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Abstract

Hypoxia in solid tumors is one of the seminal mechanisms for developing aggressive trait and
treatment resistsance in solid tumors. This evolutionarily conserved biological mechanism along
with de-repression of cellular functions in cancer, although resulting in many challenges, provide
us with opportunities to use these adversities to our advantage. Our ability to use molecular
imaging to characterize therapeutic targets such as hypoxia and apply this information for
therapeutic interventions is growing rapidly. Evaluation of hypoxia and its biological ramifications
to effectively plan appropriate therapy that can overcome the cure-limiting effects of hypoxia
provides an objective means for treatment selection and planning. FMISO PET imaging of tumor
hypoxia continues to be the lead radiopharmaceutical for the evaluation, prognostication and
quantification of hypoxia, one of the key elements of the tumor microenvironment. FMISO is less
confounded by blood flow and, although the images have less contrast than FDG PET, its uptake
after 2 hours is an accurate reflection of inadequate regional Po, at the time of
radiopharmaceutical administration. By virtue of extensive clinical utilization, FMISO remains the
lead candidate for imaging and quantifying hypoxia. The past decade has seen significant
technological advances in investigating hypoxia imaging in radiation treatment planning and in
providing us with the ability to individualize radiation delivery and target volume coverage. The
presence of widespread hypoxia in the tumor can be effectively targeted with a systemic hypoxic
cell cytotoxin or other agents that are more effective with diminished PO,, either alone or in
combination. Molecular imaging in general and hypoxia imaging in particular will likely become
an important in vivo imaging biomarker of the future, complementing the traditional direct tissue
sampling methods by providing a snap shot of a primary tumor and metastatic disease and in
following treatment response and will serve as adjunct to personalized therapy.
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Introduction

Several novel targeted anticancer agents and modalities have been introduced for
personalized cancer therapy providing new opportunities for molecular imaging in localizing
and characterizing targets. Molecular imaging has the potential to be an in vivo ‘biopsy’
since it has the ability to non-invasively image the targets in the primary and metastatic
lesions in a snap-shot fashion. 1 Intra-tumoral heterogeneity remains one of the major
challenges facing personalized cancer therapy both in the identification of targets and
instituting therapy against them. However, the ultimate goal of personalized therapy remains
to achieve cure by blocking the multiple pathways of cancer development and

proliferation. 2. Hypoxia, one of the major microenvironmental factors, was described by
Thomlinson and Gray in 1955 and still remains a stubborn and intriguing problem in cancer
management. 3. The dawn of molecular imaging coupled with the availability of an
expanding array of molecular probes is augmenting the role of molecular medicine in the
treatment of cancer 4. This is complemented by technological advances in radiation delivery
such as Intensity Modulated Radiotherapy (IMRT) and availability of novel therapeutic
agents 5, making personalized cancer therapy a real possibility. 6-9: 10

Development of hypoxia in the tumor microenvironment is a dynamic process that is
primarily dictated by abnormal vasculature and results in changes in metabolism and cellular
proliferation. A clear understanding of the role of these processes and the interactions
between them is important when considering personalized cancer therapy. 4. Typically, focal
areas of hypoxia develop in many solid tumors (generally in the center of the tumor) as they
grow and because of direct consequences of unregulated cellular growth that results in a
greater demand on oxygen (as well as other nutrients) for energy metabolism. Hypoxia
response is one of the many de-repression “atavistic’ traits by multicellular organisms in an
attempt to express primitive unicellular characteristics as a means of “cellular
survivalism’11, Cancer cells revert back to primitive protozoan like functions that exist
quiescently in any normal cell but can be de-repressed by carcinogenic transformation. The
ability to survive the lack of oxygen or hypoxia is one such trait, and hypoxia response itself
is a characteristic pre-photosynthesis biological trait when there was lack of molecular
oxygen in the atmosphere; this response trait is evolutionarily highly conserved in nature as
exemplified by the stabilization mechanism of HIF1a under hypoxic conditions.

Hypoxia-Induced Changes in Tumor Behavior

A number of hypoxia-related genes have been found to be responsible for the genomic
changes and associated downstream transcription factors have been identified 12 13 e g.
expression of endothelial cytokines such as vascular endothelial growth factor (VEGF) and
signaling molecules such as IL-1, TNF- alpha, and TGF — beta, and selection of cells with
mutated p53 expression 14 and increased glucose transporter (GLUT) activity 1°. The
paradoxical relationship between microvascular density that is already inefficient and tumor
hypoxia has been well characterized 1. Increased glycolysis seen in most hypoxic cells
results in accumulation of lactate in the microenvironment that will lead to a reduction of
glycolytic activity inspite of hypoxia, a mechanism that would reduce the specificity of
[F18]fluorodeoxyglucose (FDG) as a surrogate marker for hypoxia. Moreover, hypoxia and
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resultant acidosis create an environment conducive for tumor progression and the
development of metastases as well as therapy-resistant clones and this hypoxia-induced
metastatic phenotype may be one of the reasons for the lack luster success of anti-
angiogenic drugs. 17-18

Hypoxia Inducible Factor (HIF)

The seminal mechanism for cellular oxygen sensing and response appears to be mediated by
a heme-protein that uses O, as a substrate to catalyze hydroxylation of proline in a segment
of HIF1a 192021 |eading to its degradation. In the absence of Oy, it survives and becomes
an important transcription factor regulated proteins that promote survival of tumor cells.
There are hypoxia-directed therapies including reagents against HIF1a itself. 18 22- 23,24,

Tumor Hypoxia and Clinical Outcome

Negative influence of hypoxia on response to radiation therapy has long been recognized by
radiobiologists with the understanding that oxygen is necessary for ‘fixing’ in the sense of
making permanent the radiation-induced products in tissues. 2°. Clinical and laboratory
experience indicates that it can take three times as much photon radiation dose to cause the
same cytotoxic effect in hypoxic cells as compared to normoxic cells 26, Boost radiation to a
hypoxic sub-volume could be effectively delivered with modern IMRT techniques. In
addition to radioresistance, under hypoxic conditions the viable cells become more
aggressive, resulting in poor overall outcome due to several mechanisms, including
increased metastatic potential 27+ 28, Similar to resistance to radiation, hypoxia has been
found to promote resistance to a number of chemotherapeutic agents as well, by related but
independent mechanisms. 29-31,

The unique biological changes induced by hypoxia in a solid tumor have been investigated
as attractive targets for hypoxia-activated prodrugs 32-34 that are less toxic and more
effective. While focal hypoxia within a tumor can be tackled with boost radiation using
intensity modulated radiation therapy (IMRT) without increasing normal tissue

toxicities 35 3637, 38 37.39, 40 ‘more diffuse and widespread hypoxia will benefit from
systemic use of hypoxic cell toxins/sensitizers. 4142 43_ Carbogen breathing combined with
radiotherapy has been successfully used in several clinical trials and has shown benefit in
tumors with significant hypoxia 44. It was the basis for the ARCON (Accelerated
Radiotherapy with Carbogen and Nicotinamide) trial that was particularly beneficial in
patients with signficant anemia 4°, resulting in better response and survival. Janssens et al
found in a chort of 345 laryngeal cancer patients a better five-year disease free survival of
68% vs 45% (p = 0.04).

Nontoxic prodrugs that generate active species in hypoxic tissue by selective bioreduction
have now reached advanced clinical trials 42. These include tirapazamine, PR104 33 and TH
3024647 Newer drugs that target HIF 1 are also available. 18. However, the lack of success
with newer agents and techniques has been largely due to our inability to clearly identify,
quantify, localize hypoxic tissue and select patients who would potentially benefited from
such treatment modalities33: 48- 49 This is where tumor hypoxia imaging will be beneficial
for identifying hypoxia and selecting patients for appropriate therapy. Even though
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reoxygenation can happen during radiotherapy 30, hypoxia-induced changes in the biology
that begins earlier in the development of the tumor may result in a more profound and
prolonged effect on the subsequent behavior of the tumor irrespective of

reoxygenation, 51 5248, 53-55 33

Hypoxia as a Prognostic Marker

FMISO uptake in a solid tumor reflects the degree of hypoxia and hence the changes
affecting the biology of cancer. Non-invasively identifying tumors with significant hypoxia
in the tumor microenvironment along with other molecular markers of tumor biology,
aggressiveness and treatment resistance, e.g. glucose metabolism, cellular proliferation etc
will help us in selecting the appropriate therapy early in the process as a personalized
approach., 17, 56, 5758

PET has the ability to accurately quantify tissue uptake of the hypoxia tracer, independent of
anatomic location of the tumor and it is noninvasive. able to image the entire tumor and
regional lymphatic drainage in a snap shot fashion. More widespread availability of PET/CT
scanners coupled with easy access to 18F-labeled hypoxia tracers in the community will
enable this technology to be used in routine clinical pratcice. The utility of hypoxia imaging
is two-fold: (1), the level of pretherapy hypoxia is an important prognostic parameter and (2)
change in hypoxic volume with treatment will provide a better understanding of treatment
response and a target for radiation boost. The application of PET/CT imaging for localizing
hypoxia and then incorporating these images into radiation treatment planning systems will
help oncologists plan and deliver hypoxia-directed radiotherapy boost using intensity
modulated radiotherapy (IMRT) within the framework of a radiobiological rationale.

Methods for Evaluating Hypoxia

Currently available assays for tumor hypoxia can be largely categorized as in vivo (invasive
and non-invasive) or ex vivo (invasive biopsy) & 9. To be clinically useful, an assay must
distinguish normoxic regions from the ones that are hypoxic at a level relevant to cancer,
Po, in the 5 mm Hg range. Beginning with clinical evaluation and polarographic elctrode
masurements several methods of evaluation have been attempted but they all have been
shown to have weaknesses because of significant heterogeneity in hypoxia within a tumor,
between tumors, and between patients with the similar tumor types and even in the same
patient. Desirable characteristics for an ideal clinical hypoxia assay include 1) simple and
non-invasive methodology, 2) lack of toxicity of any contrast agent, 3) rapid and easy to
perform with consistency between laboratories and 4) the ability to quantify without the
need for substantial calibration of the detection instrumentation. Electrodes are the classic
way to quantify oxygen partial pressure (PO,) in an aqueous system. A miniaturized Clark-
type electrode was developed for human measurements of regional PO, where a small
needle electrode is placed under CT guidance and voltage potential readings are recorded as
the electrode is withdraw in small increments. Electrode readings (mV) can be calibrated in
absolute units of mmHg or kPa and are therefore often referred to as a gold standard.
However, the technique is limited to tumors that the probe can access. It also requires
OR/CT time and support personnel and the electrode consumes O so the signal is smaller
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and is less reproducible at low PO,. Furthermore, this device, called the Eppendorf PO,
Histograph®, is no longer in production so its use is limited to laboratories that already have
the instrumentation.

The OxyL.ite® probe is another instrument that measures O, levels and is based on O,
quenching of a fluorescent signal. As the level of O, decreases, quenching is less effective
and the probe signal increases. This circumvents the limitation of the Eppendorf Histograph
in terms of less sensitivity under hypoxic conditions but the technique has been limited to
animal studies.

Clinically significant hypoxia is a phenomenological concept. It is not adequately quantified
by a partial pressure measured in units of mmHg or kPa because different tissues need
different levels of O,. The required level of O, in healthy kidney, intestine and bone marrow
is high whereas the level required for skeletal muscle is much lower. The most relevant
assay of hypoxia would involve a technique that evaluated how adequately the supply of O,
was matching the demand for O,. There is a need to have an accurate and quantitative
measure of tissue hypoxia rather than the level of oxygenation (PO,) with certain
qualifications in order for it to be accepted and successful. 58 89, An imaging technique
where retention of the contrast agent was in direct competition with availability of metabolic
oxygen should be the best way to achieve this imaging signal.

Several sampled biomarkers have been evaluated for identifying hypoxia in tissue biopsies.
Most of these array-based methods assay for genes or proteins whose transcription is up
regulated by hypoxia-regulated genes, molecules such as vascular endothelial growth factor
(VEGF and VEGF-receptor), glucose transporter (GLUT1) and carbonic anhydrase IX.
These signatures are highly prognostic of a poor outcome as a consequence of chronic
hypoxia but they require a biopsy, which is challenging and sometimes impossible,
especially when repeat measurements are required. Serum markers have also been evaluated
but with less success. 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.

Another tissue biomarker has developed as an outgrowth of the nitroimidazoles that are used
as PET imaging agents for hypoxia. Pimonidazole binds to macromolecules under hypoxic
conditions. While it has been used mostly for cell and animal studies, it can be used safely in
patients and its covalent binding to intracellular molecules can be detected using antibodies.
Thus it can be used to evaluate microscopic heterogeneity but it also requires tissue
sampling. Commercial reagents are available for this assay under the name Hydroxyprobe®
(Chemicon International). Specific antibodies against two of the PET imaging agents
described in the next section, EF3 and EF5, have also been developed, allowing detection in
biopsy material 1.

Imaged biomarkers provide the obvious solution to deal with heterogeneity. Non-invasive
imaging provides spatial information and, with short Ty, radiopharmaceuticals, imaging can
be repeated as needed. However, this strategy presents the practical challenge of developing
an image of the absence of oxygen, positive imaging of a negative situation.
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Both sampled and imaged biomarkers have roles to play in the evaluation of hypoxia, but
after the initial confirmation following cancer diagnosis in a patient, imaging methods will
make serial evaluation of treatment response possible.

Heterogeneity Issues

Spatial heterogeneity in the distribution of hypoxia requires an assay that provides loco-
regional evaluation of the tumor in its entirety. Hypoxia that is heterogeneously distributed
should benefit from a differential delivery of radiation dose to a sub-volume by dose
painting based on semi-quantitative measures of hypoxia and radiosensitivity maps 39 62.63
Imaging in general and PET in particular has all of these advantages to overcome these
limitations and to be effectively used in the clinical evaluation of hypoxia.

FMISO history

Hypoxia imaging was developed in our laboratory as an outgrowth of the development of
radiosensitizers, which were pioneered in the 1970s to improve response of tumors to
radiation therapy 4. Radiation oncologists were searching for a compound that was not
consumed like O, and could therefore diffuse farther than O, and radiosensitize the poorly
perfused hypoxic cells 85 66, This oxygen mimetic might reach tissue regions where PO,
was insufficient to elicit the maximal cytotoxic effect of ionizing radiation. Two
physicochemical characteristics were of paramount importance for the oxygen-mimetic
compound. The first was that the molecule needed to substitute for O, as an electron
acceptor. The implication is that it would compete with O, but it could not be a better
electron acceptor than O, or it could be toxic to mitochondria. The second was that the
molecule should be about equally soluble in water and lipids, a partition coefficient very
close to one so that it would not depend on blood flow to reach every cell in the body.
(Figure 1) The same issues pertain to developing an imaging agent for hypoxia. The imaging
study must be able to identify hypoxia independent of ischemia because in many instances
these co-vary. Secondary considerations included drug solubility and toxicity but those
would not be a limitation for an imaging agent administered in pg quantities. Chapman was
the first to suggest that radiolabeled radiosensitizers could be used to image the spatial
distribution of hypoxia. 67

Electron affinity is the parameter that quantifies electron-acceptor function. The first
characteristic for radiosensitization was that the molecule needed to have an electron affinity
that was close to but did not exceed that of O,. Electron affinity, the amount of energy
released when an electron is added to a neutral atom or molecule, is the basis for the well-
know electronegativity scale in chemistry. The physical parameter for electron affinity that
is most relevant to radiopharmaceutical design is the one-electron reduction potential, which
reflects the energy change for a neutral molecule converting to a radical anion. It is

generally reported as AES or simply EL (E2 for a second electron), in units of mV. Thus, the
reaction for addition of one electron to O, is Oy + e~ — -0,7, E° is =325 mV for O, (1 atm)
whereas E° (1 molar) is =155 mV 8, The radical anion becomes protonated in acid,

.0, +H" — HO, -, pK=4.8 .
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A number of studies have shown that the efficiency of radiosensitization by oxygen
mimetics increases with the electron affinity of compounds 0. Electron migration within
intracellular DNA and eventual electron trapping competes with radical recombination so
that the overall level of free radical products is increased in the presence of the
radiosensitizer. A comprehensive survey of electron affinic molecules started with simple
quinones and highly conjugated carbonyl compounds such as menadione but both the
benzoquinones and menadione were too electron-affinic, too reactive and hence toxic.
Others considered the nitro-derivatives of benzenes and furans and eventually imidazoles.
The latter group included metronidazole, a 2-methyl-5-nitroimidazole derivative called
Flagyl® that was already in use for treating occult anaerobic infections. Scientists at SRI
International made a series of 2-nitro-4-methyl derivatives with different alkyl substituents
at the 5-position to search for molecules that were more electron-affinic than
metronidazole 1 but most of the candidate molecules lead to rapid metabolism in vivo. The
2-nitroimidazoles substituted with alkyl groups at N1 are attractive drugs because the alkyl
substituent can be modified without changing E® but that change often has an impact on
partition coefficient and metabolism. For example, the difference in E1 between phenol and
the phenolic amino acid, tyrosine, is only 10 mV; alkyl substituents on aromatic systems
have very little impact on electrochemistry.

Partition coefficient is the parameter that evaluates the relative lipophilic/hydrophilic nature
of molecules and is commonly evaluated as the distribution coefficient between octan-1-ol
and water. A partition coefficient (P) of one, not to be confused with a log P, means that the
molecule is equally soluble in lipids and in aqueous phase (pure H,O or PBS or Ringers).
For comparison, iodoantipyrine, which has been used as an inert, freely-diffusible blood
flow tracer, has a partition coefficient of 0.78 measured as brain/blood 72; D-Glucose has a P
of 0.0032 compared to 22 for lidocaine 73.

The ideal partition coefficient for a hypoxia agent is the subject of legitimate debate. If the
value of P is close to one, the tracer will be a freely-diffusible flow trace immediately after
injection but will then equilibrate to reflect the tissue partition coefficient. In other words,
once distribution equilibrium is achieved, all tissues should have the same concentration as
blood. Only regions of hypoxia or organs involved in excretion or metabolism will have
uptake levels greater than blood. The advantage is that the concentration ratio for normoxic
tissue to blood will be very close to one and will be completely independent of blood flow.
This is demonstrated experimentally by uptake of hypoxia imaging agents in anaerobic
bacteria in the intestinal lumen, a site inaccessible to blood perfusion. This result has been
reported for FMISO # and for FAZA 7°. The downside of this approach is that contrast
between hypoxia and normoxia will be only modest.

The most common strategy suggested to improve image contrast is to make the hypoxia
agent more soluble in water so that it is excreted as quickly as possible. However, this
approach inevitably introduces blood flow as a secondary contributor to the resulting image.
Because hypoxia can be a consequence of reduced blood flow, one can appreciate that
introducing a flow component in the hypoxia image is a flawed concept and that it is
preferable to accept low contrast and maintain rigorous independence of blood flow.
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Table 1 provides a compilation of partition coefficients (P) for molecules that have been
evaluated as hypoxia-imaging agents, with the caution that these values were compiled from
numerous laboratories and so they invariably involve slightly different experimental
methods. Of the potential PET agents, the P for FMISO has been measured by three groups
with values of 0.40, 0.41, 0.44, values that bracket misonidazole. We emphasize that these
are values for P, not log P as has been quoted in some reviews. Brown 6 developed a series
of molecules that were more hydrophilic than misonidazole, anticipating that they should be
less neurotoxic than metronidazole or misonidazole. While they were less toxic, toxicity is
not an important limitation for radiopharmaceuticals because they are administered in g
amounts. The most favorable was etanidazole, which became the basis of FETA; P values
are 0.046 and 0.16 without and with addition of a fluorine.

Sugar-coupled 2-nitroimidazole derivatives provide an alternative way to increase water
solubility. This approach was pioneered in Edmonton, with fluoro-azomycin arabino-
furanoside, FAZA, having potential advantages over FMISO in terms of plasma clearance
and image contrast. The P of FAZA was initially inferred from HPLC retention values
compared to FMISO 77:78 but, for this review, our colleagues in Edmonton made a direct
measurement using standard extraction methodology and found a value of P = 0.277°,

Two additional hydrophilic radiopharmaceuticals have been published and are listed in
Table 2. RP170 is the most water-soluble nitroimidazole that has been evaluated as a
potential radiosensitizer that should be less toxic than misonidazole 89. It has an open-ring
sugar analog at the N1 position but has not been developed as an imaging agent. An
alternative hydrophilic 2-nitroimidazole nucleoside called HX4 has been developed 81 with
a 1,2,3-triazole ring between the imidazole and the 3-fluoropropan-1-ol. It was specifically
designed to accelerate clearance and increase contrast. In a study of patients with lung
cancer, the mean tumor/blood ratio at 2 and 4 hrs was equivalent to that for FMISO 82;
contrast was not improved.

Other groups have suggested that an imaging agent should have a higher P, more lipophilic
than FMISO, believing that diffusion of hydrophilic compounds into tumors might be
limiting uptake and therefore imaging signal intensity. A new class of molecules based on
larger side chains for etanidazole was developed, including compounds known as EF3 and
EF5. In these molecules the —-CH,!8F of FETA, also called EF1, was replaced with —CF5
and —CF,CF3 groups, respectively, resulting in a sequential increase in P. A few studies
have compared EF3 and FMISO with the conclusion that they are equivalent in terms of
hypoxia imaging contrast 83 84, While EF3 has a P value closest to one in Table 2, it has not
been pursued in clinical studies, perhaps because it is not labeled by simple nucleophilic
displacement radiochemistry. However, specific antibodies have been developed against
EF3 and EF5, allowing assay of hypoxia in biopsy specimens as well as by imaging 1. EF5
is by far the most lipophilic 2-nitroimidazole that has been evaluated and was developed to
emphasize the importance of a uniform distribution in adequately oxygenated tissues. It has
the further advantage that antibodies recognize EF5 adducts but not molecules that have not
been reduced, so the background signal is eliminated in the immunohistochemical detection
involving biopsy samples. However, EF5 presents the substantial disadvantage that it
requires electrophilic fluorination in order to produce the imaging agent 85. This means that
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carrier fluorine is deliberately added, reducing specific activity of the radiopharmaceutical.
Nevertheless, EF5 is finding a role in PET imaging of hypoxia.

Metabolism is potentially more important than toxicity for radiopharmaceuticals and the 5-
alkyl substituents can lead to conjugation reaction products that alter the effective partition
coefficient of the radiolabel 8. From a simple chemistry perspective, the more structure that
is introduced in the alkyl side chain, the greater the potential for metabolism. However in
practical terms none of the 2-nitroimidazoles in Table 2 are metabolized to an extent that
interferes with imaging. Renal excretion is the dominant mechanism for elimination of all of
the nitroimidazole-based hypoxia imaging agents. The blood clearance curve has a rapid
component (Tq/, of minutes) and a slow component (T, of hours) with only small
differences between the individual molecules. Another advantage of FMISO is the ready and
easy availability of F-18 for nucleophilic labeling at many academic institutions as well as
commercial radiopharmacies that increases the opportunities for conducting clinical trials.

Narrow distribution of pixel uptake values (mean T:B = 1.0) after ~ 90 min has led to a
simple analysis of FMISO-PET images by scaling the pixel uptake to plasma concentration.
The mean value for this ratio in all tissues is close to unity and almost all normoxic pixels
have a value of <1.2. The magnitude of the intermediate radical anion product parallels
nitroreductase levels, which vary only slightly between normoxic tissues, so this factor does
not affect the imaging analysis of fractional hypoxic volume. The optimum time for imaging
appears to be between 90 and 120 min and can be adjusted to fit the clinic schedule so that
for the patient or the imaging technologist the procedure is very similar to that of a bone
scan.

The Hypoxia - Glucose Metabolism connection

Increased glucose metabolism in cancer as a result of aerobic glucolysis, the “Warburg
effect,” is ubquitous and has a major role in clinical oncologic imaging using F-18 FDG PET
tracer. Anerobic glycolysis can also occur and so FDG has also been suggested as an
indirect marker for hypoxia.8” Because glucose metabolism is increased in cancer cells even
in the presence of oxygen, FDG should not be as accurate as FMISO in reflecting the degree
of tumor hypoxia. Since FMISO and FDG look at two associated but uniquely different
biological procesees, the information from the two agents would give different perspectives
in the evaluation of tumor hypoxia and may be considered as complementary. 88-90. Qur
analysis of the data on FDG and FMISO uptake i.e. glucose metabolism and hypoxia in a
variety of tumors showed the wide variation between the two processes indicating that the
two biological processes are not totally related and FDG cannot be an effective surrogate to
study hypoxia and that specific hypoxia markers are needed for that purpose. 89 (Figure 2)
For the same rationale, combinations of hypoxia, metabolism, and proliferation imaging
obtained simultaneously may provide independent and comprehensive information about the
different cellular mechanisms that can be used as treatment targets 90 91,

Robust quantification for clincal use

While the tumor-to-background ratio image does not show high contrast, this does not
compromise image interpretation. Hypoxia images can be interpreted in several ways, both
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qualitatively or quantitatively. Qualitative interpretations have been used with a scoring
system to grade the uptake in a tumor compared to adjacent normal tissue 41. After extensive
validation studies, we have preferred a simple but accurate quantitation method using a
venous blood sample drawn during the imaging sequence to calculate a tissue: blood ratio.
Other studies have used tumor to muscle ratio (TMR) for this purpose 92. The latter can be
challenging in some circumstances, for example in evaluating head and neck tumors because
of the increased levels of FMISO uptake in the neck muscles. It has been our observation
that higher level of FMISO uptake can be seen in the posterior muscles especially of the
head and neck that will bias the TMR if caution is not taken in selecting the optimal site for
the muscle region. However, considerable progress has been reported on image-based blood
surrogates for quantification of FMISO ratio images.%® Eliminating a requirement for blood
sampling will make FMISO PET more attractive for multicenter clinical trials.

The advantages of having some kind of semi-quantitative method in the evaluation are
manifold and cannot be over estimated. These include the ability to define hypoxic sub-
volume in a more accurate fashion than with a simple SUV and will help with the serial
quantification of tissue hypoxia over the course of disease progression and treatment.

Both how much tissue is hypoxic and the magnitude of hypoxia are important and can be
used for different purposes in managing patients. The former gives the extent of tumor
hypoxia, determining the volume of hypoxic tissue that will help localize and define the
hypoxic sub-volume (HV) for targeting XRT boost or tighter margins for IMRT, while the
latter provides prognostic information about the tumor. Both parameters help select
appropriate systemic hypoxia-directed therapies to complement local therapy. (Figure 3) The
potential use of FMISO imaging in identifying candidate patients for boost radiotherapy to
their HV has been described in the literature. 0. 94

Fractional hypoxic volume (FHV), defined as the proportion of pixels within the imaged
tumor volume having a ratio above some valid cut off value, is an extrapolation of a concept
from radiobiology 9°, but it requires accurate delineation of tumor margins to define the
denominator and is also affected by the presence of necrotic areas within the tumor in order
to be accurate 9. The imaging FHV is different from radiobiological hypoxic fraction as
determined from analysis of cell survival curves. We prefer the use of tumor hypoxic
volume (HV) as the parameter for extent of hypoxic tissue. It is defined as the total number
of pixels with a T:B = 1.2 and converted to units of mL. This parameter does not need a
stringent demarcation of the tumor boundaries and does not include necrotic regions within
the tumor because dead cells lack nitroreductase enzymes and so do not have increased
FMISO uptake. This simple analysis is also unaffected by perfusion but only requires that
the hypoxic cells are viable by exhibiting active electron transport.

Complex mathematical modeling methods that have been investigated for more detailed
analysis of FMISO uptake are probably too complicated for practical routine clinical
imaging 97+ 98 but may have a research role in planning radiation treatment using dose
painting methods. Due to heterogeneity in the distribution of hypoxia within a tumor, dose
painting will play a key role in planning boost radiotherapy to hypoxic sub-volumes where
parametric imaging is expected to play a key role in RT planning that will account for and
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take advantage of heterogeneity in hypoxia for a realistic radiation boost. 3% 99 Test -retest
experiments using multiple FMISO PET studies in the same patient at different time points
have clearly established the reproducibility of FMISO PET scans for a number of clinical
situations. 190 FMISO has all the qualities of an ideal hypoxia tracer in imaging the tumor
microenvironment.

Clinical applications of FMISO

After extensive pre-clinical and clinical trials, FMISO has remained as the most highly
investigated and utilized PET tracer for the evaluation of tumor hypoxia. Pre-therapy
hypoxia and FMISO uptake in predicting prognosis has been confirmed in several human
studies - glioblastoma multiforme (GBM), head and neck cancer 5853. 56, 101, 102 |yng
cancer,103. 104 preast cancer 105 pancreatic cancer,® gynecologic cancers — cervical
cancerl96 and sarcoma 107 as demonstrated in the following images. (Figures 4 — 7)

Summary

Our ability to use molecular imaging to characterize therapeutic targets and apply this
information for therapeutic interventions is growing rapidly#2 108, 10940, 94 Eya|yation of
hypoxia and its biological ramifications to effectively plan appropriate therapy that can
overcome the cure-limiting effects of hypoxia provides an objective means for treatment
selection and planning. FMISO PET imaging of tumor hypoxia continues to be the lead
radiopharmaceutical for the evaluation, prognostication and quantification of hypoxia, one
of the key elements of the tumor microenvironment. FMISO is less confounded by blood
flow and, although the images have less contrast than FDG PET, its uptake after 2 hours is
an accurate reflection of inadequate regional Po, at the time of radiopharmaceutical
administration. The past decade has seen significant technological advances in investigating
hypoxia imaging in radiation treatment planning and in providing us with the ability to
individualize radiation delivery and target volume coverage. The presence of widespread
hypoxia in the tumor can be effectively targeted with a systemic hypoxic cell cytotoxin or
other agents that are more effective with diminished PO, either alone or in combination®.
Molecular imaging in general and hypoxia imaging in particular will likely become an
important in vivo imaging biomarker of the future, complementing the traditional direct
tissue sampling methods by providing a snap shot of a primary tumor and metastatic disease
and in following treatment response and will serve as adjunct to personalized therapy.
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Figure 1.

In alive cells, the mitochondria are continually leaking electrons that are taken up by the
terminal electron acceptor, O,. In the absence of oxygen, a steady state concentration of the

RNO, radical anion accumulates and, if reduced by a second electron, it becomes an

alkylating agent and is retained in cells at a level inversely related to O, concentration. If O,
is present in adequate concentration, the RN O, radical anion gives up its extra electron to

the O, and is returned in a futile cycle to the original FMISO.

Semin Nucl Med. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Rajendran and Krohn Page 19

45

40 | * head/neck .

35 | " sarcoma 5
® 30 | 4 breast
=
N 20 A .
o g N .
A 15 .t on
L. * .

* y A
10 « ™ " *‘ 0.
= .‘l’ A *
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Figure 2.

FMISO T:Bmax

Hypothetical illustration with data from multiple cancers showing the possible scenarios in
the correlation between hypoxia and glucose metabolism. Group | - low glucose metabolism
and low hypoxia; Group Il - low hypoxia and high glucose metabolism; Group Il — high
hypoxia and high glucose metabolism; Group IV — high hypoxia and low glucose
metabolism. (Rajendran JG et al Clin Cancer Res 2004;10(7): 2245-52)
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Figure 3.

Possible approaches for utilizing information from tumor hypoxia imaging in the various

phases in clinical management of solid tumors.
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Figure 4.

64 year old female patient with large base of tongue carcinoma with extension to anterior
tongue. T:Bmax is 2.53 with HV of 110 cc.
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Brain Tumor

Axial

Sagittal

Figure 5.
69 year old male patient with glioblastoma in the left superior frontal lobe. T2 MR image

shows the extent of the whole tumor (Solid red arrow) and FMISO PET image shows a more
focal uptake of FMISO predominantly in the posterior and inferior aspect of the tumor
(dashed arrow). Fuse image shows localization of hypoxic region within the tumor.
Tissue:Blood max of 2.57 and Hypoxic VVolume of 35.4cc.
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Figure 6.
38 year old female patient with Angiosarcoma of the left inguinal region. Axial PET image

based on SUV (left) and T:B ratio (right) show FMISO uptake in the tumor and T:B max =
2.3 with Hypoxic Volume = 17.5cc
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Cancer of Uterine Cervix
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Figure 7.
61 year old female patient with cancer of uterine cervix and a 7cm cervical mass — Solid

arrow shows the tumor on CT image and dashed arrow shows areas of FMISO uptake within
the tumor on PET image and fused image shows localization of hypoxic regions within the
tumor. Max Tissue:Blood ratio = 2.00 with Hypoxic Volume 29.8cc.
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Partition Coefficients for potential hypoxia-imaging agents.

Table 1

Molecule Partition Coef. (octanol/water) Primary Citation
Desmethylmisonidazole 0.11,0.13 (Adams 1976)
Fluoroazomycin arabinoside (FAZA) 0.27 (Bacchu 2014)
Misonidazole 0.43,0.35 (Adams 1976; Sasai 1989)
Fluoromisonidazole (Ro 07-0741) 0.40, 0.41, 0.44 (Rasey 1987; Adams 1979)
Fluoroerythronitroimidazole (FETNIM) 0.17 (YYang 1995)
Etanidazole (SR2508) 0.046, 0.021 (Brown 1982; Sasai 1989)
Fluoroetanidazole (FETA or EF1) 0.16 (Barthel 2004)
RP170 0.094 (Sasai 1989)

HX4 0.20 (Dubois 2011)

EF3 1.2 (Koch 2002)

EF5 5.7 (Evans 2003)
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Table 2

Page 26

Potential mechanisms of action for various hypoxia targeted therapies. The number of stars (ranging from 1
star = least effect to 4 stars = most effect) represent the role and degree of each mechanistic process i.e indirect

effect due to tissue oxygen level or direct effect on hypoxic cells.

Approach

Oxygen Level

Hypoxic Cells

XRT

*k

*

Neutrons

Fhkk

*

HBO, Carbogen

Fkhk

*

Fractionation

Fkk

?

Radiosensitizers

Fkk

Hypoxic Cell Cytotoxins

Fkkk

Semin Nucl Med. Author manuscript; available in PMC 2016 March 01.



