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One current major goal in non-invasive nuclear imaging of
cancer is prediction of the fractional hypoxic volume, i.e.
the proportion of hypoxic cells within a solid tumour.
Hypoxic cells in both rodent and human tumours are about
threefold more resistant to radiation therapy than their well-
oxygenated counterparts [1], and there is also strong
evidence to link hypoxia with malignant progression leading
to increased invasive potential and metastasis [2]. Ever since
the discovery that 2-nitroimidazole-based compounds bind
to cellular macromolecules under a low oxygen concentra-
tion [3], attempts have been made to utilise this chemical
property to design a probe capable of external imaging of
hypoxic tumour cells. Such a probe is desired by the
radiotherapy community to help overcome the limited
success in clinical trials in which tumour oxygenation has
been targeted. One might assume that detection of hypoxic
tumours with functional imaging will lead to a therapeutic
gain through the use of methods permitting selective cell kill
in poorly oxygenated regions within a larger tumour volume
[4, 5].

The development of nitromidazole derivatives and
thiosemicarbazone ligands labelled with short-lived radio-
nuclides, such as '*’I (7},=13.3 h), **Cu (7},=12.7 h) and
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'8F (T},=109.8 min), as tools for hypoxia imaging utilising
SPECT and PET has been a major task during recent
decades [6]. With the advent of integrated PET and CT
scanners featuring full radiation therapy planning capability, it
is obvious that PET tracers in particular will receive much
attention in the near future. The key issue is the ability to
translate the volumetric information from a functional
imaging study to the treatment planning system. In this
context, both scanner resolution and target-to-background
uptake ratio are important, since quantitation of hypoxia-
specific radionuclide uptake is relevant for optimisation of
intensity-modulated radiotherapy (IMRT). Inverse planning
IMRT utilises a so-called dose painting by numbers technique,
which assumes that small irregular volumes inside a tumour
should receive a higher than standard photon dose to control
hypoxic and radioresistant cells [7]. Combining IMRT with
planning PET/CT using a hypoxia-avid tracer is an attractive
but as yet unproven method for delivery of higher doses to a
hypoxic tumour subvolume.

The first clinical studies to image tumour hypoxia using
PET were based on seminal works by Rasey et al. [8], who
introduced '®F-labelled fluoromisonidazole (['*F]JFMISO) to
quantify the hypoxic fraction in patients with lung, head and
neck, and prostate cancers. Since then, both experimental
and clinical studies with ['*FJFMISO have shown the
potential of this tracer as a hypoxia imaging agent [9, 4].
However, ['*FIEMISO has failed to gain wider acceptance
for routine clinical application because of a number of
limitations, such as slow accumulation in hypoxic tumours, a
low target-to-background contrast and, finally, a significant
amount of radioactive metabolite products. Therefore,
several other '®F-labelled nitroimidazole-based hypoxia
tracers have been synthesised and preclinically evaluated,
including fluoroerythronitroimidazole (['*FJFETNIM) [10,
11], fluoroetanidazole (['*F]JFETA) [12], fluoroazomycinar-
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abinoside (['*F]FAZA) [13, 14], ['®*F]EF3 [15] and ['*F]EF5
[16, 17]. Clinical experience with nitroimidazole agents other
than ['®F]JFMISO is limited, but evaluation of ['*FJFETNIM
in patients with head and neck cancer showed a higher and
heterogeneously distributed tracer uptake in tumours than in
adjacent neck muscle [18]. High uptake of ['*F]JFETNIM
prior to radiation therapy was also associated with a trend
towards poor overall survival [19]. Although ['*FJFETNIM
showed a low and favourable background signal as
compared with ['*FJFMISO [20], the high hydrophilicity of
["®FJFETNIM caused early tumour uptake, up to 90 min
post injection, to be largely perfusion dependent [18]. The
early flow dependency, also seen with ['*F]JFMISO and
['®F]FAZA, is not a desirable feature for radiation therapy
planning but may not be an issue if static images after the
wash-out period are used in the phase during which 2-
nitromidazole binding in the macromolecular fraction dom-
inates the tumour uptake.

In this issue of European Journal of Nuclear Medicine
and Molecular Imaging, Souvatzoglou et al [21] have
evaluated the uptake of ['®F]JFAZA in 11 patients with
untreated head and neck cancer. They all had large (T4
stage) primary tumours and nine patients had advanced
neck disease (N2c stage) as well, making the presence of
clinically significant radiobiological tumour hypoxia likely
in most, if not all, patients. ['*F]JFAZA is a sugar-coupled 2-
nitroimidazole derivative, which was developed based on
encouraging results achieved by the use of the iodinated
form (['**I]IAZA) and SPECT imaging [22]. This is the
first time that ['®F]JFAZA has been clinically evaluated, and
the reported mean tumour-to-muscle (T/M) ratio of 2.3+0.3
(range 1.6-2.3) at 2 h after tracer injection is quite similar
to the values reported previously for other '®F-labelled
hypoxia tracer candidates. Imaging at a later time point, in
this case at 4 h after tracer injection, did not increase the
hypoxia-specific signal of ['*F]JFAZA. Visually and quan-
titatively, several soft tissues, and in particular the hepa-
tobiliary system, showed tracer uptake close to, or higher
than, that of tumour, indicating the presence of as yet
unidentified metabolites of ['*F]FAZA and suggesting that
some tumours, e.g. musculoskeletal sarcomas, may not be
amenable to ['*F]JFAZA imaging owing to suboptimal
tumour-to-background uptake. The authors found that
seven out of 11 primary tumours and three out of 11 lymph
node metastases showed focal uptake graded as moderately
or markedly higher than background uptake, which sug-
gests that the head and neck area is indeed suitable for ['*F]
FAZA PET. The uptake of ['*F]JFAZA has previously been
evaluated and compared with that of ['*F]FMISO using
both in vitro and in vivo methods in rat sarcoma cells [13].
In that study, a similar oxygen-dependent uptake was seen
with both tracers. However, in another study, in which the
ex vivo biodistribution of ['®*FJFAZA was compared with
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that of ["*FJFMISO in both healthy and tumour tissues [14],
['"®F]JFAZA showed significantly lower uptake than
['"®F]JFMISO in most organs while uptake of the two tracers
in AR42J tumours was similar; hence higher and favourable
tumour-to-blood (T/B) and T/M ratios were obtained for
["®F]FAZA compared with ['*FJFMISO (9.1+4.1 and 5.5+
2.3 vs 3.39+0.52 and 2.92+0.66, respectively) at 3 h after
tracer injection.

Although this new hypoxia tracer is now available for
clinical application, it faces the same challenges as
["®FIFMISO and ['"*F]JFETNIM, which have both passed
the first test of positive imaging of presumably hypoxic
tumour regions. Additional knowledge about the behaviour
of all hypoxia tracers is warranted in different therapeutic
settings in order to fully understand the information that is
provided by non-invasive imaging. We need to validate the
extent of hypoxia required so as to receive a good hypoxia-
specific signal. To make things more complicated, this
extent is not necessarily identical for chemically related but
pharmacokinetically different nitroimidazole compounds
and may furthermore vary among different tumour histolo-
gies and therapeutic interventions. In order to use the
information obtained by non-invasive imaging of hypoxia
for radiation therapy planning, we further need at least to
distinguish moderately hypoxic but radiocurable tumours
from severely hypoxic and radioresistant ones. In addition,
we need more knowledge about molecular and biological
pathways which affect the uptake of hypoxia tracers. These
questions can only be answered by pooling data achieved
from both preclinical and clinical studies. For the moment
we need more clinical studies evaluating the existing
hypoxia tracers in well-defined and similarly treated patient
groups. These prospective imaging protocols should prefer-
ably be coupled with detailed information on how PET-
measured hypoxia is associated with tumour control. This is
the only way to learn whether molecular imaging of tumour
oxygenation has a clinical role.

The initial clinical data from Souvatzoglou et al. [21]
encourage further evaluation of ['®FJFAZA in head and
neck cancer while some questions about the behaviour of
this tracer in vivo remain unanswered. In the current study,
the uptake of ['®FJFAZA was not evaluated at 3 h after
tracer injection, which in preclinical studies performed by
the same research group was shown to give the highest T/M
ratio [14]. Furthermore, the amount of '®F-labelled metabo-
lites formed in blood and tissues after injection of
['®FJFAZA has not been investigated so far. Blood metab-
olites affect kinetic tracer modelling and should be consid-
ered when combined analysis of blood flow and metabolism
in heterogeneous and hypoxic tumour tissue is performed to
predict outcome. ['*FJFAZA has previously been shown to
clear faster from blood than ['*FJFMISO [13, 14], which is
theoretically a clear advantage. We conclude that ['*F]JFAZA
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is a promising tracer to image hypoxia in head and neck
cancer and expect that the true potential of this and other
novel nitroimidazole tracers will become evident in the near
future. Recent technical improvements in the delivery of
radiation therapy remain hollow and may be unexploited
without proof of the biological impact shown by functional
imaging. PET is there at the cutting edge.
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