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Imaging Tissue Hypoxia: clinical and pre-clinical experience with 123IAZA
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SUMMARY. Nitroimidazole radiosensitizers were developed to enhance the efficacy of radiotherapy.
This chemical class of compounds has more recently gained attention as scintigraphic markers of tissue
hypoxia when labelled with gamma-emitting radionuclides. The initial orientations of imaging applications
were towards radiobiological hypoxia, with covalent binding of activated intermediates occurring at O2

concentrations below 1000 ppm. More recently, hypoxia imaging with agents such as I23I-IAZA has been
applied to a number of clinical pathologies, including peripheral vascular disease associated with diabetes,
rheumatoid arthritis, stroke, myocardial ischaemia, brain trauma and oxidative stress. The current status of
hypoxia selective radiopharmaceuticals is outlined, with special reference to 123I-IAZA.

1. INTRODUCTION

The oxygen effect in radiation biology refers to
the contribution of molecular oxygen to the lethal
effects of low linear-energy-transfer (LET)
ionizing radiation. Oxygen-deficient cells require
approximately three times more low LET
radiation for a lethal effect than is required to kill
oxygenated cells, an effect attributable in part to
the reaction of O2 with molecular free radicals.
Radiation generates high concentrations of
molecular free radicals, solvated electrons,
hydrogen radicals and hydroxy radicals. These
can in turn react with O2 to produce oxygen
radical anion (superoxide), peroxy radicals and
other reactive species which can then bind to
sensitive molecules in the cell (adduct formation).
In this way the radiation damage is immobilized,
and the adducts prevent or inhibit normal
homeostatic repair mechanisms.

Many radiosensitizers mimic this effect of
adduct formation under reducing conditions. The
reductive binding of nitroimidazoles (Scheme 1)
is a radiosensitization process (O2 mimicry) that
also results in their hypoxia-selective

accumulation(l). Adduct formation in hypoxic
tissue is the basis for radiotracer accumulation in
target tissues, whereas selectivity is attributable to
the formation of chemically-reactive species under
reducing conditions in the viable but oxygen
deficient cell. As shown in Scheme 1, the first-
electron reduction is a reversible process, thereby
making the ultimate binding dependent on the
absence (low concentration) of oxygen.

Tissues are hypoxic if O2 levels are below normal,
but not at zero (anoxia). Oxygen levels fluctuate
among and within the tissues, even under excellent
perfusion, so that there is no universal base-line
criterion. For example, radiobiological hypoxia
(reduced radiosensitivity) occurs at O2 levels
below 1000 ppm, but metabolic effects due to
higher (but sub-normal) O2 levels may be evident
in some tissues (2).

In contrast to the case for radiosensitizers, where
reducing equivalents (electrons) may be produced
in high flux through the interaction of therapeutic
x- / y-radiation with cell constituents (mainly
water), hypoxia-sensitive radiopharmaceuticals
must be reduced by metabolically-derived



electrons (3). Flavin-dependent cytochrome P450
reductase and related enzymes including xanthine
and aldehyde oxidases, and quinone oxidase are
thought capeable of carrying out the activation
(reduction to reactive species) step.
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Scheme 1. Reductive activation and binding of
nitroimidazole radiosensitizers.

The reductive activation process is dependent on
the flow of electrons, derived from intermediary
metabolism of glucose, down the cytochrome
chain. The electrons flow from low electron
potentiall to more electron-affinic species
(Scheme 2). Normally, O2is the end recipient, but
in its absence, other molecules can accept and be
reduced by these electrons. The cell must be
viable, even if oxidatively quiescent, to carry out
this function. Indeed it is this property that makes '
hypoxia imaging a valuable diagnostic tool,
enabling the diagnostician to discriminate
between dead and potentially salvageable tissue.
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Scheme 2. Electron flow along the flavin-
cytochrome system, leading to metabolic
reduction of 2-nitro-imidazoles in viable tissue.

2. DESIGN CONSIDERATIONS
HYPOXIA RADIOTRACERS

FOR

In 1981 Chapman postulated that scintigraphic
imaging of tumour hypoxia using gamma-emitting
nitroimidazole radiosensitizers would be a useful
predictive assay for radiation therapy planning
(4). Considerations for the design of these
imaging agents are briefly outlined in the
following paragraphs.

Electron affinity and water-lipid partition (P) have
been identidied as the critical properties that
govern efficacy and toxicity of nitroimidazole
radiosensitizers, and most investigators
developing radiopharmaceuticals for imaging
hypoxia apply these principles. If the electron
affinity of the tracer for the first, single-electron,
reduction step (first electron reduction potential at
neutral pH, E1?) is too great, approaching that of
O2 (-155 mV), then selectivity for hypoxia will be
diminished; if it is not sufficiently electron-affinic
(E'7 < -450 mV), then sensitivity will be lost. This
step is critical, since it is reversible by O2 and is
therefore responsible for selective binding to only



those tissues that are O2 deficient. The EVs of
most 2-nitroimidazoles lie around -390 mV, an
electron affinity considered to be optimal for both
selectivity and sensitivity (5).

An equally important property is the compound's
ability to permeate tissues. The combination of
extra- and intracellular water, and hydrophobic
plasma membranes, dictates that the molecules
must have some lipophilicity (6). However, if
they are too lipophilic (octanol:water partition
coefficient P > 10), they will dissolve in lipoidal
tissues and delineate areas that are not necessarily
hypoxic (false positive images). If they are too
hydrophilic (P < 0.1), they may not diffuse
readily through cell membranes and they are
likely to be cleared very rapidly via the kidney,
severely reducing the amount of tracer available
for metabolic activation and hypoxia-dependent
binding (low signal intensity).

Of course, there are other biological properties
that must be considered. Protein binding may
have an effect on both clearance and diffusion
from the central compartment (blood) to tissues.
Strong protein binding of the radiopharmaceutical
or any of its radiolabelled metabolites will result
in prolonged clearance times, thereby delaying or
preventing imaging because of poor signal-to-
background ratios. The route of elimination is
also important, with renal clearance and urinary
excretion being preferred over hepato-biliary
clearance because of radiation dosimetry and
imaging complexity considerations. Similarly,
metabolism other than reduction will complicate
any interpretation of the image because of
differences between the radiopharmaceutical and
its metabolite(s) with respect to whole-body
tracer kinetics, microkinetics (intracellular
dynamics) and even metabolic binding. Finally,
the acidity (pKa) of the molecule will reflect the
influence of the pH gradient across the plasma
membrane, with weakly acidic or weakly basic
compounds concentrating as a result of ionization
in either extracellular or intracellular fluid,
leading to ionic trapping and overestimation of
hypoxia.

Of the radiohalogen family, 123I and 18F have the
most acceptable properties for imaging, in terms
of photon energy, photon flux, decay half-life and
radiation dosimetry. Other radiohalogens
(1K/12S/131J. 8 2 B r ) and 99^^ ^ ^ p r O p O s e d

for and/or used in the synthesis and pre-clinical
evaluation of potential hypoxia radiotracers. For
information on hypoxia-selective imaging agents
other than 123I-IAZA, readers are referred to
reviews by Nunn et al (7) and Wiebe and
Stypinski (8).

3. l-p-D-(5-IODO-5-DEOXYARABINO-
FURANOSYL)-2-NITROIMIDAZOLE
(AZOMYCIN ARABINOSIDE; IAZA)

The radioiodinated 2-nitroimidazoles (azomycin
derivatives) comprise the main body of literature
that deals with agents for scintigraphic detection
of tissue hypoxia. Their EVs lie within the range
for O2-reversible reductions to occur, so the main
challenge in molecular design is to adjust
metabolic (non-reductive) and pharmacokinetic
properties. Misonidazole (Miso) remains the
reference compound against which the sensitizing
properties of radiosensitizers are compared.
Unfortunately, it is not a potential
radiopharmaceutical because it does contain
elements that have a suitable gamma-emitting
radioisotope.
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The radiohalogenated azomycin nucleosides were
selected for on the basis of their relatively low
lipophilicity, with the benefit of several side-chain
hydroxyl groups to counteract the lipophilic
effects of iodine.

The synthesis of l-p-D-(5-iodo-5-deoxyarabino-
furanosyl)-2-nitroimidazole (azomycin arabino-
side; IAZA) was initially reported in 1991 (9).



IAZA is more lipophilic (P = 4.98) than the
sensitizer misonidazole (P = 0.41) (10), and than
azomycin riboside (P - 2.1) (11), the first
reported compound of this class.
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IAZA was found to undergo in vitro hypoxia-
dependent adduct formation at a higher rate than
misonidazole, and although it was found to be
almost 10 times more effective as a
radiosensitizer, it was also almost 10 times as
cytotoxic (Mannan et al 1991). Since toxicity is
not a concern at the low doses used in
scintigraphic imaging, IAZA was considered to
be highly suitable for this purpose.

125IAZA was found to undergo minimal
deiodination and metabolic degradation in vivo in
the EMT-6 murine tumour model. 123IAZA
scintigrams taken 8 h post-injection in this model
showed good uptake by the tumour and rapid
whole-body background clearance, so that
favourable tumounblood ratios provided usable
images within 4-6 h. In non-thyroid-blocked
animals, thyroid and stomach were visible on the
late time interval scintigrams (9).

IAZA has been used for imaging in a variety of
experimental and clinical pathologies. In
photodynamic therapy (PDT) of a rat Dunning
prostate tumour model, 123IAZA localized in
regions of PDT-induced hypoxia, with inverse
correlation to "Tc-HMPAO uptake, to provide
evidence of hypoxia-selective binding for 123IAZA
(12). A dual radionuclide autoradiographic study
of cerebral occlusion in rats depicted uptake of
125IAZA in ischaemic areas and mutually
exclusive uptake of "Tc-HMPAO in well-
perfused regions (13). Preliminary imaging

studies in a surgical model of canine myocardial
ischaemia showed uptake of 123IAZA in ex vivo
images but not in in vivo images taken 4 h after
dosing (14). 123IAZA and "Tc-pertechnetate
have also been used in models of non-steroidal
anti-inflammatory drug (NSAID) damage to the
intestinal epithelium and of adjuvant-induced
arthritis in rats, in which scintigraphy showed
abnormal and contrasting biodistribution patterns
for these tracers. The relationships of these
changes to hypoxia is under continuing
investigation (15).

4. CLINICAL 123IAZA IMAGING

High diffusibility into poorly-vascularized
(ischemic) tissues, high reductive binding rate,
moderately rapid clearance from blood, rapid total
body clearance and minimal loss of radiolabel
have been used to rationalize the clinical
utilization of 123IAZA for clinical hypoxia
imaging. 123IAZA-based investigations of regional
hypoxia in cancer (16-18), diabetes (19), arthritis
(20), brain trauma (21) and exercise-stress(22)
pathologies have been reported.

It is understandable, given the role of tumour
hypoxia in radiation curability of some human
tumours, that the largest number of patients
studied with 123IAZA have oncological disease.
This work has focused on patients with head and
neck primaries and/or metastases, including small
cell lung cancer, squamous cell carcinomas,
glioblastomas and soft-tissue sarcoma. About
40% of the tumours were found to be hypoxic,
based on 123IAZA uptake. This data has been
reported in detail.(16, 18). In addition, in a
correlative study of I23IAZA and ""TcHMPAO
uptake, an inverse relationship was observed
between uptake of the hypoxia (123IAZA) and
perfusion (""TcHMPAO) markers. In a small
follow-up study to determine the prognostic
potential of hypoxia with respect to radiation
therapy responsiveness, 0 of 4 l23IAZA-avid
tumours showed control 3 months after therapy,
whereas 5 of 9 non-avid tumours were still
controlled 3 months after treatment. More
recently, patients with other tumours, including
prostate and breast cancers and melanoma have



been imaged to determine the range of solid
tumours likely to accumulate the hypoxia marker
(23) and a detailed prospective follow-up study is
underway in conjunction with a radiation therapy
protocol (24).

Diabetes mellitus is a prevalent disease in which
the acute symptoms are usually managed by
insulin replacement therapy, but there are
complications. Peripheral vascular disease
leading to ulceration, infection and even
amputation of affected limbs, is currently
diagnosed by transcutaneous measurement of
limb oxygenation (TcpO2) using oxygen-sensitive
surface electrodes. This diagnostic modality
measures O2 concentrations only superficially. It
is unable to detect subcutaneous hypoxia and is
therefore most effective only late in the disease
management process. In an investigation of the
lower limbs of diabetic patients, 123IAZA imaging
detected regional and focal hypoxia. Correlations
to TcpO2 scores and visible lesions indicated that
there is a role for I23IAZA as a predictive test to
identify problems in underlying tissues that are
not otherwise detected until well advanced..

Hypoxia in load-bearing joints results from
momentary ischaemia during the pressure
interval. Joints with inflammatory effusive
synovitis have associated increases in intra-
articular pressure. In rheumatoid arthritis,
increases in synovial membrane oxygen
consumption combine with chronically high intra-
articular pressures to create an hypoxic joint.
Oxygen measurements in biopsied synovial tissue
and in aspirated synovial fluid correlate with low
pH, increased lactate, elevated pCO2, high intra-
articular pressure and large synovial fluid
volume. Importantly, oxygen concentrations are
inversely related to severity of arthritic disease.
The radiopharmaceuticals currently used or
proposed for imaging the arthritic joint act non-
specifically or are targetted at other (not hypoxia)
specific markers. In an ongoing clinical study
using 123IAZA, there was scintigraphic evidence
of arthritic joint hypoxia (17).

123IAZA is also being used clinically to study
regional hypoxia associated with brain trauma

(18). Preliminary data indicate that I23IAZA
uptake occurs in areas in decreased perfusion, and
that there may be a complimentary role for
hypoxia imaging to verify the viability of poorly-
perfused brain tissue.

5. CLINICAL PHARMACOKINETICS AND
RADIATION DOSIMETRY OF 123IAZA

In early clinical studies there was some concern
about the role of chemical dose on the sensitivity
of this diagnostic imaging test in vivo, because of
confusion in the literature (25) concerning dose
dependent pharmacokinetics of misonidazole,
together with reported dose-dependent uptake of
I23IAZA in vitro (9). Although the impact of dose
on uptake in hypoxic tissue has not been
systematically investigated in patients,
radiopharmacokinetics and radiotracer kinetics in
humans receiving i.v doses of 123IAZA ranging
from 0.1 to 10 mg showed no discernible
differences in plasma clearance and whole-body
elimination (26). These studies in healthy
volunteers confirmed rapid distribution and
clearance phases, with extensive urinary clearance
(Plate 1). Initial radiation dosimetry estimates
indicate an dose of 0.12 mGy/MBq to the bladder
wall and 10-fold less to the liver.
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Plate 1. Planar scintigram of a healthy
volunteer after injection of 123IAZA (185 MBq as
bolus i.v. dose).



6. SUMMARY

The initial application of hypoxia imaging agents
was as predictive markers of radioresistant
(hypoxic) tumours. Now there is interest in
applying this diagnostic procedure not only to
detect hypoxic tissues for radiotherapy planning,
but to differentiate viable hypoxic tissue from
necrotic regions. The differentiation of
salvageable hypoxic tissue in a given pathology is
an important objective for prognosis and for
monitoring therapeutic intervention.
Demonstrations of the widespread influence of
hypoxia on metabolic processes such as drug
resistance (27) continue to create interest in
hypoxia imaging to address basic scientific
questions.
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