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Advances in molecular imaging are rapidly
changing the paradigm for noninvasive diagnostic
imaging from largely morphologic methods to ones
that include both anatomy and parameters of func-
tion, overcoming some of the limitations of previous
imaging modalities [1—5]. This paradigm allows cli-
nicians to provide more comprehensive patient eval-
uation serially and in a noninvasive fashion. Advances
in PET imaging instrumentation, coupled with the
development of an increasing pharmacopoeia of
molecular probes, have been driving forces for the
rapid changes that are taking place in molecular
medicine [6—9]. These advances are necessary to
keep pace with the increasing sophistication of clini-
cal questions asked of imaging specialists.

The physiologic environment for a tumor is dif-
ferent from normal tissue. It exhibits an evolving
microenvironment that is largely dictated by abnor-
mal vasculature and metabolism that is disease speci-
fic. One of these changes in tissue microenvironment
is hypoxia, a state of reduced oxygenation in tissues.
Oxygen is an essential metabolic substrate because
of its critical role as the terminal electron acceptor in
metabolic respiration. Levels of oxygen range
through a continuum between normal levels (euoxia
or normoxia) and total lack of oxygen (anoxia). The
tissue oxygen levels, commonly reported as PO, can
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reach as low as less than 5 mm Hg and cells can still
survive and adapt to these circumstances.

Ischemia and hypoxia are not synonymous; the
former is a lack of perfusion and can lead to hypoxia,
although it may not be evident until the late stages of
ischemia. Tissue hypoxia can also be present in the
absence of significant ischemia. Many solid tumors
develop areas of hypoxia during their evolution. This
is primarily caused by unregulated cellular growth,
resulting in a greater demand on oxygen for energy
metabolism. High interstitial pressure may exacerbate
the already inefficient vascularization within the
tumor [10]. In addition, other factors, such as low
O, solubility (anemia), might increase levels of tissue
hypoxia. Clinicians owe an understanding of the
mechanistic aspects of hypoxia as a variable in re-
sponse to cancer therapy to Thomlinson and Gray
[11], who in the last century showed the impact of
a distance greater than 200 pm from a capillary on
cell viability and survival (Fig. 1).

Hypoxia-induced changes in tumor biology

Aggressive tumors often have high microvessel
density but even higher levels of hypoxia [12]. The
attempt by hypoxic cells to use glycolysis to maintain
adequate cellular levels of ATP in the absence of
oxygen is, however, ineffective compared with
oxidative phosphorylation under normoxic condi-
tions. As a consequence of increased glycolysis, cells
accumulate lactate, with a consequent change in pH
and decreased ATP:ADP ratio. Calcium homeostasis
is also impaired. Ca'" leaves the mitochondria for the
cytosolic space, and ATPase is perturbed with K* loss
and Na' loading. Poor delivery of oxygen to the
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Fig. 1. (4) Diagrammatic illustration of the conclusions of Thomlinson and Gray from their study of human bronchogenic
carcinoma. The degree of necrosis is a function of the distance from the capillaries. (B) Diffusion of oxygen from a capillary
through tumor tissue resulting in a gradient of oxygenation and the presence of a sequential range of normoxic to anoxic cells
through intermediate hypoxic but viable cells. (From Hall EJ. Radiobiology for the radiologist. Philadelphia: Lippincott

Williams & Wilkins; 2000. p. 141; with permission.)

tumor eventually leads to a lack of glycolytic activity,
even in the presence of hypoxia, a fact that can
have profound implications for using fluorodeoxy-
glucose (FDG) as a surrogate marker for hypoxia
(Fig. 2) [13].
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Irrespective of the level of perfusion or status of
the vasculature in a tumor, hypoxia induces changes
that reflect homeostatic attempts to maintain adequate
oxygenation by increasing extraction from blood and
by inducing cells to adapt by developing more
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Fig. 2. Graph showing the distribution of FDG and ['®F]-fluoromisonidazole (FMISO) uptake (divided into four quadrants
based on the median uptake values) in patients with several types of cancer. This shows the heterogeneous correlation between

hypoxia and glycolysis.
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aggressive survival traits through expression of new
proteins. A number of hypoxia-related genes are
responsible for these genomic changes and are me-
diated by downstream transcription factors that have
been identified (Figs. 3 and 4) [14—17]. These in-
clude expression of endothelial cytokines, such as

vascular endothelial growth factor, and signaling
molecules, such as interleukin-1, tumor necrosis
factor-a, and transforming growth factor-3,and se-
lection of cells with mutant p53 expression [18,19].
Several consequences of this genetic adaptation are
relevant to treatment and imaging. For example,
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Fig. 4. Progressive genomic changes in a tumor resulting from hypoxia. (From Hockel M, Vaupel P. Tumor hypoxia: definitions
and current clinical, biologic, and molecular aspects. J Natl Cancer Inst 2001;93:266—76; with permission.)
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hypoxic cells do not readily undergo death by
apoptosis [20] or arrest in G1 phase of the cell cycle
in response to sublethal DNA damage [21,22].
Increased glucose transporter activity is responsible
for much of the increased glucose uptake associated
with hypoxia, which can be as high as twofold
[23,24].

Hypoxia-inducible factor

Mechanistic aspects of tissue oxygen sensing and
hypoxia response are areas of active investigation.
The primary cellular oxygen-sensing mechanism
seems to be mediated by a heme protein that uses
0, as a substrate to catalyze hydroxylation of proline
in a segment of hypoxia-inducible factor (HIF)-1a.
This leads to rapid degradation of HIF-la under
normoxic conditions. [25]. In the absence of O,, HIF-
lowaccumulates and forms a heterodimer with HIF-1(3
that is transported to the nucleus and promotes
hypoxia-responsive genes, resulting in a cascade of
genetic and metabolic events in an effort to mitigate
the effects of hypoxia on cellular energetics [21,26].
Stabilization of HIF-1aw has been shown to occur
early in the process of tumor development [27].
Measurement of overexpressed HIF-1a in tissues by
immunocytochemical staining can be used as an
indirect measure of hypoxia [28—30] but its hetero-
geneous expression within a tumor limits the value
of immunocytochemical staining.

Angiogenesis

Angiogenesis, the formation of new blood vessels,
is an important aspect of the tumor phenotype. It is
essential to deliver nutrients for tumor growth,
invasion, and metastatic spread. It is an independent
prognostic marker and, because vascular endothelial
cells are more genetically stable than tumor cells, it is
an attractive target for new treatment strategies. In
simple terms, angiogenesis is a failure of the balance
between proangiogenic and antiangiogenic signals.
Angiogenesis that is commonly seen in neoplasia is
another consequence of microenvironmental factors.
Tumors switch to angiogenesis under a variety of
stress signals, which results in tumor growth and
metastases. As a general rule, tumors do not grow
beyond a size of 1 to 2 mm without producing new
blood vessels [31]. The network of blood vessels
formed in a tumor can show significant functional

deficiencies compared with normal vasculature
[10,32] and these distinctions can be exploited for
imaging. The angiogenesis trigger in tumor leads to
new vessels with capillary endothelial cells with
characteristics not found in normal tissues [33].

The emergence of angiogenesis as an important
target for cancer therapy has prompted a great deal of
new research to understand this molecular process.
Gene expression profiling has identified proteins that
are selectively expressed by tumor endothelial cells,
including a large class of integrins, such as ay(3; and
ayfs . These provide the potential for specific
targeting of therapeutics [34]. This has coincided
with the development of molecular imaging methods
that provide the potential to monitor treatment
[35,36]. Although angiogenesis is a frequent conse-
quence of hypoxia, some tumors develop extensive
angiogenesis without the presence of hypoxia and
vice versa. A cause and effect relationship does not
always exist. Kourkourakis et al [37] found a U-
shaped association between the two phenomena,
which was explained mechanistically. Prognosis has
been found to be poor when there is poor angio-
genesis, perhaps because of the presence of hypoxia
or when there is profound angiogenesis, likely
because of increased metastatic potential.

One example of de novo angiogenesis is seen in
von Hippel-Lindau disease. Spontaneous renal
tumors develop with overexpression of HIF-la,
resulting in widespread angiogenesis in the absence
of hypoxia. Despite aggressive angiogenesis in many
tumors and contrary to expectations, observed blood
perfusion rates are lower in the tumor bed than in
normal tissue. Moreover, as tumors grow, perfusion is
further decreased because of a number of other
biophysical parameters [35,38]. Immunocytochemi-
cal staining has also been used in evaluating angio-
genesis in a tumor that results from some of the
previously mentioned molecular changes, specifically
the expression of vascular endothelial growth factor
[19]. Neither perfusion nor permeability are adequate
measure of angiogenesis.

Tumor hypoxia and clinical outcome: what is new?

Radiobiologists have long taught that low levels
of intracellular oxygen result in poor response to
radiation therapy. Oxygen is important for fixing, in
the sense of making permanent, the radiation-induced
cytotoxic products in tissues. In its absence, the free
radicals formed by ionizing radiation recombine
without producing the anticipated cellular damage
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[39—41]. As a result, radiation oncologists have been
frustrated by the fact that hypoxic tumors are not
effectively eradicated with conventional doses of
radiation. Clinical and preclinical experience indi-
cates that it can take three times as much photon
radiation dose to cause the same cytotoxic effect in
hypoxic cells as compared with normoxic cells
(Fig. 5) [41-44].

Although all these are established concepts, what
is new is that hypoxia results in the development and
selection of an aggressive phenotype, resulting in
poor response and poor outcome because of increased
metastatic potential [20,45—47]. Hypoxia has also
been found to promote resistance to a number of
chemotherapeutic agents by one or more independent
mechanisms: (1) hypoxia can induce slowing of
cellular proliferation, (2) changes in perfusion asso-
ciated with hypoxia may impede delivery of chemo-
therapy drugs, and (3) gene amplification results in
the induction of numerous stress proteins that are
factors in limiting response [47,48].

Cancer treatment schemes designed to circumvent
the cure-limiting consequences of hypoxia have led,
however, to disappointing results [49]. Hyperbaric
oxygen, neutron therapy, hyperfractionation, and the
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use of oxygen-mimetic radiation sensitizers have not
had the anticipated clinical benefit. As promising as
they may sound, these methods were associated with
problems of either lack of widespread availability or
serious clinical toxicity or they are simply ineffective
in human trials. Authors have suggested several
reasons for this lack of benefit. Especially relevant
to this article is the probability that an assay is needed
to select patients with hypoxia. A benefit in an
appropriately selected patient population would be
expected and the hypoxia assay could also be used to
follow the response to treatment.

Hypoxic cells are attractive targets for hypoxia-
activated prodrugs [50,51]. Newer hypoxia-activated
prodrugs [52] are less toxic and more effective than
their early counterparts, such as mitomycin C [53]. In
addition to producing direct cytotoxic effects, these
agents exhibit synergistic toxicity when used with
radiation and chemotherapy. Although focal hypoxia
in a tumor can be treated with boost radiation using
intensity-modulated radiotherapy [54,55], more dif-
fuse hypoxia benefits from hypoxic cell toxins and
sensitizers. Nuclear imaging with hypoxia-specific
tracers should be an important tool for selecting
patients who might benefit from this treatment [56].
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Fig. 5. This illustrates the relative resistance of hypoxic cells to radiation. In comparison with oxygenated cells hypoxic cells
require three times more radiation to have the same effect. (From Hall EJ. Radiobiology for the radiologist. Philadelphia:

Lippincott Williams & Wilkins; 2000. p. 145; with permission.)
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The importance of selecting appropriate patients for a
hypoxia-directed therapy results in the greatest
benefit for the individual patient.

Need to identify hypoxia in tumors

The negative association of hypoxia with response
to treatment and clinical outcome strongly implies
that evaluating hypoxia helps in identifying tumors
with a high hypoxic fraction so that hypoxia-directed
treatments can be implemented and treatments that
are oxygen dependent can be avoided. Contrary to
expectations, there is now abundant evidence that
tumor hypoxia does not correlate with tumor size,
grade, and extent of necrosis or blood hemoglobin
status [57—62]. Moreover, most of the commonly
used clinicopathologic parameters for evaluation of
tumor hypoxia are not strong indicators of prognosis.

Methods to evaluate tumor hypoxia

Tumor oxygenation has been evaluated by several
methods and tumor hypoxia to predicted patient

20

outcome in cancers of the uterine cervix [63], lung
[59], head and neck [64—67], and glioma (Fig. 6)
[68,69]. Most of these studies, however, have shown
widespread heterogeneity in tumor hypoxia within a
tumor, between tumors, and between patients with the
same tumor type [70]. Although hypoxia generally
resolves when a tumor shrinks after treatment with
either radiotherapy or chemotherapy, it may show
paradoxical results in some tumors, perhaps because
of hypoxic cell sparing by the treatment (Fig. 7).
Currently available assays for tumor hypoxia can
be categorized as in vivo (invasive and noninvasive)
or ex vivo (invasive) biopsy [5,71,72]. A useful assay
must distinguish normoxic regions from ones that are
hypoxic at a level relevant to cancer, PO, in the
5 mm Hg range. Experience has shown that regional
levels of hypoxia should be measured for individual
patients and tumor sites. To be maximally successful,
hypoxia-directed imaging and treatment should target
both chronic hypoxia and hypoxia resulting from
transient interruption of blood flow (Fig. 8) [73]. The
assay should reflect intracellular PO, rather than
blood flow or some consequence of O, on subsequent
biochemistry. The observed temporal heterogeneity in
tissue PO, suggests that a secondary effect, such as
intracellular redox status, is not as relevant to cancer
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Fig. 6. Oxygen distribution in a metastatic lymph node from a primary head and neck cancer and surrounding normal tissue.
These measurements were made with Eppendorf oxygen electrode in a single patient. The median values are represented
by hashed bars (From Adam M, Gabalski EC, Bloch DA, Ochlert JW, Brown JM, Elsaid AA, et al. Tissue oxygen distribution
in head and neck cancer patients. Head Neck 1999;21:146—53; and Brown JM. The hypoxic cell: a target for selective cancer
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treatment outcome as the intracellular partial pressure
of O,. Other desirable characteristics for an ideal
clinical hypoxia assay include (1) simple and non-
invasive method, (2) nontoxic, (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 instrumenta-
tion. Location of the tumor in a patient should not be
a limiting factor for the assay. Lastly, spatial hetero-
geneity in the distribution of hypoxia dictates that
the ideal assay must provide a complete locoregional
evaluation of the tumor. All of these requirements
suggest an important role for imaging in evalu-
ating hypoxia.

Polarographic electrode measurements

Early experience evaluating oxygenation of
tumors is largely based on direct measurement of
O, levels using very fine polarographic oxygen
electrodes. This assay can be calibrated in units of
millimeters of mercury and has been referred to as a
gold standard. Heterogeneity of hypoxia within a

tumor, which shows a gradient toward the center of
the tumor, poses a difficulty for accurately mapping
regional PO, by this method [58,74]. The electrodes
do not provide full maps of a tumor area; they only
provide a histogram of the distribution of cell regions
as a function of the electrode’s reading. There may
also be interlaboratory variations in calibration of the
electrodes [75]. Polarographic electrodes measure
oxygen tension in a group of cells and the readings
can be influenced by the presence of blood [76].
Although image-guided sampling can be used to
select the path and depth of electrode deployment to
avoid blood vessels [77], anatomic imaging methods
are notoriously limited in identifying areas of viable
tissue within a tumor. Hypodense areas visualized
within a tumor on CT (considered necrotic) can
indeed have measurable levels of oxygen [76]. Selec-
tion of close entry points can reduce sampling error
[75], but it also might compromise patient compli-
ance. In addition, electrode measurements are lim-
ited by the need for accessible tumor location and
difficulties with serial measurements. An accurate
value of PO, may be less informative than once
expected, because cells have different respiratory
demand and may not exhibit hypoxic responses at
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Fig. 8. This diagram illustrates the existence of chronic and acute hypoxia. The former is a result of compromised diffusion of
oxygen in actively respiring cells, whereas the latter is a result of acute and temporary blockage of blood vessels in a tumor.
(From Hall EJ. Radiobiology for the radiologist. Philadelphia: Lippincott Williams & Wilkins; 2000. p. 142; with permission.)

the same levels of tissue oxygenation. Normal cells
(eg, cardiomyocytes) experience a level of stress at
relatively high PO, [78]. Electrode studies commonly
report the percentage of readings that fall below some
cutoff value that may range from 2.5 to 10 mm Hg,
depending on the tumor site. This fractional distri-
bution is a more robust prognostic parameter than
absolute PO,, which is dependent on tissue type and
sampling technique, including calibration of the
electrode. Also, O, is consumed during the electrode
assay. The benefit of an absolute value for PO, may
be less useful and less robust than accurate assess-
ment of the fraction of cells that are hypoxic. For
example, it is apparent from Fig. 9 that the
distribution of electrode measurements in this tumor
is bimodal. The fraction of cells in the hypoxic peak
may be much more important than the mean PO, or
the PO, for the nadir separating hypoxia and
normoxia. These limitations prompted the search for
a noninvasive method that could be done serially to
characterize and quantify hypoxia in cancer patients.
Imaging methods for hypoxia provide a complete
anatomic map of relative oxygenation level in tumor
regions with good spatial resolution and in an
environment that tends to be highly heterogeneous.

Evaluating angiogenesis

Angiogenesis can be evaluated by either direct or
indirect methods. Direct methods were started with
largely fluorescent techniques, such as intravital
fluorescent video microscopy [79], fluorophore cou-
pling of fibronectin, quenched near-infrared fluoro-
chromes to matrix metalloproteinase-2 substrates,
MR imaging [10,80], and color Doppler vascularity
index [81-83]. The simplicity of dynamic contrast-
enhanced MR imaging has led to fairly widespread
use of this technique [84]. It provides a signal that
effectively integrates vascular blood flow, blood
volume, and vascular permeability.

Noninvasive imaging of the ay(; integrins that
are abundant on vascular endothelium has been
attempted by investigators using MR imaging [85],
ultrasound [86,87], PET [88—91], and endostatins
[92]. The aw(3; integrin is a transmembrane cell
adhesion receptor that leads to tumor cells binding of
extracellular matrix proteins. The receptor is highly
expressed on activated endothelial cells but only
weakly expressed in mature endothelium. This has
led to a5 integrin being evaluated as a target for
tumor-specific therapy. The arginine—glycine—
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Fig. 9. Comparison of oxygen electrode measurements in a patient with liposarcoma (4) and another with osteosarcoma (B).
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aspartic acid tripeptide recognizes the w35 receptor, PET and hypoxia imaging

although it cross-reacts with other integrins. A

labeled arginine—glycine—aspartic acid-containing Hypoxia imaging presents the special challenge of
glycopeptide shows great promise as an imaging making a positive image out of low levels of O,.
agent and has also been suggested as a potential Chemists have developed two different imaging

therapeutic agent [88—90]. agents to address this problem: bioreductive alkyl-
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Fig. 9 (continued ).

ating agents that are O,-sensitive and metal chelates
that are sensitive to the intracellular redox state that
develops as a consequence of hypoxia.

Nitroimidazole compounds

Misonidazole, an azomycin-based hypoxic cell
sensitizer introduced in clinical radiation oncology

nearly three decades ago, binds covalently to intra-
cellular molecules at levels that are inversely propor-
tional to intracellular oxygen concentration below
about 10 mm Hg. It is a lipophilic 2-nitroimidazole
derivative whose uptake in hypoxic cells is dependent
on the sequential reduction of the nitro group on the
imidazole ring [93]. This mechanism requires that the
cell be alive and undergoing electron transport to
provide the electron that initiates the bioreduction
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step. In the absence of electron transport, the tracer is
not reduced and not accumulated. The one-electron
reduction product is an unstable radical anion that
either gives up its extra electron to O, or picks up a
second electron. In the presence of O,, the nitro-
imidazole simply goes through a futile reduction
cycle and is returned to its initial state. In the absence
of an alternative electron acceptor, the nitroimidazole
continues to accumulate electrons to form the
hydroxylamine alkylating agent and become trapped
within the alive but O,-deficient cell (Fig. 10). This
unique biochemical mechanism leads to a tracer
whose uptake is inversely related to the oxygen
tension within the cell. If cells are reoxygenated
and then exposed to a new batch of the tracer, it is
not accumulated.

["®F]-fluoromisonidazole (FMISO) is an imaging
agent derived from misonidazole, one of the earliest
radiosensitizers used in clinical radiation therapy. It
has a high hypoxia-specific factor, defined as the ratio
of uptake in hypoxic cells compared with normoxic
cells, which determines the uptake and specificity in
vitro. For FMISO the hypoxia-specific factor is
between 20 and 50 [94] and is proportional to the
magnitude of hypoxic fraction measured by a survival
assay. Prodrug imaging agents, such as FMISO, are
bioreductively activated in hypoxic tissue but the
process is inhibited by the presence of oxygen in
tissues. The result is a positive image of the absence
of 02.

FMISO is a highly stable and robust radio-
pharmaceutical that can be used to quantify tissue
hypoxia using PET technology [60,95]. Its easy
synthesis and optimal safety profile are responsible
for its ready acceptance in the clinic. After extensive
clinical validation, FMISO remains the most com-
monly used agent for hypoxia PET imaging
[59,60,96—101]. Its biodistribution and dosimetry
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characteristics are ideal for PET imaging [102]. The
partition coefficient of FMISO is 0.41 [103], similar
to that of the blood flow agent antipyrine, so that
initially after injection the tissue distribution reflects
blood flow, but after about an hour the distribution
reflects its partition coefficient. It is homogeneously
distributed with no tissue specificity [78].

The distribution of pixel uptake values after about
90 minutes is narrowly dispersed. This has led to a
simple analysis of FMISO PET image 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 less than 1.2. The
magnitude of the intermediate radical anion product
parallels nitroreductase levels, which vary only
slightly, so this factor does not affect the imaging
analysis of fractional hypoxic volume [96]. The
optimum time for imaging seems to be between 90
and 120 minutes and can be adjusted to fit the clinic
schedule so that, to the patient or the imaging
technologist, the procedure is very similar to a bone
scan. Although the tumor:background ratio does not
show high contrast, this does not compromise image
interpretation. Hypoxia images can be interpreted
qualitatively or quantitatively. Qualitative interpreta-
tions have been used with a scoring system to grade
the uptake in a tumor vis-a-vis normal tissue [56].
After extensive validation studies, the authors prefer a
simple but accurate quantitation method using a
venous blood sample to calculate a tissue:blood ratio
[4,104]. The tumor:plasma ratio has proved useful to
estimate the degree of hypoxia in a number of studies,
as has the tumor:muscle ratio [101]. The FMISO ratio
image provides a reliable and reproducible method
that can be introduced readily in the clinic.

Fractional hypoxic volume, defined as the pro-
portion of pixels within the imaged tumor volume
having a ratio above some cutoff value, has been used

NO:  18EMISO
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to macromolecules

Fig. 10. Structure of misonidazole showing the mechanism of action in the presence and absence of oxygen.
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[96] but this requires accurate delineation of tumor
margins to define the denominator. The authors prefer
the tumor hypoxic volume parameter, which is the
total number of pixels with a tissue:blood ratio (T:B)
greater than or equal to 1.2. Expressed in milliliters, it
is a measure of the extent of tissue hypoxia and
obviates the need for stringent demarcation of the
tumor boundaries [4]. The advantage of this simple
analysis is that it is insensitive to blood flow. It
requires only the viability of the hypoxic cell as
defined by active electron transport. Mathematic
models have been evaluated for more detailed
analysis [105], but this level of sophistication is not
likely to find a role in routine clinical imaging.

A typical protocol for PET scanning with ['®F]-
FMISO uses an intravenous administration of a dose
of 3.7 mBq (0.1 mCi)/kg, which results in an effec-
tive total body dose equivalent of 0.0126 mGy/mBq
[102]. Scanning begins after 90 to 120 minutes and
lasts for 20 minutes with blood sampling midway
during the scan. A transmission scan (20 minutes) is
used for attenuation correction of emission data.
Typically one axial field of view of 15-cm cranio-
caudal dimension is acquired. An FDG scan of the
same region is routinely obtained for these patients,
with care taken to reposition the patients between
images. Addition of FDG imaging data increases the
sensitivity of FMISO imaging by indicating the full
extent of tumor and helps in correlating metabolic
activity and hypoxia in tumor (Figs. 10—15) [13].

Alternative azomycin imaging agents

To improve image contrast, some groups have
developed alternative azomycin radiopharmaceuticals
for hypoxia imaging by attempting to manipulate the
rate of blood clearance [106—108]. Elongation
factor-1 was initially developed because of the avail-
ability of an antibody stain to verify the distribution
in tissue samples [109]. Fluoroerythronitroimidazole
was developed as a more hydrophilic derivative of
misonidazole that might have more rapid plasma

FMISO
T:Brmax = 2.79

—

Fig. 11. Corresponding FMISO (left) and FDG (right) images of a patient with cancer of the larynx with metastatic lymph nodes.

clearance and this could be an imaging advantage.
Fluoroetanidazole has binding characteristics similar
to FMISO, but has been reported to have less
retention in liver and fewer metabolites in animals
[110], but the advantages were not sufficient to carry
these derivatives to wide clinical testing. Single-
photon emission CT—based hypoxia imaging com-
pounds have been introduced with the hope of taking
this technology to gamma camera imaging [111]. The
University of Alberta group pioneered the develop-
ment of iodinated derivatives of nitroimidazoles.
Direct halogenation of the imidazole ring does not
lead to a stable radiopharmaceutical, so the general
approach has been to place sugar residues between
the nitroimidazole and the radioiodine to stabilize the
molecule. These products exhibit minimal deiodina-
tion and two derivatives have been evaluated in
patients. Introduction of the sugar results in a more
water-soluble molecule than misonidazole. This has
two consequences: the hydrophilic product clears
more rapidly, but its clearance and its background
distribution in normoxic tissues is dependent on
blood flow. The resulting images have higher contrast
when imaging is typically initiated 110 minutes after
injection. A simple ratio analysis to infer hypoxia,
however, as used for FMISO images, is not valid.
The success with radioiodinated azamycin arabino-
sides led to attempts to develop technetium deriva-
tives of 2-nitroimidazole. The practical advantages of
a Tc-99m label are well known in the nuclear medi-
cine community and include ready availability at
low cost, convenient half-life for hypoxia measure-
ments, and versatile chemistry. Two different
approaches have been evaluated: both BMS181321
and HL91 were synthesized and evaluated as
hypoxia-based agents. Although both of these mole-
cules involve ligands with potential hypoxia-specific
binding characteristics, the reduction chemistry of the
metal core is also subject to redox chemistry that can
result in separation of the Tc = O core from the ligand
[106,112]. The BMS compound was so lipophilic that
its background activity was high, especially in the
abdomen. A less lipophilic derivative, BMS194796,

FDG
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FMISO
T:Bmax = 2.71

FDG
SUVax = 8.7

Fig. 12. Corresponding transaxial FMISO (left) and FDG (right) images of a patient with glioblastoma multiforme in the right

occipital region. SUV, standardized uptake value.

has been developed with better clearance properties,
especially from the liver [113]. Both of the BMS
compounds involve a nitroimidazole group, although
it is probably not the dominant influence in deter-
mining the biodistribution kinetics of the radio-
pharmaceutical and its specific localization in
hypoxic tissues. The HL91 molecule, TcBnAO, does
not include a nitroimidazole; the Tc-ligand coordina-
tion chemistry is directly reduced and retained in
hypoxic environments [112]. The resulting lack of
specificity has led to abandonment of this molecule as
a tracer for imaging hypoxia. It also requires a much
lower level of O, for its reduction and uptake, raising
concerns for routine clinical applications [114].
Single-photon emission CT radiopharmaceuticals
include both the iodinated compounds (eg, ['**I]
radioiodinated azamycin arabinosides [115]) and
technetium-based agents. These radiopharmaceu-
ticals, in contrast to PET agents, suffer from lower
image contrast and less potential for quantification
[107]. Furthermore, the absence of a gold standard
for hypoxia evaluation complicates validation of all

FMISO
Bmax = 2.59

%

hypoxia markers, including FMISO [94], and treat-
ment outcome studies are urgently needed to pro-
vide convincing evidence for the clinical value of
hypoxia imaging.

The altered redox environment associated with
hypoxia has led to another class of radiopharmaceu-
ticals for imaging hypoxia. Copper bis(thiosemicar-
bazones) are a class of molecules evaluated as freely
diffusible but retained blood flow tracers. The **Cu-
labeled acetyl derivative of pyruvaldehyde bis [N4-
methylthiosemicarbazonato] copper (II) complex,
Cu-ATSM, has the potential advantage of a longer
half-life for practical clinical use [116—118], although
the mechanism of retention is less well validated than
FMISO. Fujibayashi et al [119] showed that the
intracellular retention mechanism was related to the
copper-reduction chemistry, Cu’" to Cu", which has
a redox potential of —297 mV for Cu-ATSM. Several
biologic systems have comparable redox potentials:
—315 mV for NADH and —230 mV for glutathione.

Several laboratories showed that Cu-ATSM was
retained in hypoxic areas [119]. This radiopharma-

FDG
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Fig. 13. Corresponding FMISO (left) and FDG (right) images of a patient with soft tissue sarcoma of the pelvis.
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FMISO
T:Bmax =2.77

3

Fig. 14. FMISO image of a patient with a non—small cell
lung cancer.

ceutical has rapid washout from normoxic areas. It is
a useful imaging agent for identifying regions of
tissue that have higher levels of reducing agents, such
as NADH, as a consequence of hypoxia. There is
ample evidence in the literature that the concentration
of NADH is increased under extended hypoxic
conditions. This mechanism is distinct from that for
the nitroimidazoles, in that the copper agents reflect a
consequence of hypoxia rather than the actual PO,.
This mechanistic difference might limit the role of
Cu-ATSM for measuring a prompt reoxygenation
response because the increased levels of NADH
persist. Diffusion of NADH-related reducing equiva-
lents might make Cu-ATSM less reflective of the
spatial heterogeneity of hypoxia. The same character-
istics make the Cu agents preferable for imaging
chronic hypoxia, however, where levels of NADH
can increase by several fold. There are several useful
radionuclides of copper that can be used for imaging
[117,120].

PET imaging is likely to become the dominant
method for evaluating tumor hypoxia in patients. It
simply stands out as the ideal procedure for evalu-
ating tumor hypoxia repeatedly and noninvasively. It
has the advantage of evaluating the entire tumor and
regional lymph nodes for a patient at the same time in
a snapshot fashion. It is less operator-dependent than
polarographic oxygen electrodes. Its noninvasiveness
and safety profile make it a convenient tool for the
follow-up of patients by providing the ability to do

FMISO
maxT:B 1.53

repeat imaging [121]. The main advantage of PET is
its ability accurately to quantify tissue uptake of the
hypoxia tracer, independent of anatomic location of
the tumor. Widespread availability of PET scanners
(and now PET/CT scanners) and ['®F]-labeled hyp-
oxia tracers in the community make this procedure
within reach of every community nuclear medicine
center. Although the level of pretherapy hypoxia is an
important parameter, its change with treatment gives
an even better understanding of the effectiveness of
treatment.

Hypoxia imaging can be combined with other
indicators of tissue hemodynamics and oxygenation,
such as perfusion imaging using ['°O]water, and
tissue markers of proteomic response to hypoxia,
such as vascular density and HIF-1« expression using
immunocytochemistry, in a complementary fashion.
Recently introduced PET/CT scanners provide the
opportunity to combine anatomic imaging and func-
tional information. This will not only increase the
accuracy of hypoxia imaging but will also allow the
images to be incorporated into radiation treatment
planning systems to plan and deliver hypoxic sub-
volume directed radiotherapy boost effectively using
intensity-modulated radiotherapy [54,55,122].

Summary

There is a clear need in cancer treatment for a
noninvasive imaging assay that evaluates the oxy-
genation status and heterogeneity of hypoxia and
angiogenesis in individual patients. Such an assay
could be used to select alternative treatments and to
monitor the effects of treatment. Of the several
methods available, each imaging procedure has at
least one disadvantage. The limited quantitative
potential of single-photon emission CT and MR
imaging always limits tracer imaging based on these
detection systems. PET imaging with FMISO and
Cu-ATSM is ready for coordinated multicenter trials,

Fig. 15. Corresponding FMISO (left) and FDG (right) images of a patient with breast cancer.
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however, that should move aggressively forward to
resolve the debate over the importance of hypoxia in
limiting response to cancer therapy. Advances in
radiation treatment planning, such as intensity-modu-
lated radiotherapy, provide the ability to customize
radiation delivery based on physical conformity
[54,55,123,124]. With incorporation of regional bio-
logic information, such as hypoxia and proliferating
vascular density in treatment planning, imaging can
create a biologic profile of the tumor to direct
radiation therapy [124,125]. Presence of widespread
hypoxia in the tumor benefits from a systemic
hypoxic cell cytotoxin [126]. Angiogenesis is also
an important therapeutic target. Imaging hypoxia and
angiogenesis complements the efforts in development
of antiangiogenesis and hypoxia-targeted drugs. The
complementary use of hypoxia and angiogenesis
imaging methods should provide the impetus for
development and clinical evaluation of novel drugs
targeted at angiogenesis and hypoxia [50,127—-129].
Hypoxia imaging brings in information different from
that of FDG-PET but it will play an important niche
role in oncologic imaging in the near future.

FMISO, radioiodinated azamycin arabinosides,
and Cu-ATSM are all being evaluated in patients.
The Cu-ATSM images show the best contrast early
after injection but these images are confounded by
blood flow and their mechanism of localization is one
step removed from the intracellular O, concentration.
FMISO has been criticized as inadequate because
of its clearance characteristics, but its uptake after
2 hours is probably the most purely reflective of
regional PO, at the time the radiopharmaceutical is
used. The FMISO images show less contrast than
those of Cu-ATSM because of the lipophilicity and
slower clearance of FMISO but attempts to increase
the rate of clearance led to tracers whose distribution
is contaminated by blood flow effects. For single-
photon emission CT the only option is radioiodinated
azamycin arabinosides, because the technetium
agents are not yet ready for clinical evaluation.
Rather than develop new and improved hypoxia
agents, or even quibbling about the pros and cons of
alternative agents, the nuclear medicine community
needs to convince the oncology community that
imaging hypoxia is an important procedure that can
lead to improved treatment outcome.
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