualify to be a surrogate endpoint for radiation therapy assess-
ment or for modifying treatment strategies in any prospective phase III clinical trial
for any tumor site.

BOLD-MRI

The primary form of functional MRI that uses the blood-oxygen-level dependent
(BOLD) contrast was discovered by Seiji Ogawa. In BOLD-MRI hypoxia imaging,
the primary source of contrast in images is contributed by the endogenous, para-
magnetic deoxyhemoglobin. This technique relies on the delivery of red blood cells
to the tissue of interest to provide information about the tissue oxygenation. When
hemoglobin becomes saturated with increasing oxygen concentrations, the iron
within the heme subunit changes from a paramagnetic high spin state (under
hypoxia) to a diamagnetic low spin state (under normoxia). Hoskin et al. evaluated
BOLD-MRI sequences to measure regional hypoxia in normal prostate gland and in
20 prostate cancer patients. They validated the reliability and reproducibility of
BOLD-MRI with pimonidazole staining of the excised tissues from the same
patients [101]. Recently, clinical and preclinical correlations between BOLD-MRI
radiotherapy and chemotherapy treatment response have been established. Tissue
oxygenation-level-dependent contrast MRI has been shown to corroborate tumor
growth delay after irradiation supplemented with hyperoxic breathing in rat prostate
tumors [102]. Another pilot study was conducted using BOLD-MRI approach to
evaluate response to neoadjuvant chemotherapy in patients with advanced breast
cancer [103]. Significantly, higher BOLD response to oxygen breathing was
observed in patients who exhibited complete pathological response. These findings
establish the effectiveness of BOLD-MRI as a convenient and noninvasive imaging
modality in identification of hypoxic subregions within a tumor and providing pre-
dictive capabilities for estimating the therapeutic response. Functional MRI (fMRI)
has gained unprecedented applications in mapping neural activity of brain in resting
and active state. This technique has dominated brain-mapping research since the
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early 1950s as it does not require subjects to undergo injections and surgery, or to
ingest substances, or be exposed to radiation, etc. However, more studies in future
are required to characterize the clinical utility of BOLD-MRI in mapping tumor
hypoxia in various types of solid tumors.

EPRI and OMRI

Overhauser-enhanced MRI (OMRI) is a proton-electron double resonance imaging
technique that provides anatomically co-registered quantitative pO, maps. It uses
the enhanced paramagnetic resonance (EPR) transition of the injected paramagnetic
agent to enhance the intensity of the tissue water protons. The enhancement is
dependent inversely on the tissue oxygen content allowing the determination of
pO.,. Briefly, the object to be imaged is placed in a resonator assembly whose reso-
nance frequency has been tuned to the frequencies of both paramagnetic agent and
water 'H when placed in a magnetic field of ~10 mT. By saturating the electron spin
of paramagnetic oxygen-sensitive contrast agent, water protons in tissue become
hyperpolarized via dynamic nuclear polarization (DNP). The resultant images
reflect both the concentration of the contrast agent and local oxygen concentration.
However, limitations with this technique made translation to human studies not pos-
sible. However, direct imaging of the paramagnetic agent OX0O-63 by EPRI has
provided advantages over OMRI allowing improved spatial, temporal resolutions
and allow dynamic [104, 105] and longitudinal [106] of tumor oxygenation. In prin-
ciple, EPR is a noninvasive and quantitative imaging technique to measure the pO..
It is based on the principle where species with unpaired electron exhibiting para-
magnetic properties, for example, transition metal complex and free radicals, can be
detected. Notably, oxygen exhibits paramagnetic properties and can influence the
relaxation rates of the exogenous paramagnetic agent. EPRI is highly sensitive in
the detection of changes in oxygen concentrations [107-110]. However, EPR can-
not be used to estimate directly the dissolved molecular oxygen. Instead EPR can
determine tumor oximetry repeatedly by measuring average tumor pO, with mini-
mal perturbation to the microenvironment [111]. Studies have indicated that multi-
site EPR oximetry is achieved by applying gradient of magnetic field [107, 112,
113]. This approach can simultaneously measure pO, at multiple sites in a given
tissue of interest. Generally, to obtain EPR image, an exogenous paramagnetic
agent is injected to capture the signal. Therefore, an appropriate EPR tracer/agent
must meet the indicated criteria: (1) it must be able to generate simple EPR spectra,
(2) should have longer pharmacological half-life than the imaging time, and (3)
should not confer by itself any associated toxicity. One such agent for EPRI is triaryl-
methyl radical, OX0-63, used to study tissue oxygen in live animals. The collision
interaction between OX0-63 and O, broadens the spectral line of OX0-63 in direct
proportion to oxygen concentration, thereby enabling a quantitative measure of tis-
sue pO, in vivo [114]. The EPRI pO, mapping can be co-registered with the host of
related physiologic and metabolic information. In a study from our group, we dem-
onstrated that tumor region with higher pO, (22.8 mmHg) contained clearly high
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Fig. 5.6 Co-registration of EPRI and MRS/MRI to simultaneously monitor pO, distribution and
metabolite levels in same tumors. (a) T2-weighted anatomical MRI image of SCC tumor-bearing
mouse and ROI locations for MRS. (b) EPRI pO, map of the same animal and the corresponding
ROIs chosen for MRS. (¢) Blood volume image of the slice using USPIO and the corresponding
ROIs for MRS. Numbers 1-3 in a—c correspond with numbers 1-3 in d. (d) Representative MRS
spectra obtained from three different tumor regions selected with different pO, and blood volume
levels. (e) Averaged lactate peak area of MRS spectra obtained from radiobiological hypoxic
(<10 mmHg) and normoxic (>10 mmHg) regions. High level of lactate production was detected
even in the well-oxygenated tumor region. BV blood volume, MRS magnetic resonance spectros-
copy, Cr creatine, Lac lactate, tCho total choline [111]

levels of lactate (visualized by MRI/MRS) indicating the predominance of aerobic
glycolytic process in normoxic tumor regions. In contrary, the averaged lactate peak
area observed in radiobiologically oxygenated region (>10 mmHg) was signifi-
cantly higher than that in hypoxic region (<10 mmHg). The difference in lactate
content was attributed to limited blood supply and nutrient supply, as estimated
from the blood volume differences in these regions (Fig. 5.6) [111]. With advance-
ment in image formation and reconstitution strategies, it is possible to obtain three-
dimensional (3D) maps of pO, within 3 min in tumor-bearing mice to enable
monitoring of intermittent hypoxia. Studies from our group have shown a successful
visualization of dynamic changes of tumor oxygenation over a 30 min time frame
using EPRI, where the images were imaged every 3 min, and 3D reconstruction of
pO,, (Fig. 5.7) [67] was achieved. EPRI has also been useful in studying tumor
responses to therapy with regard to oxygenation. In another study, changes in
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Fig. 5.7 Representative EPRI oxygen image monitoring temporal and spatial dynamics of cycling
and chronic hypoxia. (a) An EPR oxygen imaging of tumor-bearing mice. The EPRI method
allows the pO, map from the deep tissue of healthy mouse to be obtained. (b) T2-weighted ana-
tomical image of a representative SCCVII tumor-bearing mouse. The large yellow line indicates
the tumor region. The four ROIs that are indicated by the small white lines were chosen for tracing
fluctuations of pO, and spin intensity with time. (¢) Corresponding pO, maps (fop) and the tracer
level maps (bottom) were obtained from EPRI. The white line indicates the tumor region. Time
increased from left to right from 4 to 28 min. (d) The values of pO, and the tracer level in each ROI,
described in (b), were quantified and plotted as a function of time. SCCVII squamous cell carci-
noma VII [67]

chronic and cycling tumor hypoxia were imaged before and 1 day after radiation in
an SCCVII murine model (Fig. 5.8). In this study, two regions of cycling and chronic
hypoxia were imaged using EPRI. Interestingly, the study indicated that despite no
significant changes in tumor volume before or 1 day after radiation, visible changes
in cycling and chronic hypoxia were observed. The region of cycling hypoxia
showed a decrease, whereas chronic hypoxia regions in the tumor exhibited a sig-
nificant increase in response to radiation treatment. Matsumoto et al. used EPRI and
MRI approaches to demonstrate vascular renormalization in tumor-bearing mice by
obtaining longitudinal mapping of tumor pO, and microvessel density during
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Fig. 5.8 Three-dimensional-EPR oxygen images monitoring the spatial and temporal dynamics of
chronic and cycling hypoxia in response to radiation. EPR images obtained from subcutaneous
SCCVII tumors in mice before RT and 1 day after irradiation (3 Gy). 1 and 2 marked within white
circle represent region of interest (ROI) selected to monitor changes in pO, dynamics every 3 min
over 30 min time period. ROI 1 represents cycling hypoxia (median pO,>10 mmHg during 30 min
duration) and ROI 2 represents chronic hypoxia (median pO, < 10 mmHg during 30 min duration).
Representative images and EPR images captured during 9 min and 27 min before RT and at 15 min
and 24 min after RT are shown. EPR electron paramagnetic resonance, pO, partial pressure of O,,
ROI region of interest (Personal communication to Murali C. Krishna)

treatment with the multi-tyrosine inhibitor, sunitinib (Fig. 5.9). This study demonstrated
that radiation treatment during the period of improved oxygenation by anti-
angiogenic therapy resulted in a synergistic delay in tumor growth. Most importantly,
sunitinib treatment suppressed cycling tumor hypoxia [106]. These preclinical results
demonstrate a potential of noninvasive monitoring of tumor pO, enabling identifica-
tion of a window of vascular renormalization to maximize the effects of radiation in
combination therapy such as anti-angiogenic drugs. Subsequently noninvasive imag-
ing modality can be useful in uncovering the dynamics of functional heterogeneity
such as tumor pO, associated during and after the response to therapy. Despite its
great clinical potential, EPRI is currently available only for preclinical applications.
Efforts from radiation biologists, radiation oncologists, and imaging experts are
needed to conduct studies toward designing clinical trials and strengthening the appli-
cation of EPRI, fostering the advancements of this technology for clinical use.

Conclusion

The ultimate aim of molecular and functional imaging approaches in clinical oncol-
ogy is to improvise cancer diagnosis and treatment. These imaging approaches aid
clinicians to visualize tumors and their response to treatments. Research focused on
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Fig. 5.9 EPRI imaging of tumor pO, and blood volume for monitoring chemoradiation response.
(a) Administration of anti-angiogenic agent sunitinib treatment at later stage of tumor development
improved tumor oxygenation (upper panel) and reduced tumor blood volume (lower panel) with-
out significant change in tumor size. (b) Quantification of tumor pO, changes in sunitinib-treated
mice and vehicle control mice. *P<0.05, *P<0.01. (¢) Transient increase in tumor oxygenation
with sunitinib treatment enhances outcome of radiation therapy. The tumor growth kinetic shown
for untreated control mice (black), mice treated with a single10-Gy radiation at SCC day 10 (blue),
mice treated for 4 days with sunitinib during 6-10 days after SCC implantation (red), and mice
treated for 4 days with sunitinib followed by a single 10 Gy radiation (green). SCC squamous cell
carcinoma. Data taken from [106]

cancer molecular genetics and epigenetics has contributed a number of targeted
therapies, whose clinical utility can be successfully characterized using molecular
imaging. Future discoveries identifying novel imaging biomarkers will accelerate
and improve drug development by helping to determine if the drug under investiga-
tion is hitting the desired target and causing the intended effect to tumors. Molecular
imaging-based targeted therapy has great potential in making personalized medi-
cine areality. Collectively, image-guided targeted therapies are the only noninvasive
approach that provides real-time intervention rather than facing endpoint failures
in cancer management. So far two major tumor characteristics have been well
exploited using molecular imaging approaches. These include the altered
tumor metabolism and changes in tumor microenvironment such as hypoxia.
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Tumor glucose metabolism has been highly successful in monitoring, staging, and
early assessment of targeted therapies including radiotherapy in the clinics. The
utility of F-FDG with PET and MRSI will remain the cornerstone of imaging
metabolism in the near future. More advancement in better PET tracers along with
our current understanding of altered tumor metabolism and key factors influencing
tumor microenvironment will impact future management of cancer patient diagno-
sis, tumor staging, radiation treatment planning, and monitoring of tumor response
to therapy. Tumor hypoxia is another well-characterized biological phenomenon
that is prevalent in various solid tumors. Hypoxic tumors tend to be more resistant
to radiation-induced death. Years of research have shed light on the cyclic and
chronic hypoxia present in solid tumors which is heterogeneously dispersed and is
independent of size, stage, grade, or histology of any given tumor. Therefore, non-
invasive measurement of tumor hypoxia is of paramount importance in clinical
management with radiotherapy. It has been observed that tumors can overcome
hypoxia by several different survival mechanisms, including loss of apoptotic
potential, increased proliferative potential, and formation of new blood vessels that
encourage the evolutionary selection for a more malignant phenotype. Noninvasive
techniques such as DCE-MRI and BOLD-MRI have shown some promise in
measuring hypoxia noninvasively. Currently, EPRI seems to the highly sensitive
technique to measure hypoxia quantitatively. Still, in its infancy, future work needs
to be done to make this technique applicable in a clinical setting. Incorporating
EPRI/MRSI in radiotherapy will help advance its application in targeting deep-
seated, surgically unresolved tumors. The assessment of tumor hypoxia by noninva-
sive means will be of immense value to radiation oncologists, medical oncologists,
and pharmaceutical companies to develop and test hypoxia-based therapies or other
combinatorial treatment strategies. Multimodality or hybrid imaging will play a
major role in the clinical assessment in the near future. This trend has already been
set by the replacement of separate PET and CT by hybrid PET/CT technology and
will continue with the establishment of integrated MRI/PET. In summary, applica-
tion of integrated imaging tools for detecting tumor physiology has tremendous
potential in oncology and can improve the effectiveness of radiation therapy.

Future Perspective

A number of promising molecular imaging platforms are emerging to provide radia-
tion oncologists with biochemical and physiological information of tumor and nor-
mal tissues before, during, and after treatment. This information has the potential to
aid clinicians in diagnosis and perhaps rapid assessment of treatment response. With
respect to tumor metabolism, FDG has been and will continue to be useful in diag-
nosis and monitoring treatment responses. Future, emerging multimodalities for
metabolic imaging using hyperpolarized biochemical substrates such as hyper-PET
may provide better specificity of metabolic processes. This technique utilizes simul-
taneous in vivo PET combined with hyperpolarized MRI. The first example
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Fig. 5.10 Hyper-PET showing sensitivity of '3C-hyperpolarized pyruvate over *F-FDG to mea-
sure tumor glucose metabolism. Image showing right front leg of canine patient with liposarcoma.
High uptake of '®F-FDG in muscle (marked in arrow, panel b, 'SF-FDG-PET + 'H-MRI) and of '*C
pyruvate in the large vessels (marked in arrow, panel d, *C-Pyruvate CSI+'H-MRI). (a) '8F-FDG-
PET. (b) "*F-FDG-PET+'H-MRI. (¢) 'H-MRI. (d) "*C-pyruvate CSI+'H-MRI. (e) '*C-lactate
CSI+'H-MRI. Data taken with permission from [115]

demonstrating the application of hyper-PET has recently been tested in canine
liposarcoma model [115]. In this study, '*C-hyperpolarized pyruvate was combined
with ®F-FDG-PET and MRI to assess the feasibility and specificity of glucose
uptake by tumor over normal muscle tissue. Interestingly, the muscle forepaw of the
subject indicated significantly high '®F-FDG uptake compared to *C-hyperpolarized
pyruvate. High 8F-FDG in the normal muscle tissue was attributed to high activity
of these muscles before anesthesia. However, real-time conversion of *C-pyruvate
into *C-lactate corresponding to high F-FDG was observed in the tumor tissue
(Fig. 5.10). This study confirms the sensitivity and specificity of *C-hyperpolarized
pyruvate for the diagnosis of cancer. Such cross comparison and application of
emerging imaging platforms will be necessary to choose and optimize the most
accurate functional imaging approach. Lastly, imaging with specific hyperpolarized
biochemical substrates may be useful in delineating tumors with specific mutations
in metabolic pathways.

The ongoing identification of a variety of tumor specific markers that can be
incorporated into imaging platforms will further enhance the clinician’s ability to
diagnose and monitor treatment response. Imaging that reports on physiological
and microenvironmental processes such as diffusion, perfusion, proliferation, and
hypoxia, which are known to be important in tumor growth and treatment response,
will further enhance the information base. There will also be a need to evaluate
many of the new imaging modalities not only for tumor but also for normal tissues
within the radiation field. Establishing a therapeutic ratio of radiation and/or chemo-
radiation cancer treatment is not always straightforward. It is anticipated that the
newer molecular imaging approaches will complement and perhaps hybridize with
existing imaging platforms to yield more information, particularly at the biochemical/
molecular level that might be used to more precisely derive a therapeutic ratio for
various treatment strategies.
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