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Beyond Detection: Novel Applications for PET
Imaging to Guide Cancer Therapy

A variety of both genetic and
tumor microenvironmental factors de-
termine the behavior of cancer. In
describing the mechanistic aspects of
cancer growth, Hanahan et al. have
detailed these functional changes—such
as altered metabolism, proliferation,
invasiveness, and metastatic potential—
that produce a chaotic but complex
situation (1). Altered perfusion in a
solid tumor, as a result of lagging
blood supply disproportionate to cel-
lular proliferation and energy metabo-
lism, results in hypoxia, the presence
of which is not related to tumor size,
stage, or histologic type. Hypoxia itself
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can induce additional changes in the
biology of cancer cells that will result in
aggressive phenotype and increased met-
astatic potential due to several hypoxia-
related genes that are mediated primarily
via the transcription factor hypoxia-
inducible factor (HIF1a) (2). There is
induction of vascular endothelial growth
factor, glucose transporter, hexokinase,
and selection of p53 mutant cells, all of
which result in downstream changes.

Even though the negative associa-
tion of tumor hypoxia and clinical
prognosis has been known for a long
time, the lack of sensitive noninvasive
methods has slowed progress in the
routine clinical application of hypoxia

evaluation to cancer care. Simple clin-
ical predictors, such as tumor size and
hemoglobin concentration, have been
tried but are of limited accuracy in pre-
dicting tumor hypoxia (3). Early attempts
to overcome hypoxia-mediated treat-
ment resistance used more radiation,
hyperbaric oxygen therapy (along with
radiotherapy), or low oxygen enhance-
ment ratio, but with limited success
(4,5). Hypoxia-selective radiosensitizers,
such as misonidazole, were tried in clin-
ical trials but were limited by toxicity
and minimal success.

The unique microenvironment asso-
ciated with hypoxic tumors makes
tumor hypoxia an attractive target for
hypoxia-activated prodrugs (6). Al-
though focal hypoxia can be targeted
with additional radiation using intensity-
modulated radiotherapy (IMRT) to
selectively boost the overall dose (7),
more diffuse hypoxia will benefit from
systemic hypoxic cell toxins or sensi-
tizers that specifically accumulate in
hypoxic tissue. Newer hypoxia-activated
prodrugs with less toxicity and more
effectiveness have been synthesized and
are undergoing clinical trials (8). The
most widely tested hypoxic-cell cyto-
toxin is tirapazamine (TPZ). In ad-
dition to direct cytotoxic effects on
hypoxic cells, TPZ exhibits synergistic
toxicity with radiation and chemother-
apy (9,10). Earlier as well as more
recent results suggest overwhelmingly
that TPZ is more effective in the pres-
ence of tumor hypoxia (11,12).

The availability of novel hypoxia-
specific prodrugs makes identification
of hypoxia in tumors more important.
Oxygen electrode measurements, which
provided the basis for much of our
early understanding of tumor hypoxia,
are limited by practical challenges,
such as invasiveness and tumor acces-
sibility. There is spatial as well as

temporal heterogeneity, both in the dis-
tribution of hypoxia and the hypoxia
response, which require a noninvasive
in vivo assay that can be performed in
a repeated fashion. Molecular imaging
has made rapid strides that go beyond
the clinical applications of FDG PET,
to probe multiple aspects of tumor bi-
ology (13–15). The real power of molec-
ular imaging goes beyond diagnosis
by identifying different biologic pro-
cesses in a tumor using tracers that
characterize both genotypic and phe-
notypic signatures. (16,17). PET with
several hypoxia-specific tracers has the
ability to quantify hypoxia and provides
a basis for rational patient selection
and for guiding treatment.

After extensive validation, fluoro-
misonidazole (FMISO) PET remains
as one of the most common PET
hypoxia tracers. Rajendran et al. have
shown the utility of pretherapy 18F-
FMISO PET in predicting survival in
a cohort of 73 patients with head and
neck cancer (18). This tracer has
several desirable characteristics for
an ideal clinical hypoxia assay: sim-
ple, noninvasive, rapid and easy to use
with consistency between laboratories,
and the ability to quantify with avail-
able PET scanner technology.

In an important study demonstrat-
ing the use of PET to direct hypoxia-
specific treatment, Rischin et al. showed
that uptake of 18F-FMISO by PET pre-
dicted the greater effectiveness of TPZ
(11). In this study, only patients with
18F-FMISO uptake benefited from the
addition of TPZ to radiotherapy for
head and neck cancer. Even though
TPZ has minimal side effects (by no
means negligible), some of the known
side effects, such as muscle cramps,
can be troublesome so as to warrant
discontinuation of the drug. Therefore,
it is important to identify patients with
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significant hypoxia in tumors that can
benefit from TPZ or similar drugs rather
than using such drugs on all patients
regardless of the presence of hypoxia.

In this issue of The Journal of Nu-
clear Medicine, Beck et al. present a
study on the role of another PET hyp-
oxia agent in predicting response to
TPZ in an animal model (19). The
authors used 18F-fluoroazamycin ara-
binoside (18F-FAZA), a PET hypoxia
tracer with properties similar to those
of 18F-FMISO. In the Beck study, 18F-
FAZA uptake by PET predicted rapid
tumor growth as well as a benefit from
adding TPZ to radiotherapy in the
animal model. Like the Rischin article
on humans (11,12), Beck et al. have
demonstrated, using an animal model
and a different hypoxia radiopharma-
ceutical, that PET can be used to select
hypoxia-specific treatment.

The utility of hypoxia imaging in
directing cancer therapy could go
beyond TPZ, as several novel and
promising drugs are now available and
are being evaluated. One such exam-
ple is efaproxiral, an allosteric modi-
fier of hemoglobin, which has the
potential to increase tissue oxygena-
tion of hypoxic tumor cells by re-
ducing the oxygen-binding capacity of
hemoglobin. It has shown promise in
early clinical trials (20). To be effec-
tive, successful cancer therapy should
target many of the complex and in-
terrelated pathways involved in the
growth of cancer rather than targeting
only one aspect of the microenviron-
ment such as hypoxia. The real power
of a noninvasive molecular imaging
method, such as hypoxia imaging in
clinical decision-making processes, will
be seen when multiple probes are used

to characterize the various biologic
processes of the tumor in a given
patient. Information from molecular
imaging will provide the oncologist
with the ability to tailor treatment for
the individual patient that is based on
molecular pathways of the tumor and
its microenvironment, such as hyp-
oxia. Future clinical trials, with ap-
propriate study design and regulatory
guidance, will need to examine pro-
spectively the use of imaging to help
select cancer treatment. This is an
important paradigm shift for PET,
moving beyond detection in the di-
rection of treatment selection.
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